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Abstract: Turkey has a large agricultural area and produces 55–60 million tons of biomass waste/year.
This study aimed to obtain bio-briquettes from three types of dried greenhouse wastes and to
determine their strength parameters. A prototype of a mobile briquetting machine driven by power
take-off (PTO), with hydraulic pistons, and comprising a shredder and grinding or crushing unit
with a briquetting pressure in the range of 0–190 MPa, was used. The physical parameters of the
obtained briquettes were determined, including density, tumbler and shatter resistance, compression
resistance, water intake capacity, and resistance to moisture-humidity. The results of physical and
mechanical tests showed that the briquettes are of an extremely high quality. The maximum density,
shatter and tumbler resistance were 1143.52 kg·m−3, 99.24% in pepper plant waste, and 98.52%
in eggplant plant waste, respectively. Based on the analysis of compression tests obtained under
190 MPa (maximum compaction force of 450 kN), the maximum compression force, compression
stress, and specific compression force were found in briquettes made from tomato plant wastes
(3315 N, 69.43 N·mm−2, 40.09 N·mm−1, respectively). Overall, the results and variables affecting
the strength parameters showed that greenhouse waste biomass is an excellent feedstock for the
production of high quality bio-briquettes. The valorization of briquetted greenhouse waste with the
proposed prototype contributes to the sustainability of the environment and to a reduction in energy
costs for farmers.

Keywords: waste; greenhouse; biomass energy; briquette; prototype machine

1. Introduction

Currently, the primary energy sources are fossil fuels, such as coal, crude oil, natural
gas, and nuclear energy, which account for about 80% of global annual energy consump-
tion [1]. These energy sources are expected to run out in the next 40 to 50 years. In addition
to the fact that they are polluting, these fossil sources cannot easily be replaced by natural
means at a rate fast enough to keep up with consumption. Hence, it is imperative to
find and use alternative energy sources. Renewable energy sources, derived from natu-
ral sources or processes that are constantly renewed, include wind energy, solar energy
(thermal, photovoltaic, and concentrated), hydro energy, tidal energy, geothermal energy,
ambient heat captured by heat pumps, and biomass. The search for alternative energy
sources that can meet the needs of the world’s population, which are usually met by hy-
drocarbons, has shifted the research focus not only to new sources such as solar, hydro,
or nuclear energy, but also to the reuse of waste materials from other processes such as
feedstock for biomass applications. Biomass refers to any organic waste or material, and
mainly plant waste is used for energy purposes [2].
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Biomass is an abundant and a continuously available resource; it was the dominant
source of energy long before fossil fuels, but in recent years it has been reintegrated into
large-scale bioenergy supply [3]. Bioenergy is derived from a wide range of raw materials,
including agricultural residues, dedicated energy crops, wood processing residues, algae,
the organic fraction of municipal solid waste, and food waste.

Biomass is promoted as one of the few energy sources with a carbon footprint close to
zero, because, although burning biomass generates CO2 emissions, during their growth the
plants absorb CO2 from the atmosphere [4].

Direct conversion of biomass, such as combustion, and indirect conversion methods,
such as pyrolysis, gasification, and liquefaction, are methods of obtaining compounds that
can be used as fuels [5]. Biomass conversion techniques have become a rapidly growing
branch of science, and a technology aimed at meeting ever-increasing energy demand while
reducing CO2 emissions by 70–90% [6].

The use of biomass as feedstock for biofuels production is often seen as a way to
bridge the growing gap between energy demand and supply, especially given the finite
nature of non-renewable energy sources such as fossil fuels [7].

Biomass, which includes agricultural residues, accounts for about two-thirds of all po-
tential renewable energy sources in Turkey [8], a country with vast agricultural production
areas that offer enormous potential for renewable energy. Turkey’s energy consumption
has increased rapidly due to its growing population and its status as a developing country.

Turkey is one of the most important greenhouse centers in the world. The total
greenhouse area in Turkey is 77,210 ha, of which 7811 ha are under glass, and 69,399 ha
are under plastic [9]. In Turkey, greenhouses are used for growing tomatoes, peppers, and
eggplant. On a wet basis, the annual amount of biomass waste generated in greenhouses
from the cultivation of tomatoes, peppers, and eggplant is about 1690 thousand tons, and
on a dry basis, 253 thousand tons [10]. Although greenhouses in Turkey produce huge
amounts of agricultural waste every year, it is burned, disposed of from the greenhouses,
or ground into the greenhouse soil [11].

