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Abstract: Three coarse herbaceous energy plants—such as Miscanthus (Miscanthus sinensis), sida
(Sida hermaphrodita Rusby) and cup plant (Silphium perfoliatum L.)—were grown and investigated in
the experimental fields of Vytautas Magnus University Agriculture Academy, and the technical means
of plant processing and utilization for solid biofuel were investigated. The physical–mechanical
properties and quality indicators (moisture content, biometrical properties, density, and resistance to
compression) of coarse stem herbaceous plants milled and compressed into 6 mm diameter pellets
were investigated. The moisture content of the tested pellets was sufficiently low and ranged from
8.7% to 9.6%. The highest density was that of sida pellets (1072.3 ± 43.4 kg m−3 DM), and the lowest
density was that of Miscanthus pellets (713.5 ± 67.1 kg m−3 DM). In order to evaluate the influence
of moisture content on the properties of biofuel pressed into pellets, the density and the destructive
compressive force of the different-moisture pellets were investigated and their change in the range of
5–15% pellet moisture content was evaluated. Criterion k was calculated to determine the effect of
moisture on the pellet quality indicators (density, destructive compressive force, and lower heating
value), and the following results were obtained: the highest influence of moisture on density was
observed in sida (k = 34.280), on destructive compressive force in Miscanthus (k = 14.5), and on
the lower heating value, also in Miscanthus (k = 0.198). After a comprehensive investigation and
evaluation of these properties, an empirical model suitable for practical use was developed and
prepared. Emissions of harmful gases, such as carbon monoxide, carbon dioxide, and nitrogen oxides,
were determined when various coarse stem herbaceous energy plants were burned. The determined
emissions of harmful gases into the environment did not exceed the permissible values.

Keywords: coarse stem plants; solid biofuel; milling; granulation; quality indicators; burning;
emissions; energy evaluation

1. Introduction

As countries develop and pursue sustainable economic growth, there is an increasing
focus on renewable energy resources. These are solar, wind, hydro, geothermal energy, and
plant biomass, which is widely used in Lithuania and other countries [1,2]. Biomass is an
environmentally friendly energy source, which can reduce carbon emissions, and the use of
biomass can be an alternative to fossil fuels, which can reduce GHG emissions. Researchers
around the world are investigating and developing biomass compaction technologies, such
as granulation, briquetting, and others [3,4].
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Lithuania has particularly good conditions for growing and using wood, agricultural,
and energy crops for energy purposes. In the past, the main source of fuel was wood from
forests, but in recent years biomass from various plants has been used for this purpose.
There are many arable lands in Lithuania that could be used to grow, for example, willow,
Miscanthus (so-called elephant grass), or sida, which would provide high-quality biofuel
with high calorific value. Such plant biomass has low greenhouse gas emissions, helps
to create additional jobs, and increases energy independence, as well as benefits rural
development [1,5].

The use of alternatives to biomass cultivation opens the door to a wide range of
applications. From an economic point of view, local food is much more useful than
imported food, but many do not even think before choosing one product or another. Pellets
made from energy crops have long been able to provide strong support to local farms,
especially in regions where land is less fertile for growing cereal crops [5,6]. Such plant
biomass is completely unaffected by soil and weather conditions, and it does not depend on
the use of fertilizers. It is not afflicted by disease, is long-lasting, and could easily compete
with wood fuel. It is safe to say that this would be a very attractive alternative for Lithuania
looking for new innovative solutions.

The use of renewable energy resources, and biomass in particular, is a major global
concern. Environmentally friendly fuels would help solve the energy problems associated
with greenhouse gas emissions. Research on the most optimal energy crops has long
been carried out in Lithuania and other European Union countries [5,6]. Considering the
agreements between the countries and the common strategy, Lithuania has submitted its
commitments to the European Union that 23% of Lithuania’s total energy balance will
consist of biomass by 2020, and this agreement has been fully implemented. Biomass
currently accounts for about 90% of all renewable energy in Lithuania [7].

Environmental preservation is of great importance in protecting and nurturing the
nature of our country, which is why we all need to take part in preserving the natural
environment and securing its future. Sustainability and ecology are key aspects of envi-
ronmental preservation. Sustainable and environmentally friendly products can be a great
source of renewable energy. Energy plantations could be a great example of sustainable
and environmentally friendly industrial production. Chips obtained from the shredding of
plant biomass would be used in energy companies and pellets in households [8].

Miscanthus (Miscanthus sinensis) is a perennial herbaceous plant of the genus Poaceae
that grows with glossy, hanging leaves. It can grow up to 2.5–3 m, sometimes up to 4 m
height, and is also known as Chinese reed. It loves heat and humidity but is not sufficiently
resistant to dry weather and cold [9].

This tall and long-living plant has a number of advantages: it has a high potential
to absorb and convert solar energy, resulting in a high yield of plant biomass during the
photosynthesis process. These plants can be widely used in a variety of fields, one of
which is energy. Because of its high content of lignin, Miscanthus biomass can be used
to produce cellulose, and it is also environmentally friendly due to its low emissions of
nitrogen oxides [10].

