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Abstract. The present paper provides the research results of fodder beans, which were grown in the Lithuanian
climatic zone, cultivation, harvesting, after harvesting and threshing received waste utilization for energy
purposes. Investigations were carried out in the fields and laboratories of the Aleksandras Stulginskis University
(ASU) in 2015-2017; the technological-technical means of these plants processing, biofuel pellet production and
usage for energy purposes were investigated at the Institute of Agricultural Engineering and Safety (ASU), and,
at the Lithuanian Energy Institute, the pellet physical and thermal properties, when plant pellets were burned —
the pellet calorific value, ash content and harmful emissions to the surrounding atmosphere — were determined.
The research results of technological-technical parameters of fodder bean waste preparation for pressed
(granulated) solid biofuel and produced chaff, and mill quality were presented in justice of the use of the drum
chopper and hammer milling equipment preparing mill fractional composition and mill pelleting quality. The
physical-mechanical properties of the investigated fodder bean waste pellet moisture content, density, ash
content and pellet calorific value were determined and presented. Investigated pellet moisture content ranged
from 8.9 % to 9.8 %, and the determined pellet density was very high and reached 1311.40 + 64.67 kg-m™> DM
(dry matter). The determined ash content varied from 3.9 to 7.0 % and the average dry mass calorific value
reached 17.0 MJ ~kg'1. Also, harmful emissions, when these fodder bean waste pellets were burned, were
investigated. The received concentration of carbon monoxide was 1900-2020 ppm; the quantity of carbon
dioxide varied from 4.1 to 5.2 %; emissions of nitrogen oxide varied from 146.1 ppm to 164.1 ppm.
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Introduction

The growing dependence of Lithuania on energy imports, issues of climate change and rise in
energy prices are increasingly raising discussion about alternative energy sources. Implementation of
sustainable development strategy becomes the priority of the energy sector in the world. The concept
of sustainable development is based on three equally important components: environmental protection,
economic development and social development. However, the use of plants — especially raw food
materials — for the production of energy promotes the concern about the overall supply of food. The
main argument against the promotion of biomass use is the limited availability of land resources and
farmland. The Article 1.2.3 of the Resolution of the General Assembly Transforming Our World
adopted in the 70" Session of the United Nations on September 25, 2015, anticipates the decrease in
global food waste per capita at the retail and consumer level in half by 2030, as well as the reduction
of losses in food production and supply chains, including post-harvest losses [1]. Thus, the use of
agricultural waste for energy production becomes gradually relevant [2].

The global production of beans (fodder and food beans) is estimated at 3,398,330 tons and their
harvest area is approximately 2,057,883 ha a year [3]. The area of bean crops is growing annually in
Lithuania. According to the data of the Lithuanian Department of Statistics, the yield of beans was
9.8 % higher in 2017 than in 2016 and amounted to 229.8 thousand tons [4].

Beans are less susceptible to frosts and can grow at temperature of 5 °C. Therefore, their seeds are
sown in April. In that case, they are less prone to the plant-louse infestation and provide higher yields.
Moderately and severely heavy soil, which is non-acidic and moist, with a neutral pH of 6-7, is the
best for bean growing. The soil must be loose for its aeration to be sufficient. The most suitable
preceding crop for plants of the bean family is root-crops [5]. Beans are seeded every 12-15 cm in
rows, leaving a spacing of 45-55 cm between the rows. They are inserted at a depth of 6-8 cm.

The yield is harvested in September, when pods become black. When the yield is harvested with a
tractor or self-propelled combine, their vegetable waste, i.e. their above-ground parts and the debris,
are often spread on the surface of the soil or, in case of high yields of plants, are moved to rows and
later collected and mechanically removed from the field. One hectare yields the possible amount of 6-
7 tons-ha™' of seeds, as well as 10-12 tons-ha™ of leaves + stems + root dry materials which, after
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drying and processing as raw materials, can also be additionally used for the production of energy
biomass. According to the amounts of by-products of agricultural crops grown in Lithuania, it is
noticeable that the main by-products of beans are waste after thrashing, which make up about half of
the total production. Typically, these kinds of by-products can be used to produce biofuel of the
following forms: pressed bales (panels), pellets and briquettes [6]. This biofuel can be used in
households for small household boilers with the capacity of 20-50 kW and centralized boiler houses
[7]. There is a lack of accurate data on the utilization of these wastes for the biofuel purposes;
therefore, more research on the formation and utilization of agricultural plant waste is needed [8].