Biomass waste, especially agricultural residues, is a durable feedstock for biofuels,
with a minimal impact on food security [12]. However, its high moisture content and low
bulk density are the main drawbacks in conversion technologies [13,14]. However, biomass
properties can be improved by increasing its density, which can facilitate storage and
transportation as well as the ability or capacity to generate energy by applying a modest
amount of energy [7].

Bio-briquetting consists of the densification or compaction of solid biomass (dis-
carded or secondary and referred to as waste in industrial and agricultural production
processes) under high pressure [15], and high temperature, with or without binders [16].
Bio-briquetting is one of the most efficient methods to valorize biomass waste, by which
a low-cost, environmentally friendly, renewable, and certified solid biofuel called bio-
briquette is obtained. Compared to the raw biomass, the bio-briquettes are characterized
by increased bulk density, uniform shapes (usually cylindrical or rectangular) and sizes
(diameter between 25 and 100 mm and length between 10 and 400 mm) [17], low moisture
content, higher energy content, and improved combustion characteristics [18,19]. This
method of biomass valorization can also drastically reduce the storage and transport costs
of biomass waste, and contributes to environmental sustainability because it avoids the de-
composition of biomass waste and the generation of greenhouse gases. The waste generated
from briquetting is further recycled into the bioeconomy, reducing Turkey’s dependence on
imported energy.

Bio-briquettes are usually used for domestic heating, and co-firing with coal in heat
and power generation centers or thermal power plants. In addition, the briquettes obtained
by agricultural enterprises from their greenhouse waste are high in quality and suitable for
use instead of fossil fuels in greenhouse heating.

As a result of the literature studies, it was found that the grinding and crushing process
required for briquetting biomass is carried out in two different machines, and the ground
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material is then processed into briquettes using immobile, screw, piston, or hydraulic press
technologies with an electric motor.

Hazelnut residues [1], a mixture of rice husks and pine sawdust [2], vineyard wastes [16],
tea waste [20,21], wood processing residues (sawdust, mulch and wood crisps) [22], woody
and herbaceous biomass blends [23], lignite mixed with woody waste [24], sawdust and
rapeseed cake [25], palm kernel fibers [26], cotton and sesame stalks [27], various green-
house plant wastes [28], straws, reed and hemp stalks [29], cotton stalks [30], reed species
as energy crops [31], sunflower stalks [32], various energy crops (Salix viminalis, Miscanthus
sinensis, Rosa multiflora, Polygonum sachalinensis, Helianthus tuberosus, Sida hermaphrodita
and Spartina pectinata) [33], kiwi cuttings [34], corn stalks [35], sugarcane bagasse and
straws [36], were previously briquetted in hydraulic presses, piston or conical screw
presses with electric motor drive under different briquetting pressures, particle sizes or
moisture contents, in order to valorize biomass waste as solid biofuels and contribute to
environmental sustainability.

The objective of this study was to bio-briquette the biomass waste of pepper, tomato,
and eggplant crops grown in greenhouse, using a prototype of power take-off (PTO)-
driven mobile hydraulic piston briquetting machine, and to evaluate the quality of the
bio-briquettes as solid fuel. The processes of shredding, grinding, and briquetting were
carried out on site in a single machine without having to transport the dried waste from
place to place.

2. Materials and Methods
2.1. Bio-Briquetting Procedures

The experimental tests were conducted at Akdeniz University, Vocational School of
Technical Sciences, Department of Machinery, and Ondokuz Mayıs University, Faculty of
Agriculture, Department of Agricultural Machinery, respectively.

The harvesting waste of peppers, tomatoes, and eggplant grown in greenhouses was
used in this study as biomass feedstock. The moisture content of pepper, tomato and
eggplant wastes was reduced between 7% and 9%, by drying in the sun under normal
conditions as prescribed in the standard EN 14774-1 [37]. The dried wastes were briquet-
ted using a mobile, hydraulic, PTO-driven piston briquetting machine which contains a
crusher and grinder with a briquetting range of 0–190 MPa, developed as a prototype
(Figures 1 and 2). No binder was used during the briquetting process.

Energies 2022, 15, x FOR PEER REVIEW 3 of 15 
 

 

tained by agricultural enterprises from their greenhouse waste are high in quality and 
suitable for use instead of fossil fuels in greenhouse heating. 

As a result of the literature studies, it was found that the grinding and crushing 
process required for briquetting biomass is carried out in two different machines, and the 
ground material is then processed into briquettes using immobile, screw, piston, or hy-
draulic press technologies with an electric motor. 