When planning the cultivation of elephant grass, it is necessary to choose an area of
land that ensures minimum costs for mechanized tillage, crop care, and harvesting [11].
The biomass of Miscanthus is high in calories, as these plants store 17 MJ of energy per
1 kg of dry mass. For example, the energy value of 20 t of plant biomass is equivalent to
8 tonnes of coal. These plants also accumulate small amounts of minerals because they
are stored in the rhizomes during colder weather [5]. Miscanthus does not require large
amounts of fertilizer, which does not lead to any significant increase in biomass yield [12].

The ash from the combustion of Miscanthus accounts for about 4–5% of the total mass,
has good chemical, physical, and mineral properties, and can be used as an eco-efficient
additive in cement production and as a fertilizer for plants [6,13]. Miscanthus can also
be used to make wood fiber, and some species are suitable for rapid pyrolysis to obtain
bio-oils [14,15].
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Sida (Sida hermaphrodita) is another big stem herbaceous plant that can be grown and
used for energy purposes. Sakhalin, Japanese, and hybrid species of sida are widely grown
and used. Sida grows well in areas with rainfall of 500–600 mm, can reach a height of 3–4 m,
and reproduces by seed. However, it would also be possible to propagate it with roots (like
Miscanthus). The yield of sida biomass can reach up to 20 t ha−1 of DM (dry mass) [16].

The results of various scientific studies show that the net calorific value of sida is as
high as 18 MJ kg−1, which is slightly different from the net calorific value of pine and
spruce (19.3–19.5 MJ kg−1) [17]. However, in terms of the growth rate of sida, it can yield
twice as much energy per hectare per year as wood. Another major advantage for farmers
is that the same techniques can be used when harvesting and processing other tall crops,
such as maize, Jerusalem artichokes, and others [12].

In intensively farmed regions, the growing of sida can help us solve ecological prob-
lems, such as reducing soil erosion and nitrate leaching, as well as increasing biodiversity
and economic profitability for the farmer. The interest in this plant species, which began in
Poland 18–20 years ago, has been steadily growing, and various uses of these plants have
been explored by Polish and German researchers [18]. The extract of Sida hermaphrodita has
an effective antifungal effect against the clinical strain of Candida albicans and is moderately
strong against other Candida strains studied [19].

Cup plant (Silphium perfoliatum L.) is a species of flowering plant of the family Aster-
aceae, native to eastern and central North America. In summer, it is an upright herbaceous
perennial with triangular toothed leaves and sun-like yellow composite flower petals. It
is a plant belonging to the genus Silphium of the astral family. Based on the data from a
four-year study, annual growth conditions and nitrogen fertilizers were the main factors
influencing the increase of its dry mass (DM) [20].

It is important to study not only the peculiarities of growing these tall perennial
grasses but also the technical means of preparing plant biomass for biofuel, to evaluate
the quality indicators of shredding and milling these plants, and to determine the main
physical–mechanical properties and calorific value. The biomass of these plants is ready for
use in the production of biofuel [1]. Biomass can be used to produce high calorific synthetic
gas, a promising advanced fuel that can be produced by thermochemical gasification [21].
According to Romanian researchers, the potential for bioremediation of vegetation leaves
of plants of Silphium perfoliatum L. growing in heavy metal-contaminated soil is quite
high [22]. Lithuanian researchers also studied cup plants and found that in many cases
growth conditions and nitrogen fertilization were two decisive factors for all studied
parameters: number of stems per plant, stem height, green and dry masses, and yield [23].
In many countries, perennial energy crops and large-stem plants are the most promising
raw materials for energy production [16]. Wood, wood waste, straw, and various species
of energy plants account for a larger share of thermal energy production in the total
energy balance. New combustion technologies allow the efficient use of renewable fuels in
bioelectric power plants and households.

The increasing use and uptake of more renewable energy resources for energy pur-
poses requires not only the development of new technologies but also wider research
into the properties of herbaceous plants. Thus, after a thorough study of the physical–
mechanical and thermal properties of the raw material and the selection of appropriate
equipment for processing and combustion, high-quality and convenient fuels may be
placed on the market for consumers [5,8].

For a better understanding of plant biomass suitability for biofuel production, it is
very important to know the elemental and chemical composition of biomass, which is
defined as the percentage of chemical elements that make up biomass [24,25]. Carbon,
hydrogen, and oxygen are the most essential chemical components of solid fuels, during
the combustion of which carbon and oxygen interact in an exothermic reaction to form CO2
and H2O [26]. The quality of biofuel is also affected by other important factors, such as the
physical–mechanical properties of the material, the preparation and moisture content of
the raw material, and others.
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After analyzing the sources of information, the aim of the presented work was for-
mulated: to evaluate the possibilities of growing and using coarse herbaceous plants
(Miscanthus, sida, and cup plants) for energy conversion, to determine and comprehen-
sively evaluate the physical–mechanical and energy properties of plant granules and their
effect on moisture, and to evaluate the impact on the environment when burning the
produced pellets.

New and valuable research is planned not only from a scientific but also from a
practical point of view, as the production process of granulated biofuel will be analyzed
and the factors influencing the quality of coarse herbaceous plant pellets will be identified.
In addition, the modeling of plant pellets will be performed according to the studied and
selected indicators influencing their properties.