The aim of this work is to investigate fodder bean waste preparation for pressed (granulated) solid
biofuel and utilization for energy purposes. In order to achieve the goal, it is necessary to determine
the physical-mechanical and thermal properties of produced pellets, calorific value, ash content and
harmful emissions to the surrounding atmosphere by pellet burning.

Materials and methods

Biofuel from bean waste can be characterized by various physical-mechanical and thermal
properties: moisture, density, compression strength, ash, heat content and harmful emissions caused by
combustion of pellets. These properties are very important for preparation of raw materials for the
production, transport and in generation of biofuels. It has been determined that pellets produced
without additional binding materials withstand a pressure up to 22.5 N-mm™. This means that without
the use of binders, we shall be able to avoid the environment pollution, and these pellets shall be quite
resistant to various mechanical influences. Laboratory tests are carried out to determine the resistance
of granules, while the crushing strength is evaluated by the force acting upon the destruction of a pellet
[9; 10].

In the course of the experimental research, samples of vegetable waste from thrashed beans were
chopped and prepared for pelleting. The process of pellet production was first developed for the
livestock feed industry. It can be said, it consists of a few basic sub-processes: chopping of the raw
material, milling, drying, pelleting and cooling. The first technological process of processing fodder
bean waste into granular biofuel is chopping and milling [11].

The quality of plant chopping and milling. For the first step of stem chopping a drum chopper of a
forage harvester Maral 125 was used [12]. Before production of biofuel pellets, the chopped mass
should be milled. Retsch SM 200 mill was used for chaff milling. The milling quality (particle
fractional composition) was determined using the standard methodology. The fractional composition
of mill was determined using a set of 200 mm diameter sieves with round holes of diameters 0.25 mm,
0.5 mm, 0.63 mm, 1 mm and 2 mm. The mass remaining on the sieves was weighed, and the sample
fraction percentages were calculated [13]. All tests were repeated 5 times.

Pellet production and determination of pellet physical-mechanical properties. After mill making,
dry bean waste (10-12 % moisture) is moved by a conveyor to a pellet mill, where the pellets are
extruded through the action of rollers acting on a perforated matrix, and then a knife cuts off pellets at
the desired length. Residual moisture in the feedstock turns to steam during compression and helps
lubricate the compression die. After extrusion the pellets are very hot (90-100 °C) and are immediately
air quenched down to 25 °C. This sets up lignin and hardens the product, and contributes to maintain
its quality during storage and handling [9].

For pellet production, the plant mill was granulated by a small capacity (80-120 kg-h™") granulator
with a horizontal granulator matrix; the diameter of the pellets was 6 mm [14]. After pellet cooling,
their biometric parameters: dimensions, humidity, volume and density were evaluated. The pellet
volume was determined by measuring their length and diameter (accurate to 0.05 mm). Pellet weight
was assessed by the KERN ABJ scales (accurate to 0.001 g). The pellet biometric parameters and
weights were calculated for each type of plant pellets using 10 of the granules with the average
meaning error. Pellet moisture content was determined in a drying chamber oven in accordance with
the standard method [15].

After determination of the pellet volume, pellet size (diameter and length) and pellet mass, the
pellet density was calculated. The bulk density of pellets was also determined. Pellets were poured
into a 6 dm’ container, weighing and calculating the bulk density [16].
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Determination of pellet thermal properties. Pellet calorific value, ash content and harmful
emissions, when the investigated fodder bean waste pellets were burned, were determined at the
Lithuanian Energy Institute, Thermal equipment research and testing laboratory in accordance with the
valid in Lithuania and the EU countries standard methodology. Calorific value (KJ-kg') of the
investigated pellets was determined by a IKA C 5000 calorimeter (IKA, Germany) by the standard
methodology (BS EN 14918:2009), the ash content — according to LST EN 14775:2010 standard.

Limit values of emissions while burning the pellets in the low power (10 kW) boiler were
determined. Harmful emissions: CO, CO, and NO, were evaluated by using the standard methodology
[17].

Analysis of variance (ANOVA) was performed for three replications by employing the F test and
LSD (at 95 % probability level) to assess significance [18].