Hazelnut residues [1], a mixture of rice husks and pine sawdust [2], vineyard wastes 
[16], tea waste [20,21], wood processing residues (sawdust, mulch and wood crisps) [22], 
woody and herbaceous biomass blends [23], lignite mixed with woody waste [24], saw-
dust and rapeseed cake [25], palm kernel fibers [26], cotton and sesame stalks [27], vari-
ous greenhouse plant wastes [28], straws, reed and hemp stalks [29], cotton stalks [30], 
reed species as energy crops [31], sunflower stalks [32], various energy crops (Salix vim-
inalis, Miscanthus sinensis, Rosa multiflora, Polygonum sachalinensis, Helianthus tuberosus, 
Sida hermaphrodita and Spartina pectinata) [33], kiwi cuttings [34], corn stalks [35], sugar-
cane bagasse and straws [36], were previously briquetted in hydraulic presses, piston or 
conical screw presses with electric motor drive under different briquetting pressures, 
particle sizes or moisture contents, in order to valorize biomass waste as solid biofuels 
and contribute to environmental sustainability. 

The objective of this study was to bio-briquette the biomass waste of pepper, tomato, 
and eggplant crops grown in greenhouse, using a prototype of power take-off 
(PTO)-driven mobile hydraulic piston briquetting machine, and to evaluate the quality of 
the bio-briquettes as solid fuel. The processes of shredding, grinding, and briquetting 
were carried out on site in a single machine without having to transport the dried waste 
from place to place. 

2. Materials and Methods 
2.1. Bio-Briquetting Procedures 

The experimental tests were conducted at Akdeniz University, Vocational School of 
Technical Sciences, Department of Machinery, and Ondokuz Mayıs University, Faculty 
of Agriculture, Department of Agricultural Machinery, respectively. 

The harvesting waste of peppers, tomatoes, and eggplant grown in greenhouses was 
used in this study as biomass feedstock. The moisture content of pepper, tomato and 
eggplant wastes was reduced between 7% and 9%, by drying in the sun under normal 
conditions as prescribed in the standard EN 14774-1 [37]. The dried wastes were bri-
quetted using a mobile, hydraulic, PTO-driven piston briquetting machine which con-
tains a crusher and grinder with a briquetting range of 0–190 MPa, developed as a pro-
totype (Figures 1 and 2). No binder was used during the briquetting process. 

 
Figure 1. Prototype of mobile briquetting machine. Figure 1. Prototype of mobile briquetting machine.



Energies 2022, 15, 8371 4 of 14
Energies 2022, 15, x FOR PEER REVIEW 4 of 15 
 

 

 
Figure 2. Prototype mobile briquetting machine driven by PTO, with hydraulic piston. 

The dried wastes were initially shredded in the shredding unit of the prototype 
machine, which consists of 40 hammers made of hardox steel and 16 counter blades, 
which takes its movement from the tractor PTO with the belt-pulley system and rotate at 
a speed of 2550 rpm. The drawings of the shredder unit, obtained in SolidWorks, are 
presented in Figure 3, and the isometric assembly drawings are presented in Figure 4. 

 
Figure 3. SolidWorks drawings of the shredder unit. 

 
Figure 4. Shredder unit assembly drawings. 

Then, the shredded material taken from the shredding unit to the grinding unit was 
brought to the required piece size for briquetting in the grinding unit on the prototype 
machine, which consists of 24 hammers made of hardox steel and 58 counter blades ro-

Figure 2. Prototype mobile briquetting machine driven by PTO, with hydraulic piston.

The dried wastes were initially shredded in the shredding unit of the prototype
machine, which consists of 40 hammers made of hardox steel and 16 counter blades, which
takes its movement from the tractor PTO with the belt-pulley system and rotate at a speed
of 2550 rpm. The drawings of the shredder unit, obtained in SolidWorks, are presented in
Figure 3, and the isometric assembly drawings are presented in Figure 4.
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Then, the shredded material taken from the shredding unit to the grinding unit was
brought to the required piece size for briquetting in the grinding unit on the prototype
machine, which consists of 24 hammers made of hardox steel and 58 counter blades rotating
at 2200 rpm. The SolidWorks drawings of the grinding unit are given in Figure 5, and the
isometric assembly drawings are seen in Figure 6.