2. Materials and Methods
2.1. Production of Pressed Biofuel and Investigation of Properties of the Produced Pellets

The technology and equipment for the production of biofuel pellets depend on the
quality of the raw material, moisture, and its fractional composition. Large-scale herbaceous
plants, such as Miscanthus, sida, and cup plant, grown in the test fields of the Lithuanian
Research Centre for Agriculture and Forestry, Institute of Agriculture, and Vezaiciai branch
were used in this research. After harvesting and preparing these plants for granulation,
tests are carried out to determine whether their moisture content exceeds 20%. If so, they
are first dried, then crushed, and ground into a coarse powder.

The production of pellets consists of the following stages [27], so pellet production
studies were performed based on the following recommendations:

• Drying of raw materials. Before producing the pellets, the moisture content of the raw
material was reduced to the required level (13–15%);

• Biomass shredding. The raw material used to make pellets can vary greatly in particle
size, so the investigated plants were chopped and milled into 1–2 mm particles, then
the raw material was homogenized and mixed well before pressing;

• Pellet pressing. The granules were produced with special granulation equipment;
• Pellet cooling. Freshly made pellets are hot, so to prevent them from igniting sponta-

neously, the produced pellets were cooled in a special tank.

The granulation technology and equipment used depend on the raw material, its frac-
tional composition, and moisture. The research was performed in Lithuania, in Vytautas
Magnus University Agriculture Academy laboratories. A drum shredder of the forage har-
vester Maral 125 (Fortschritt, East Germany) was used to shred the plant stems to 15–20 mm
particles. The produced chopped material must be milled into flour (1–2 mm particles).
Thus, a mill Retsch SM 200 (Retsch, Berlin, Germany) was used for flour production, using
a sieve with round holes 2 mm in diameter.

The milling quality and the fractional composition of the flour were determined by
sieving a 0.5 kg sample using a Haver EML Digital plus sieve shaker (Haver & Boecker,
Oelde, Germany) with a set of 200 mm diameter sieves with the following mesh sizes: 0, 0.5,
1, and 2 mm in diameter. The weight remaining on the sieve is calculated as a percentage
of each fraction. Each test is performed five times.

A low-power granulator (up to 200–300 kg h−1) with a horizontal matrix Peleciarka
(Polemix, Zhmerinka, Poland) was used for flour pressing. The diameter of the produced
granules was 6.0 ± 0.3 mm. Laboratory equipment of Vytautas Magnus University was
used to determine the biometrical, physical, and mechanical properties of coarse stem
herbaceous plant pellets. These tests were performed to determine the density and strength
of the pellets, as these properties are important during the period of pellet handling,
transportation, and delivery to the burning implements of a boiler.

The biometrical properties and density of the granules are determined by measuring,
weighing, and calculating their volume and density. The strength of the granules was
determined by measuring the destructive compressive force using an Instron 5960 (Instron
Universal Tester, Norwood, MA, USA). For the test, a single cylindrical granule was placed
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on a horizontal plate and a vertical force of 8.0 mm in diameter pressure rod was applied
vertically. The speed of movement of the pressure rod was 1 mm min−1, and it was stopped
after breaking the pellet. The measurement data were recorded on a computer using a
special program.

The moisture content of the pellets was determined in a chemical laboratory according
to the methodology provided in the standard EN ISO 18134-1: 2015 [28]. To determine
moisture, five samples were taken at random with a chaff of chopped plants, weighed, and
dried until the mass of the sample remained constant at 105 ◦C. The dried samples were
weighed again, then the empty dishes were weighed, and the moisture content of each
sample was calculated. The density of the granules was determined by measuring and
weighing the granules and calculating their volume and density.

The analysis of the elemental composition, ash content, and calorific value of the
produced biofuel pellets was performed in the Laboratory of Thermal Equipment Research
and Testing of the Lithuanian Energy Institute (LEI) according to the standard methodology
valid in Lithuania and European countries.

When assessing the elemental composition of the pellets, the amounts of carbon,
hydrogen, nitrogen, and sulfur were determined in accordance with the requirements of
the standard LST EN ISO 16948: 2015 [29]. Oxygen content was determined by difference:
O → 100%-Ash%-C%-H%-N%-S%. Ash tests were performed in accordance with the
requirements of the standard LST EN ISO 18122: 2016 [30]. Calorific value tests were
performed in accordance with the requirements of LST EN ISO 18125: 2017 standard [31].

The elemental composition of the granules: the total carbon, hydrogen, nitrogen, sulfur,
and oxygen content was determined using a Flash 2000 element analyzer (measurement
error 0.001–0.3%). Ten pellets (approximately 100 g) were used for each study, and each
experiment was repeated three times.