Results and discussion

Plant chopping and milling quality

Fractional composition of the mass fractionated by a drum chopper was determined using sieves
with holes of different diameters under the methodology commonly used in the EU countries. The
fractional composition of plant waste of the threshed beans is presented in Table 1.

Table 1
Fractional composition of the produced chaff of fodder bean harvesting and threshing waste
Type of Fraction remaining on the sieve, g and %
plant,
moisture 00 01 0 3.15 08 016 045 0 63 Amount

content, % mm mm mm mm mm mm mm

Fodder | €| 330 | 2080 | 59.80 | 78.10 | 2130 | 1.00 | 1570 | 200.00
bean |%| 1.65 | 1040 | 2990 | 39.05 | 10.65 | 050 | 7.85 | 100.00
waste | g | 3.60 | 1950 | 5850 | 73.50 | 2230 | 130 | 21.30 | 200.00

9.1 %) 1.80 975 | 2925 | 3675 | 11.15 | 065 | 10.65 | 100.00
An

average 1.73 10.08 | 2958 | 3790 | 1090 | 0.58 9.25

withthe | % | + 032 | + 140 | + 140 | =494 | +1.08 | + 032 | + 6.02 -
CIror

The results of the fractional composition analysis of the produced chaff (Table 1) have shown that
the largest fraction of produced vegetable waste chaff accumulated on the sieves with holes of 3.15
and 8 mm diameter is 29.6-37.9 % (this is an average fraction). A relatively large fraction was found
on the sieve with 1.0 and 16 mm diameter holes — 10.1-10.9 %. The smallest part of fraction
accumulated on the sieve with 45 mm diameter holes is 0.58 %. The resulting dust content (particle
size up to 1.0 mm) is small, amounting to 1.73 % of the total mass of the sample. The results of these
studies show that the fraction of bean waste chopped by the drum chopper is quite large, and it needs
to be further chopped to flour fraction.

The main characteristics of bean flour ground by the “Retsch SM 200” mill, i.e. the fractional
composition and moisture content, have been determined by the experimental research. The results of
these studies are presented in Table 2.

Table 2
Fractional composition of the produced chaff of fodder bean harvesting and threshing waste
Type of plant, Fraction remaining on the sieve, g and %
moisture 3 2.0 3 1.0 3063 | 005 3 0.25 30
content, % mm mm mm mm mm mm
Fodder bean waste 0.01 34.8 18.7 7.6 21.7 17.2
(9.1 %) + 0.01 + 11.2 + 3.9 + 2.2 + 43 + 34
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The research on the fractional composition of the milled bean waste (Table 2) has disclosed that
the largest fraction of vegetable waste fraction accumulates on the sieve with holes of 1.0 mm
diameter — it is 34.8 % (it is a sufficiently large fraction). A large amount of flour fraction is also
found on the sieves with holes of 0.25 mm diameter (21.7 %) and the ones with holes of 0.63 mm
diameter (18.7 %), indicating a fraction of medium size. The smallest part of the fraction accumulates
on a sieve with holes of 0.01 mm diameter, the amount of fine dust-particle (up to 1.0 mm) accounts
for 17.2 % of the total sample mass. The results of these studies indicate that the quality of bean waste
flour chopped by the hummer mill is suitable for pelleting.

The moisture content of bean waste flour was similar to that of the produced chaff, as it was not
dried further before cutting. The measured flour moisture content was suitable for pelleting and was
equal to 9.1 %.

Pellet physical-mechanical properties

The following biometric and physical-mechanical properties of crushed bean processing waste
pellets were determined: dimensions, mass, moisture, volume and packed density. The tests were
carried out at the ASU laboratories.

The results of the tests of the pellet properties — moisture and biometric properties, such as
dimensions, volume, mass and calculated density — are given in Table 3.

Table 3
Biometric properties and density of pellets
Type of plant, : Parameters and density of granules
moisture content, % Length /, | Diameter ¢, Volu;ne, Mass, g Density, kg-m™
mm mm m
Fodder bean waste 24.32 5.99 6.84 107 0.98 1435.89 £ 70.81
w=38.67=+0.26 + 1.96 + 0.08 + 0.56 + 0.06 |1311.40+64.67 DM

The results of the performed studies (Table 3) show that moisture of bean waste pellets is equal to
8.67 £0.26 %. The determined density of the produced granules (dry materials) reaches as much as
1.311.40 + 64.67 kg-m™. The obtained densities of solid pellets are large enough to satisfy the
requirements for granular biofuel (1.000-1.200 kg-m™).