Energies 2022, 15, 8371 5 of 14

Energies 2022, 15, x FOR PEER REVIEW 5 of 15 
 

 

tating at 2200 rpm. The SolidWorks drawings of the grinding unit are given in Figure 5, 
and the isometric assembly drawings are seen in Figure 6. 

 
Figure 5. SolidWorks drawings of the grinding unit. 

 
Figure 6. Drawings of the grinding unit assembly. 

The properties of greenhouse wastes (pepper, tomato, and eggplant) used in bri-
quetting experiments are given in Table 1. 

Table 1. Properties of ground pepper, tomato and eggplant waste used in the experiments. 

Biomass Waste Waste Properties 

Aubergine plant  

Density (kg·m−3) Moisture content (%) 
200.47 8.23 

Sieve analysis and size distribution of material 
0–1 (mm) 1–2 (mm) 2–3 (mm) >3 (mm) 

56.32 36.73 4.27 2.68 

Tomato plant  

Density (kg·m−3) Moisture content (%) 
198.53 8.65 

Sieve analysis and size distribution of material 
0–1 (mm) 1–2 (mm) 2–3 (mm) >3 (mm) 

50.48 38.71 5.71 5.10 

Pepper plant  

Density (kg·m−3) Moisture content (%) 
203.25 7.82 

Sieve analysis and size distribution of material 
0–1 (mm) 1–2 (mm) 2–3 (mm) >3 (mm) 

58.41 36.64 2.52 2.43 

After obtaining particles of the requisite sizes (0–2 mm), moisture contents were 
determined again, and the particles were briquetted using the prototype briquetting 
machine with hydraulic piston operated by PTO (Figure 7). 

Figure 5. SolidWorks drawings of the grinding unit.

Energies 2022, 15, x FOR PEER REVIEW 5 of 15 
 

 

tating at 2200 rpm. The SolidWorks drawings of the grinding unit are given in Figure 5, 
and the isometric assembly drawings are seen in Figure 6. 

 
Figure 5. SolidWorks drawings of the grinding unit. 

 
Figure 6. Drawings of the grinding unit assembly. 

The properties of greenhouse wastes (pepper, tomato, and eggplant) used in bri-
quetting experiments are given in Table 1. 

Table 1. Properties of ground pepper, tomato and eggplant waste used in the experiments. 

Biomass Waste Waste Properties 

Aubergine plant  

Density (kg·m−3) Moisture content (%) 
200.47 8.23 

Sieve analysis and size distribution of material 
0–1 (mm) 1–2 (mm) 2–3 (mm) >3 (mm) 

56.32 36.73 4.27 2.68 

Tomato plant  

Density (kg·m−3) Moisture content (%) 
198.53 8.65 

Sieve analysis and size distribution of material 
0–1 (mm) 1–2 (mm) 2–3 (mm) >3 (mm) 

50.48 38.71 5.71 5.10 

Pepper plant  

Density (kg·m−3) Moisture content (%) 
203.25 7.82 

Sieve analysis and size distribution of material 
0–1 (mm) 1–2 (mm) 2–3 (mm) >3 (mm) 

58.41 36.64 2.52 2.43 

After obtaining particles of the requisite sizes (0–2 mm), moisture contents were 
determined again, and the particles were briquetted using the prototype briquetting 
machine with hydraulic piston operated by PTO (Figure 7). 

Figure 6. Drawings of the grinding unit assembly.

The properties of greenhouse wastes (pepper, tomato, and eggplant) used in briquet-
ting experiments are given in Table 1.

Table 1. Properties of ground pepper, tomato and eggplant waste used in the experiments.

Biomass Waste Waste Properties

Aubergine plant

Density (kg·m−3) Moisture content (%)

200.47 8.23

Sieve analysis and size distribution of material

0–1 (mm) 1–2 (mm) 2–3 (mm) >3 (mm)

56.32 36.73 4.27 2.68

Tomato plant

Density (kg·m−3) Moisture content (%)

198.53 8.65

Sieve analysis and size distribution of material

0–1 (mm) 1–2 (mm) 2–3 (mm) >3 (mm)

50.48 38.71 5.71 5.10

Pepper plant

Density (kg·m−3) Moisture content (%)

203.25 7.82

Sieve analysis and size distribution of material

0–1 (mm) 1–2 (mm) 2–3 (mm) >3 (mm)

58.41 36.64 2.52 2.43

After obtaining particles of the requisite sizes (0–2 mm), moisture contents were deter-
mined again, and the particles were briquetted using the prototype briquetting machine
with hydraulic piston operated by PTO (Figure 7).
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Figure 7. Hydraulic piston briquetting unit.