The ash content of biofuel pellets determines the amount of ash remaining after the
pellets are burned. The higher the ash content, the lower the quality of the fuel. The
purpose of the ash determination is to calculate the amount of inorganic residue from
the combustion of biofuel, expressed as a percentage by mass of dry matter (DM). The
experiment was performed three times with each type of pellet. The ash content was
determined by completely burning the different types of biofuel pellets and weighing
the resulting ash. The tests were carried out in the test rig with an ash measurement
error of 0.1%. The weight of each sample was about 2–3 g, and each test was repeated
three times [30]. An IKA C 5000 calorimeter with a bomb calorimeter was used for the
determination of the heat of combustion, and the calorific value was calculated taking
into account the heat of combustion, humidity, and other elements [31]. To make the
experiments more accurate, the pellet samples were first dried. During the test, the basic
data were entered into the calorimeter computer: the mass of the pellet and the heat
released by the burning pellet. At the start of the test, the technical oxygen valve was
opened, the required oxygen pressure was set (up to 30 bar), and the process was controlled
by the calorimeter control panel. At the end of the test process, the instrument displayed
the net calorific value of the calculated results. The error of the performed measurements
was 0.02%.

2.2. Evaluation of the Influence of Moisture on the Properties of Pellets

When evaluating the impact of moisture content on the properties of pressed biofuel,
it is important to determine the density, destructive compressive force, and lower heating
value (LHV) of the pellets of different moisture. It is necessary to evaluate the changes in
the range of 5–15% of moisture content. After studying and evaluating these properties in
a complex way, combining them, and describing them theoretically, an empirical model
was created and prepared for practical use. Knowing the plant type and moisture (5–15%)
of granulated biofuel with a pellet diameter D = 6.0 ± 0.5 mm, a length l = 24.2 ± 1.1 mm,
this model will allow determining the density, destructive compressive force, and the lower
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heating value of investigated coarse stem plant granules. All calculations and results for
these dependencies are presented in the Results and Discussion chapter.

2.3. Analysis of Environmental Impact of Burning Biofuel Pellets

In solid biofuel boilers, fuel combustion and emission concentrations depend on the
type, quality, and shape of the fuel and the combustion of the solid fuel boiler. In order to
elucidate the influence of these parameters on the formation of pollutants, studies were
performed in a low-power solid fuel boiler–pellet fireplace type stove Astra P–5 (Astra,
Alytus, Lithuania). The mass of the sample of combusted pellets was about 5 kg. Before
starting the test, the boiler was preheated for 8–10 min by burning wood sawdust pellets.
The nominal power of the boiler was 5 kW, and the average flue gas temperature was
105–250◦ C. The research was carried out at the Lithuanian Energy Institute, and the formed
pollutants were measured with the combustion product analyzers Datatest 400 CEM and
VE7. The burning of each sample lasted for about 10 min, and the emissions of harmful
substances into the environment by burning biofuel pellets (CO2, CO, NOx, and CxHy)
were recorded.

Emission limit values for combustion plants are regulated by the emission stan-
dards approved by the Minister of Environment of the Republic of Lithuania (LAND
43-2013) [32]. These standards regulate pollutant limits for biofuel that is burned, including
grass plants and straw. Pollutant emission limit values for new and existing biofuel com-
bustion devices were identified (at a standard O2 = 6% concentration by volume percentage)
(LAND 43-2013) [32]: NOx → 750 mg Nm−3; SO2 → 2000 mg Nm−3; CO→ not regulated;
solid particles→ 800 mg Nm−3.

CO emission limit values for manually and automatically loaded solid fuel boilers with
a thermal input of up to 500 kW are given in another standard (LST EN 303-5: 2012) [33].
According to the requirements of this standard, the following permissible CO emission val-
ues have been established for boilers with automatic load: 3000 ppm for Class 3, 1000 ppm
for Class 4, and 500 ppm for Class 5 boilers.

In experimental studies analyzing and evaluating the most important properties of
granular biofuel, the research data were statistically evaluated by performing one-way
analysis of variance, correlation, and regression [34]. ANOVA software was used to
determine the limits of the significant (substantial) difference between the probability levels
of R05 and R01 according to the P criterion [35]. SigmaStat and SYSTAT software were used
for correlation analysis.

3. Results and Discussion
3.1. Physical–Mechanical, Chemical, and Thermal Properties of the Pellets
3.1.1. Biometrics, Mass, and Density of the Granules

The density of biofuel pellets indicates the mass per unit volume of the compressed
material. The density of compressed biomass depends on the temperature of the material
(the material weighs less at higher temperatures) and the moisture content of the material
(the higher the moisture content, the higher the density). The recommended pellet density
is given in various standards, ranging from 600 to 1200 kg m−3 [36–38].

After examining the most important physical–mechanical properties of granular bio-
fuel of coarse stem plants, the obtained results are presented in Table 1. The density of the
investigated granules is given in the dry matter (DM).

Table 1. Biometrics, mass, and density of the granules.

Plant Species Diameter d, mm Length l, mm Mass m, g Density
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The highest density of granules of coarse stem herbaceous plants was found to be of
sida (1072.3 ± 43.4 kg m−3 DM) and the lowest of Miscanthus (713.5 ± 67.1 kg m−3 DM).
According to the results, the pellet density of all tested plants exceeded 700 kg m−3, and
the recommended pellet density specified in the standards of various countries ranges
from 600 to 1200 kg m−3 [27]. Therefore, it can be stated that the pellets tested meet the
standards.

3.1.2. Elemental Composition, Ash Content, and the Lower Heating Value of the Granules

The results of various scientific studies show that biofuel pellets of plant origin consist
of three main components: carbon (C), hydrogen (H), and oxygen (O), which together
account for the majority of biofuel composition, as much as 81–93%.