After analysing the biometric properties of bean waste granules, it has been found that high
quality, sufficiently strong and dense granules with horizontal matrix milled to the flour fractions of 1-
2 mm and pressed with a granulator are obtained. A rather high density of bean waste granules is
found, which is equal to 700.3 + 33.0 kg-m™.

Pellet thermal properties
The results of the calorific value and ash content studies of pelleted bean waste are presented in
Table 4.

Table 4
Calorific value and ash content of bean waste granules
Moisture Ash Upper calorific Lower calorific
Type of plant tent. % content. % value of dry fuel, value of dry fuel,
content, 7o s /0 MJ'kg-l MJ.kg-l
F"d‘izt'zean 8.93 +0.07 3.93+0.11 18.17 + 0.28 17.0 +0.32

The resulting ash content of the investigated bean plant waste is 3.93 £0.11 %, which is an
average ash content. The estimated lower calorific value of dry fuel from bean waste is
17.0 +0.32 MJ-kg™".

When comparing the average calorific values of dry fuel from bean waste, as well as other
parameters, it is possible to evaluate their value among other types of used fuels [19]. The presented
data make it possible to conclude that the total energy value of bean waste with a lower calorific value
reaching 17.0 MJ-kg™ is close to the mass of herbaceous waste (straw, road grass). The herbal mass
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(straw, road grass) has lower energy content than other types of fuels. Wood has a higher energy value
than vegetable waste. Birch, which is considered a benchmark for solid biofuels in many countries, has
a lower calorific value of dry fuel of 19.3 MJ-kg™' [19], which is approximately 2.3 MJ-kg"' more than
that of the bean processing waste.

After evaluation of harmful gas emissions of fodder bean waste pellets, it was determined that the
harmful emissions to the environment burning bean waste pellets did not exceed the permissible
values, and the environment was minimally polluted. Determined gas concentration of carbon
monoxide (CO) was 1900-2020 ppm, gas concentration of carbon dioxide (CO,) varied from 4.1 to
5.2 %, and harmful gas emissions of nitrogen oxide (NOy) varied from 146.1 to 164.1 ppm. Sulphur
dioxide (SO,) gas emissions from combustion of the investigated fodder bean waste pellets were not
recorded.

To sum it all up, it may be concluded that usage of fodder bean waste pellets for biofuel is
justified very well because its main parameters satisfy the requirements for high quality solid biofuels.

Conclusions

1. There were investigated the technological-technical parameters of fodder bean waste preparation
for granulated solid biofuel and the produced pellet utilization for energy purposes. For pellet
production, the plant mill was granulated by a small capacity (80-120 kg-h™") granulator with a
horizontal granulator matrix; the diameter of the pellets was 6 mm.

2. Before the pellets were produced, the fodder bean waste was chopped and milled ,and the plant
mass chaff and mill quality indicators were investigated: the fractional composition and moisture
content. The research in the fractional composition of the milled bean waste has disclosed that the
largest fraction of vegetable waste fraction accumulates on the sieve with holes of 1.0 mm
diameter — it is 34.8 %.

3. After pellet production, the physical-mechanical and thermal properties of the investigated fodder
bean waste pellets were determined and presented: the moisture content, density, ash content and
pellet calorific value. The pellet moisture content varied from 8.9 % to 9.8 %, and pellet density
was very high and reached 1311.40 + 64.67 kg-m™ DM (dry matter).

4. The determined ash content of the investigated fodder bean plant waste varied from 3.9 to 7.0%.
The estimated lower calorific value of dry fuel from bean waste is 17.0 + 0.32 MJ-kg" DM. These
presented data show that the total energy value of bean waste with the determined lower calorific
value is close to the mass of other herbaceous plant waste.

5. After evaluation of harmful gas emissions, it was determined that the harmful emissions to the
environment, when burning bean waste pellets, did not exceed the permissible values. The
received concentration of carbon monoxide was 1900-2020 ppm; quantity of carbon dioxide was
4.1-5.2 %; emissions of nitrogen oxide reached 146.1-164.1 ppm; sulphur dioxide gas emissions
were not recorded.
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