The compaction pressure of the hydraulic piston press can be adjusted from 0 to
190 MPa. The conical die has an inlet diameter of 60 mm, an outlet diameter of 55 mm,
and a piston diameter of 54.5 mm. To prevent jamming in the die during the briquetting
process, the conical die was supported by clamps with spring nuts and bent during pressing
if necessary.

Briquetting of greenhouse plant waste was carried out using the maximum compaction
pressure of 190 MPa (maximum compaction force of 450 kN). The bio-briquettes obtained
from greenhouse waste had a diameter of 55 mm and lengths between 45 and 50 mm
(Figure 8).
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2.2. Experimental Measurements of Bio-Briquettes Quality

Measurements were carried out in accordance with European standard EN 13183-1 [38].
Moisture content (MC) was measured by drying 20 randomly selected briquette samples,
for 24 h at 105 ◦C in a laboratory dryer. The samples were weighed on a laboratory balance
with an accuracy of 0.001 g.

Moisture content is defined as the mass fraction of water contained in the samples
according to the formula [39]:

MC =
m0 − m1

m0
(1)

where m0 is mass of initial weight of sample (g), and m1 is mass of final weight of
sample (g).

The individual bio-briquette density was measured using an electronic caliper to
determine length and diameter in two perpendicular directions (0.01 mm). On laboratory
scales, the mass of individual briquettes (0.001 g) was determined. The following formula
was used to calculate the density of bio-briquettes [38]:

ρ =
4·m

π·d2·h
(2)
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where m is the mass of an individual briquette (kg), d is average diameter of briquette (m),
and h is briquette length (m).

Bio-briquette resistance to breakage by impact (Tumbler index) and after falling (Shatter
index) were assessed using ASTM D 440-86 [40] and ASAE S269.4 [41] standards, respectively.

In the Tumbler resistance test, five briquette samples were weighed and placed in the
tester. The bio-briquettes were then tumbled for 3 min at 40 rpm. After the completion
of the rotation process, briquettes were withdrawn from the tester and weighed again.
Tumbler resistance was evaluated as a percentage of weight loss that occurred during the
testing (Figure 9).
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Individual bio-briquettes were dropped 10 times from a height of 1 m onto a concrete
floor in the shatter resistance test. Before and after the test, each briquette was weighed.
Shatter resistance was determined as a percentage based on how much weight was lost
during the dropping test. During the shatter and tumbler resistance tests, the broken
pieces were screened with a 20 mm sieve, and the remaining pieces on the sieve were not
considered to be lost [42].

The compression test does not correspond to any technical standard that must be
followed. It was revealed on the basis of a previous scientific survey that referred to the
mechanical properties of pressed materials [43]. The methodology described here was
used to determine the hardness of the examined briquette samples, which influences their
potential damage in transportation and storage. Compression tests of bio-briquette were
carried out in line with ASTM E9-89 [44], with some parts of EN12504-1 [45] taken into
consideration. A universal testing machine (LLOYD LRK Plus, with force capacity of
5000 N, minimum load resolution of 0.001 N, and data sampling rate of 8 kHz) consisting
of two compressing plates was used. The bio-briquette sample was pressed between
two plates of the testing equipment at a speed of 20 mm·min−1.

The applied compression force increased at a constant rate and continued until the
bio-briquette broke, and the application forces were transferred to the computer during the
test. The compression resistance of the bio-briquettes was calculated as N, and the specific
compression resistance of the bio-briquettes (in N·mm−1) was calculated by dividing the
pressure resistance to the briquette length [31,46].

Immersion tests have long been used to assess water intake resistance. Each bio-
briquette was submerged for 30 seconds in water at 27 ◦C, and the water resistance of the
briquettes was measured as a percentage based on the weight gain. Elongation, swelling,
and the time it took for each briquette to totally disintegrate were also recorded [47].

Bio-briquettes were stored in a room with a temperature of 20 ◦C and a humidity of
50% for 21 days for the equivalent humidity content (humidity resistance) test. Before and
after the test, each briquette was weighed. Depending on the weight increase occurring
during the storage, humidity resistance was determined as a percentage [11].

All bio-briquettes were maintained for 7 days at a temperature of 20 ◦C and a relative
humidity of 50% to guarantee that they were stable before the test. All tests performed
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to determine the quality characteristics of the briquettes were performed with three repli-
cations, and the arithmetic average of the obtained results was taken and analyzed for
variance, and each test was performed on 50 randomly selected briquette samples.