The elemental composition, ash content, and lower heating value (LHV) of the studied
biofuel pellets of coarse stem plants are presented in Table 2. The analysis of the elemental
composition, ash content, and lower heating value of three types of granules of different
coarse stem plants showed that the highest content of C (carbon) differed slightly from
45.44% to 46.22%, and the content of O (oxygen) was ranged from 38.57% to 41.94%, and H
(hydrogen) between 5.28 and 5.61%. Small amounts of other chemicals such as N (nitrogen),
S (sulfur), and Cl (chlorine) were found as well.

Table 2. Elemental composition, ash content, and lower heating value of coarse stem plant granules
(in dry matter, DM).

Parameter
Coarse Stem Plant Species

Miscanthus Sida Cup Plant

C (carbon) content, % 46.22 ± 1.18 45.46 ± 1.14 45.44 ± 1.16

H (hydrogen) content, % 5.37 ± 0.45 5.61 ± 0.47 5.28 ± 0.46

N (nitrogen) content, % 0.90 ± 0.32 0.75 ± 0.31 0.68 ± 0.32

S (sulfur) content, % 0.11 ± 0.07 0.17 ± 0.07 0.07 ± 0.01

O (oxygen) content, % 38.57 ± 0.0 41.94 ± 0.0 38.57 ± 0.0

Cl (chlorine) content, % 0.56 ± 0.0 – –

Ash content, % 8.84 ± 0.90 6.07 ± 0.11 9.96 ± 0.38

Lower heating value (LHV), MJ kg−1 DM 17.84 ± 0.80 17.43 ± 0.74 16.82 ± 0.89

The ash content (in dry matter) in the investigated pellets was found to be quite
high, as it reached 6.07% after burning sida pellets, and 9.96% after burning cup plant
pellets. Such a high amount of ash indicates that the pellets of the cup plant did not burn
well enough and, compared to other energy crops, their lower heating value was lower:
16.82 ± 0.89 MJ kg−1 (Table 2).

Based on the results of these studies, it can be stated that the use of cup plants for
the production of granular biofuel is not justified enough, as some of their properties do
not sufficiently meet the requirements for biofuel. However, these plants can be used in a
mixture with wood waste (sawdust) or other energy crops.

Other researchers have also investigated coarse herbaceous plants. Monti et al. studied
Miscanthus, giant reed, and switchgrass and evaluated their biomass properties and ash
content. The results of their research showed that the ash content of giant reed was higher
than that of Miscanthus [39]. The ash content of herbaceous plant leaves was also found to
be higher, and both plants had lower ash content in winter than in autumn [40].

Stolarski et al. investigated the genotypes of 26 perennial plants and evaluated their
thermophysical properties and elemental composition. These studies showed that, when
harvesting semi-woody grasses and grasses at later dates, compared to short-rotation
energy plants, biomass had a significantly reduced moisture content and increased the
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lower heating value, while short-rotation woody plants had lower ash content and higher
carbon and hydrogen content [41].

Based on the performed research, we can state that the pellets of many coarse stem
plants have similar properties to wood. The requirements of the standard for wood biofuels
are as follows: total moisture ≤ 10%, ash content ≤ 1.5% (up to 7% allowed for herbaceous
plant biomass), and lower heating value ≥ 17.0 MJ kg−1. Both the elemental composition
and the lower heating value compared to wood standards have close values. Although the
ash content of the coarse stem herbaceous plants studied is higher, they can be used for
combustion by combining the combustion process of granular biofuel with the removal of
larger amounts of ash.

In order to determine the relationship between the most important quality characteris-
tics of the coarse herbaceous plant biofuel pellets investigated, a correlation was established
between the biofuel indicators. The correlations (r) of the properties of coarse herbaceous
plant pellets are given in Table 3.

Table 3. Correlations of determined coarse herbaceous plants pellet indicators (r).

Influencing Factor, x

Dependent Factor, Y

Density of
the Pellets,
kg m−3

C (Carbon)
Content, %

H (Hydrogen)
Content, %

O (Oxygen)
Content, % Ash Content, %

Lower Heating
Value of Dry

Fuel, MJ kg−1

Density of the pellets, kg m−3 1.000 −0.929 0.575 0.770 −0.561 −0.547

C (carbon) content, % - 1.000 n −0.480 n 0.817

H (hydrogen) content, % - - 1.000 0.965 −1.000 * 0.371

O (oxygen) content, % - - - 1.000 −0.960 n

Ash content, % - - - - 1.000 −0.386

Note: n—weak correlation; *—correlation at 95% level of confidence. The dash shows that the correlation has
been provided above.

Correlation analysis of the properties of the pellets produced from different coarse
stem herbaceous plants revealed that the pellet density had a partial effect on the content of
hydrogen H and oxygen O. As the pellet density increased, carbon content, ash content, and
lower heating value of the fuel decreased (Table 3). There was a moderate and sufficiently
strong interdependence between carbon and oxygen (r = −0.480) as well as between carbon
and the lower heating value (r = 0.817). A strong relationship of hydrogen with oxygen
(r = 0.965) and ash content in granules (r = −1.000 *) was found. Hydrogen and ash content
had a weak correlation with the lower heating value (r = 0.371 and r = −0.386, respectively),
and oxygen had a strong negative correlation with ash content (r = −0.960).

3.2. Dependence of Density, Destructive Compressive Force, and Lower Heating Value of Biofuel
Pellets on Moisture
3.2.1. Dependence of Density of Biofuel Pellets on Moisture

Moisture dependence on the density of various plant granules was investigated and
determined by the linear regression method [42] (Figure 1). It can be observed from the
graphs that the density decreases linearly with increasing moisture.

Linear regression lines are obtained using the linear equation [42]:

ρ = aw + b (1)

where: ρ—density of the pellets, kg m−3; w—moisture content of the pellets, %; a, b—
equation coefficients.

In all studies, the moisture ranged from 5% to 15%. The values of the coefficients of
the linear Equation (1) were determined by the linear regression method using the data
from experimental studies.
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The moisture dependence of the pellets of coarse stem herbaceous plants determines
the ability of the granules to change their mass depending on the amount of water in them.
The analysis of the obtained research results shows that the highest density was observed
in the pellets of sida (1180 kg m−3). The highest decrease (63%) in the density of these
pellets at variable moisture from 5% to 15% was also detected.
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Figure 1. Dependence of density of biofuel pellets on moisture.

The influence of any dependence argument on the function is determined by its
derivative; thus, for the pellets of any plant species studied, we have:

dρ

dw
= aρ,

dF
dw

= aF,
dQ
dw

= aQ (2)

where aρ, aF, aQ are quantities of the influence of moisture on the density of the pellets
(sida, Miscanthus, and cup plant), respectively. Therefore

kρ =
∣∣aρ

∣∣, kF = |aF|, kQ =
∣∣aQ
∣∣, (3)

where kρ, kF, kQ may be used as a criterion to quantify the effect of moisture on density.
aρ, aF, aQ are the tangents to the angles of the regression lines, and their absolute values
are used because aρ, aF, aQ of all the plants studied may be negative or zero.

Given that aρ > 0, aF > 0, aQ > 0, the minimum and maximum values of sida,
Miscanthus and cup plant densities are equal to:

ρmin = 15aρ + bρ, ρmax = 5aρ + bρ

Fmin = 15aF + bF, Fmax = 5aF + bF
Qmin = 15aQ + bQ, Fmax = 5aQ + bQ

(4)

These are new studies, and it can be said that the dependence of plant granule density
on moisture has not been studied before.

3.2.2. Dependence of Destructive Compressive Force of Biofuel Pellets on Moisture

The physical–mechanical properties of coarse stem herbaceous plant pellets, such
as resistance to compression (or destructive compressive force), were determined using
INSTRON 5965 equipment. Similar to the evaluation of the pellet density dependencies,
the moisture dependencies on the destructive compressive force of various coarse stem and
fibrous plant granules were investigated and determined.

These studies have shown that the density and the destructive compressive force
of the pellets vary widely depending on the type of plant. The graphs show that the
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determined destructive compressive force decreases linearly with increasing moisture.
Moisture limits ranged from 5% to 15%. The values of the coefficients of the linear equations
were determined using experimental research data.

Linear regression lines were obtained using the linear regression equation [33]:

F = aw + b (5)

where F—the destructive compressive force of the pellets, N; w—pellet moisture content, %;
a, b—equation coefficients.

Dependence of the destructive compressive force of biofuel pellets on moisture is
shown in Figure 2.
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Figure 2. Dependence of destructive compressive force (compressive strength) of biofuel pellets on
moisture.

The destructive compressive force of biofuel pellets indicates the strength of the pellet,
depending on the amount of water in it. Using a linear equation, the nature of the change
of the destructive compressive force of the pellets as a function of moisture was calculated.
Sida pellets were found to be the strongest and most resistant to compression, with the
destructive compressive force even several times higher than that of other coarse stem
herbaceous plants The destructive compressive force of sida pellets varied from 557 to
356 N (with a moisture increase from 5% to 15%). The pattern of variation of all plant pellets
was similar, indicating that moisture had a similar effect on the strength of all plant pellets.

3.2.3. Dependence of Lower Heating Value of Biofuel Pellets on Moisture

Heating value is the amount of heat released when one kilogram of fuel is completely
burned [17]. In this section, the results of experimental and analytical heating value studies
of pellets are presented, and the dependencies of the lower heating value (LHV) of coarse
stem and fibrous plant pellets on moisture are calculated and plotted (Figure 3). The graphs
show that the lower heating value decreases linearly with increasing moisture.

As in previous studies of moisture dependence on pellet density and compressive
force, moisture ranged from 5% to 15%. The values of the coefficients of the linear regression
equations were determined using experimental research data and calculation results.

Linear regression lines were obtained using the following linear regression equation [42]:

Q = aw + b (6)

where Q—the lower heating value of the pellets, MJ kg−1; w—the moisture content of the
pellets, %; a, b—equation coefficients.
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Figure 3. Dependence of lower heating value of biofuel pellets on moisture.