This study analyzed the quality parameters of briquettes formed from greenhouse
waste using briquetting pressures of 190 MPa, moisture contents of 7–9%, and particle sizes
of 1–2 mm in order to assess their potential as solid biofuel made by the prototype briquette
machine. Pressure was selected according to studies described by Zhang and Guo [48] and
Krizan et al. [49].

All physical and mechanical properties of bio-briquettes were investigated by three
replications with 20 determinations for each replication. Variance analysis was carried out
on bio-briquettes from greenhouse waste (eggplant, tomato, and pepper) and the difference
between the means was evaluated using the LSD test. Mean values were represented with
the standard error.

3. Results
3.1. Moisture Content of Bio-Briquette Samples

The moisture content was determined immediately after briquetting the greenhouse
waste. The data of the briquette moisture content obtained in the experiment are shown
in Table 2. When the moisture content measured after briquetting is compared with the
moisture content before briquetting, it is found that the moisture content of the samples
decreases between 30 and 35%. Additionally, the heating of the material by the friction in
the mold due to the pressure generated during briquetting effectively reduces the moisture
content of the material.

Table 2. Moisture contents of bio-briquettes (on average) obtained with the prototype machine.

Biomass Waste Moisture Content of Ground Waste (%) Moisture Content of Briquette (%)

Aubergine plant 8.23 ± 0.03 5.66 ± 0.05

Tomato plant 8.65 ± 0.06 5.98 ± 0.04

Pepper plant 7.82 ± 0.04 5.14 ± 0.07

Note: ±, standard deviation.

As can be seen from Table 2, the moisture content of the briquettes was generally
below 10%. The highest moisture content was found for the organic briquettes made from
tomato plant waste (5.98%). The lowest moisture content was found for pepper plant waste
(5.14%). The low moisture content of the briquettes obtained is important for the durability
of the briquettes and the quality of the fuel.

There is no difference between the moisture content of the briquettes produced with
the prototype briquetting machine and the moisture content of the briquettes produced
with other different briquetting machines (piston press and conical screw with electric
motor). There was a parallelism with the results obtained by Bilgin et al. [11], Kurklu
and Bilgin [27], and Karaca [50], who found values of moisture content of the briquettes
between 4.5 and 7%.

Grover and Mishra [51] recommended low moisture content (8–10%) for biomass
materials to produce strong and crack-free briquettes. The briquettes produced in our
study with the prototype were found to be very strong and crack-free, while their moisture
content was in the range of 5–6%, so these conclusions can be confirmed. Moreover, the
values of moisture content of the briquettes produced in the prototype briquetting machine
show that the standard TSEN-ISO-17225-7 is below the class A products compared to the
briquettes produced with other briquetting machines. It seems to be an acceptable good
fuel in terms of briquette moisture.
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3.2. Density of Bio-Briquette Samples

In general, the moisture content of biomass briquettes affects their density, as shown
by other studies [52]. Density is a physical property that determines the quality of the
briquette, and it is desirable that its value be as high as possible [35].

Table 3 shows the briquette density data from the experimental tests and the results of
the analysis of variance. Considering that the raw material density of greenhouse waste
ranges from 198.53 to 203.25 kg·m−3, one can see how much the volume of biomass is
reduced by briquetting.

Table 3. Density (average values) and variance analysis results of briquettes.

Biomass Waste Density of Ground Waste (kg·m−3) Density of Briquette (kg·m−3)

Aubergine plant 200.47 1045.74 ± 16.36

Tomato plant 198.53 1150.18 ± 25.53

Pepper plant 203.25 1143.52 ± 21.42

Level of significance n.s

Note: ±, standard deviation; ns: the difference between values in the same column is statistically insignificant.

The density results showed that eggplant waste particles had better compaction
capacity than tomato and pepper plant waste particles. It can be observed that the increase
of the eggplant waste fraction affected the increase of the briquette’s density. The average
densities of eggplant, tomato, and pepper plant waste briquettes were 1045.74 kg·m−3,
1150.18 kg·m−3, and 1143.52 kg·m−3, respectively.