The lower heating value (LHV) of biofuel pellets of coarse stem plants and other plants
is widely used to describe the thermal properties of the fuel and its calorific value. Using
the linear equation, the dynamics of the change in the lower heating value of the pellets
as a function of moisture was calculated. Of the coarse stem plants, Miscanthus pellets
were found to be the most calorific, the lower heating value of which decreased from 16.8
to 14.8 MJ kg−1 with the increase in pellet moisture from 5% to 15%. The nature of the
dependence of the lower heating value of the pellets on the change in moisture content
was similar, as the conversion from dry to wet calorific fuel was performed using the
same equation [17]. This shows that moisture had the same effect on the heating value of
all plant pellets, as the determined lower heating value of biofuel pellets decreased with
increasing moisture.

The analysis of criterion k, calculated on the influence of the moisture of the studied
plants on the properties of the granules, gave the following results:

• Among the studied coarse-stemmed plants, the highest influence of moisture on
density was observed in sida (k = 34.280), and the lowest in cup plant (k = 14.048).

• The highest influence of moisture on the destructive compressive force was in Mis-
canthus (k = 14.5) and the lowest in cup plant (k = 9.1).

• The highest influence of moisture on the lower heating value was in Miscanthus
(k = 0.198), and the lowest in sida (k = 0.195).

3.3. Linear Regression Model of the Effect of Pellet Moisture on Their Density, Strength, and
Thermal Properties

In order to evaluate the results of experimental studies on the influence of moisture on
the properties of pelleted biofuel, the following properties of 5–15% moisture granules of
15 species of plants were presented and discussed: density, destructive compressive force,
lower heating value, and their dynamics. A program has been developed to evaluate these
properties.

This program can be applied to any number of types of granular biofuel from herba-
ceous plants studied m1, with the pellet diameter D = 6.0 ± 0.5 mm and the length
L = 20.0 ± 5.0 mm, to evaluate the characteristics. By specifying the type and moisture (in
the range of 5–15%) of the plant, this program can be used to determine the dynamics of
the change in pellet density, the destructive compressive force, and the lower heating value
as the pellet moisture changes, and to visualize the impact criteria and the results obtained.

The initial data are presented in matrix d. The data are compiled of m1 = 15 different
species of plant pellet density, destructive compressive force, and lower heating value
[m × n] in matrix d:
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The elements of the matrix dij are numbered from i = 0, j = 0; therefore, the number of
rows of the matrix is m = m1 + 1; if the number of pellet types tested is m1, the number
of columns is n = n1 + 1; if the number of regression coefficients is n1, the number of
characteristics to be analyzed is n2. For the tested case: m1 = 15, n1 = 15, and n2 = 3;
therefore, m = 16 and n = 10.

The notations used in the matrix d. For the coefficients of the regression equation:
aρ, bρ—for the density, aF, bF—for the destructive compressive force, and aQ, bQ—for the
lower heating value; correlation coefficients: Rρ—for the density, RF—for the destructive
compressive force, and RQ—for the lower heating value.

We then have a regression equation for the density and corresponding correlation
coefficients for any type of pellet tested:

ρ(i, w) = di1w + di2, Rρ(i) = −
√

di3, i = 1, 2, . . . , 9, (7)

for the destructive compressive force and corresponding correlation coefficients

F(i, w) = di4w + di5, RF(i) = −
√

di6, i = 1, 2, . . . , 9, (8)

for the lower heating value and corresponding correlation coefficients

Q(i, w) = di7w + di8, RQ(i) = −
√

di9, i = 1, 2, . . . , 9, (9)

where w—moisture content, and i—the type of pellet.
Maximum and minimum moisture impact criteria (2), when 5 ≤ w ≤ 15:

for the density:
kρmax = max

1≤i≤15
|di1|, kρmin = min

1≤i≤15
|di1| (10)

for the destructive compressive force:

kFmax = max
1≤i≤15

|di4|, kFmin = min
1≤i≤15

|di4| (11)

for the lower heating value:

kQmax = max
1≤i≤15

|di7|, kQmin = min
1≤i≤15

|di7| (12)

Maximum and minimum, when 5 ≤ w ≤ 15, applying (3):
density values

ρmax = max
1≤i≤15

(5di1 + di2), ρmin = min
1≤i≤15

(5di1 + di2) (13)

destructive compressive force values

Fmax = max
1≤i≤15

(5di4 + di5), Fmin = min
1≤i≤15

(5di4 + di5) (14)

lower heating values

Qmax = max
1≤i≤15

(5di7 + di8), Qmin = min
1≤i≤15

(5di7 + di8) (15)
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All lines were calculated and plotted using the matrix method, but they are not
presented in the paper because their overall picture and linear nature of change correspond
to the picture of the graphs above.

3.4. Harmful Emissions Determined When Burning Biofuel Pellets

Emissions of plant pellets from combustion determine the quality and suitability of the
fuel. Compared to the requirements of LAND 43-2013 and LST EN 303-5: 2012 [32,33], the
emissions of pellets of the coarse stem herbaceous plants studied did not exceed the maxi-
mum permissible concentration (only the emissions of cup plant have not been determined).
Table 4 shows the emissions from the combustion of pressed coarse stem plants.

Table 4. Emissions from burning coarse stem plant pellets.

Plant Species
CO2 CO NOx CxHy

% ppm ppm ppm

Miscanthus 5.2 2294.7 216.1 61

Sida 7.9 1252.5 215.1 24

When burning the pellets from cup plants, it was not possible to detect the emission of
harmful substances because the pellets burned poorly and emitted a large amount of smoke,
resulting in the release of a lot of harmful gases into the environment. In order to completely
burn these pellets in the solid fuel boiler used, the operating modes and parameters of the
combustion equipment should be further changed in search of the optimal combustion
process for biofuel pellets.

The lowest concentrations of CO, NOx, and CxHy harmful gases were obtained by
burning sida pellets (1252.5, 215.1, and 24 ppm, respectively), and higher emissions were
obtained by burning Miscanthus pellets. Lower CO2 content was obtained by burning
Miscanthus pellets (5.2%). Sulfur dioxide SO2 emissions were not recorded during the
combustion of pellets of various species of coarse herbaceous plants.

For comparison, Polish researchers found hydrocarbon (CxHy) emissions from burn-
ing wood pellets at concentrations ranging from 24 to 61 ppm. Researchers in the US and
Poland have determined NOx emissions from burning wood biomass to be 170 mg m−3 [43].
Other researchers have studied the concentrations of CO in the combustion of straw pellets
(6.4 ± 5.0 g kg−1) and wood pellets (1.3 ± 1.9 g kg−1) [44]. Sipula and other researchers
burned peat and determined CO and NOx emissions at 140 ± 297 and 225 ± 229 mg MJ−1,
respectively [45]. Finnish researchers studied wood and reed canary grass and determined
that the emissions from their combustion had CO concentrations of 9.6 ± 3.1 mg MJ−1

and NOx concentrations of 212 ± 217 mg MJ−1 [46]. Sosa and other researchers have
also studied emissions from burning knotweed pellets and found CO concentrations of
928.9 mg m−3 and NOx concentrations of 297.0 mg m−3 [47]. Czech researchers have stud-
ied the concentrations of CO and NOx emissions from reed canary grass, giant knotweed,
and Miscanthus pellets during combustion. The concentrations of CO and NOx emissions
when burning Miscanthus were found to be 543 and 167 mg m−3, respectively [48].

In the analysis of atmospheric carbon dioxide concentration, it was observed that it is
constantly rising. For example, in pre-industrial times, the concentration of carbon dioxide
was 270 ppm, and in recent years it has increased significantly to 400 ppm. Analyzing
the prospects for ambient air pollution, CO2 concentrations are estimated to increase to
450 ppm by 2030 due to fossil fuel combustion and projected changes in fuel use [49,50].
However, the EU-28 paper states that CO2 emissions have been reduced significantly over
the last two decades [50].

Summarizing study’s results on pellet combustion and emissions, it can be stated
that coarse stem plants grown in Lithuania can be recommended to be used as biofuel for
pressing, but if the plant biomass has a high moisture content, then additional energy is
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needed to dry this biomass. Burning such biofuel is a high-quality and efficient process
with low harmful emissions to the environment.

4. Conclusions

The physical, mechanical, and chemical properties of coarse stem herbaceous plant
pellets—density, moisture content, compressive force, ash content, heating value, elemental
composition, and measured granule emissions—were comprehensively investigated and
determined. After determining the density of granules, sida granules had the highest
value of1072.3 ± 43.4 kg m−3 and Miscanthus granules the lowest value (713 kg m−3). The
results of research on the elemental composition of various plants showed that the highest
C (carbon) content was 45.5–48.0%, O (oxygen) content was 41.0–42.9%, and H (hydrogen)
content was 5.7–5.9%. Investigated plants also contained small amounts of N (nitrogen) and
S (sulfur). The dependencies of moisture content on pellet density, destructive compressive
force, and lower heating value (LHV) were determined. Dependencies changed linearly
in the selected range of pellet moisture of 5–15%. The criterion k was used to quantify
the effect of moisture on the pellet qualitative indicators, and the following results were
obtained: the highest influence of moisture on density was observed in sida (k = 34.280),
and the lowest in cup plant (k = 14.048); the highest influence on destructive compressive
force was in Miscanthus (k = 14.5), and the lowest in cup plant (k = 9.1); the highest influence
on the lower heating value was in Miscanthus (k = 0.198), and the lowest in sida (k = 0.195).
Investigations of harmful gas emissions (CO2, CO, NOx, and CxHy) from the combustion of
sida and Miscanthus pellets have shown that lower concentrations of CO, NOx, and CxHy
harmful gases were obtained from the combustion of sida pellets (1252.5, 215.1, and 24 ppm,
respectively), and lower CO2 content was detected from burning Miscanthus pellets (5.2%).
These results revealed that the detected concentrations of harmful gases did not exceed the
permissible levels.

The results of the presented research have shown that when preparing biofuel pellets
from coarse stem herbaceous plants, ecological biofuel is obtained. The most important
properties (physical, mechanical, chemical, energy, and thermal) of this fuel meet the
requirements for high-quality solid biofuel. Based on the results of this research, it can be
stated that the most suitable plant for the preparation of granulated biofuel is sida, and the
use of a cup plant for solid biofuel requires further research, as some of its properties do
not meet the requirements for biofuel quality.
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