The difference between the densities of briquettes obtained from greenhouse wastes
was found to be statistically insignificant. In their studies, Karaca and Başçetinçelik [53],
Gendek et al. [39] and Brunerová et al. [54] used a conical screw, piston, and hydraulic
type press briquetting machine. They found the density of briquette as 1573.58 kg·m−3

for groundnut shell waste, 938.55 kg·m−3 for pinewood waste, and 1022.44 kg·m−3 for
sugarcane bagasse, respectively.

The standard briquette density is expressed as 900 kg·m −3 and above according to
EN14961-3 [55] standard and in another study, it was reported that the acceptable briquette
density was between 1000 and 1400 kg·m−3 [51]. Therefore, based on these findings,
briquette samples made by prototype machines from greenhouse waste were identified as
suitable, as they meet the standard briquette density requirement.

3.3. Tumbler and Shatter Resistance Index

Tumbler and Shatter tests are used to determine the briquettes’ durability, as well as
any losses that may occur during storage and transportation. These tests are carried out
with specialized equipment, and the results are presented as a percentage, and a test value
of 95% or more is normally considered satisfactory according to EN14961-3 [55]. The data
on the Tumbler and Shatter resistance indexes of the briquettes obtained in the trials carried
out according to the ASAE S269.4 [41] standard is shown in Table 4.

Table 4. Tumbler-Shatter resistance indexes and variance analysis results of obtained briquettes
(on average).

Biomass Waste Tumbler Index (%) Shatter Index (%)

Aubergine plant 98.52 a 90.73 b

Tomato plant 97.26 a 98.67 a

Pepper plant 93.61 b 99.24 a

Level of significance ** **
Note: ** The difference between the values in the same column is statistically significant at the 1% alpha level.
Letters a and b indicate the statistical differences between values in columns.
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As seen in Table 4, the tumbler (93.61–98.52%) and shatter (90.73–99.24%) indexes were
determined for the briquettes obtained with the prototype briquette machine, which shows
that the briquettes’ durability is quite high. Although the Tumbler index of the briquettes
obtained from pepper waste and the fragmentation index of the briquettes obtained from
eggplant wastes were below 95%, no fragmentation was observed in the briquettes. The
highest tumbler index was determined for eggplant waste bio-briquettes (98.52%), and
a lower tumbler index was noted for pepper plant waste bio-briquettes (93.61%). As for
the shatter index, the highest value was determined for pepper plant waste bio-briquettes
(99.24%), and a lower value was noted for eggplant waste bio-briquettes (90.73%).

According to the results of the statistical analysis, the difference between the tum-
bler and shatter indexes of the briquettes obtained from different greenhouse wastes is
statistically significant (p < 0.01). These findings reveal that briquettes made from various
materials have varying levels of resistance.

The results obtained in Shatter and Tumbler resistance tests are evaluated between 0.5
and 1.0 (or 50 and 100%) [56]. The quality of the briquettes increases as the results approach
a value of (1.0). According to this information, when Table 3 is examined, it can be said
that the briquettes have a very strong structure since the shatter and tumbler resistance
values of the briquettes obtained from tomato, pepper, and eggplant plant wastes are very
close to one (1) value. Similar results were found with the tumbler and shatter index values
of the briquettes obtained in other studies by Saeed et al. [7], Kaliyan and Morey [46],
Brunerová et al. [54], Bazargan et al. [57], and Fengmin and Mingquan [58], respectively,
using different briquetting machines and compression methods.

3.4. Compression Resistance Analysis of Bio-Briquettes

The compression resistance is a measure of the briquettes’ durability and strength
against physical impacts. It is desired that the losses caused by stacking the briquettes
during storage are at a minimum. The data of the briquette compression resistance obtained
in the experiment are shown in Table 5.

Table 5. Compression resistance and variance analysis results of obtained briquettes (on average).

Biomass Waste Compression Force (N) Compression Stress (N·mm−2) Specific Compression Force (N·mm−1)

Aubergine plant 3090 b 62.85 c 35.68 b

Tomato plant 3315 a 69.43 a 40.09 a

Pepper plant 3117 b 64.38 b 36.42 b

Level of significance * ** *

Note: **: The difference between the values in the same column is statistically significant at the 1% alpha level.
*: The difference between the values in the same column is statistically significant at the 5% alpha level. Letters a,
b and c indicate the statistical differences between values in columns.

According to Table 5, the maximum compression force, compression stress, and
specific compression force were recorded in briquettes made from tomato plant wastes
(3315 N, 69.43 N·mm−2, and 40.09 N·mm−1, respectively), whereas the lowest values
were observed in briquettes made from eggplant waste (3090 N, 62.85 N·mm−2, and
35.68 N·mm−1, respectively).

Analyzing the results of the statistical analysis, the difference between the means
of compression force and specific compressive force rates at briquette made by different
greenhouse wastes was found to be significant (p < 0.05), and the difference between
the means of compression stress rates at briquette made by different greenhouse waste
was found to be significant too (p < 0.01). Similar results were found with the values
obtained in studies with machines using other briquetting methods [59,60]. In addition,
the overall assessment of the compression strength of the briquettes obtained with the
prototype briquetting machine has proven satisfactory when compared with the briquette
compression strength data obtained with other machines [61,62].
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3.5. Compression Resistance Analysis of Bio-Briquettes

The resistance to moisture-humidity, water intake capacity, and their variance analysis
results determined by immersing the briquettes obtained by the prototype machine in
water are given in Table 6.

Table 6. The resistance to moisture-humidity, water intake capacity, and variance analysis results of
obtained briquettes. (on average).

Biomass Waste Water Intake Capacity (%) Resistance to Moisture-Humidity (%)

Aubergine plant 84.45 a 94.92

Tomato plant 84.14 a 94.71

Pepper plant 80.63 b 95.05

Level of significance * ns

Note: *: The difference between the values in the same column is statistically significant at the 5% alpha level;
ns: The difference between values in the same column is statistically insignificant. Letters a and b indicate the
statistical differences between values in columns.

In Table 6, according to the statistical analysis results, the difference between the water
absorption resistance of the briquettes was significant (p < 0.05), and the difference between
the equivalent moisture content was insignificant.

In previous studies it was stated that the water intake rate of the briquettes should
not exceed 50% [56]. According to data in Table 6, it was determined that the percent-
age of increase for the briquettes produced with the prototype machine varied between
15.55 and 19.37 on average. The results prove that the briquettes obtained from the green-
house wastes with the prototype machine are quite robust in terms of water intake resis-
tance. Additionally, from Table 6, when the equivalent moisture contents of the briquettes
were examined, there was not much change in the weight of the briquettes at the end of the
21st day. As a result, properly packed briquettes can be stored in good storage conditions
for a long time without structural deterioration.

4. Conclusions

The main objective of the present study was to determine whether the prototype mobile
briquette machine and waste from high production value vegetables such as tomatoes,
eggplant, and peppers can be used to produce organic briquettes. The results obtained in
the tests we carried out showed that the briquetted biomass with the briquette machine
prototype has very good characteristics, so they can be used as solid biofuel. Additionally,
in the production of the briquette, the briquetting machines working with an electric
motor are generally used. As an energy dependent country, the use of electricity in
the commercial production of biomass briquettes is controversial. However, using the
mobile hydraulic briquetting machine, which takes its movement from the tractor, which is
designed and manufactured, briquettes can be produced at much lower cost without the
need for electricity consumption.

The durability and breaking strength of the briquettes were found to be quite high.
The moisture content and particle size were found to be quite suitable for briquetting. The
materials are compacted to a density about 5–6 times higher. Selected mechanical and
physical characteristics of the briquettes, including compressive strength, longevity, and
density, were assessed. The evaluated physico-mechanical characteristics of the generated
briquettes were strongly impacted by modifications in the densification process parameter.
The water resistance of the briquettes was found to be quite durable up to a certain
period of time, and they were also found to have a longer shelf life than when they were
first produced if well packaged. To be used as solid biofuels, briquettes must meet the
requirements set out in the technical standard ISO 17225. Tests results showed that the
briquettes obtained with the prototype briquetting machine meet these standards, and they
are quite robust.
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In general, all measurements and tests performed within the present research provided
satisfactory results, and hence, the use of greenhouse wastes (tomato, pepper, and eggplant)
and the prototype mobile briquette machine for the production of bio-briquettes is highly
recommended. This study will be an exemplary application for the design studies of
prototype machines that will use different briquetting techniques in the future.

Briquetting surplus agricultural waste for use as solid biofuel may help close the
world’s energy gap and fight global warming. Additionally, by encouraging the develop-
ment of new, agricultural-based enterprises, the use of agricultural waste as an alternative
energy source can help to increase employment in agricultural communities. In addition to
improving the quality and quantity of scientific data, further research is necessary to draw
public attention to the energy potential of agricultural waste.

This research is also expected to contribute to a better understanding of waste man-
agement principles, briquetting technology, and the use of all types of biomass waste to
create ecologically acceptable solid biofuels.
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