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Abstract

The present thesis provides an overall current insight into the briquetting technology issue;
such technology is used for production of solid biofuel (bio-briquettes) and works with a
densification process and biomass (renewable source of energy). Several factors which
characterize and influence the technology of briquetting were investigated. Several
questions were asked and answered within the performed research: What (feedstock
materials), how (briquetting technologies) and with what efficiency (chemical,
mechanical and energy suitability) are we briquetting? Primarily, experimental
measurements were performed within a description of chemical parameters of waste
biomass kinds (wood, herbaceous, fruit, aquatic, mixed) and their suitability for the
briquetting and direct combustion processes. By using waste biomass, the generation of
clean energy and principles of proper waste management were combined. Second,
differences existed between pressing equipment; thus, pressure levels were compared,
monitored and evaluated. In consequence, low- and high-pressure briquetting presses were
used for bio-briquette sample production, and subsequently their mechanical quality
indicators were tested and evaluated. Therefore, the entire process of manual low-pressure
briquetting press development and verification was performed; namely, design creation,
equipment manufacturing, its viability and practicability. The press’ appropriateness for
developing countries (target area) was proved due to its simplicity and intelligibility.

Key words: bio-briquettes; solid bio—fuels; renewable source of energy; waste biomass;
proper waste management



Abstrakt

Tato prace poskytuje celkovy soucasny vhled do problematiky technologie briketovani; tato
technologie se pouziva k vyrob& pevnych biopaliv (biobriket) a pracuje s procesem
densifikace a biomasou (obnovitelnym zdrojem energie). Né&kolik faktort, které
charakterizuji a ovliviwyji technologii briketovani, bylo pfedmétem vyzkumu. V ramci
provedeného vyzkumu bylo kladeno a zodpovézeno nékolik otdzek: Co (vstupni
suroviny), jak (briketovaci technologie) a s jakou efektivitou (chemicka, mechanicka
a energeticka vhodnost) briketujeme? Primarné byla provedena experimentalni méteni,
ktera stanovila chemické parametry rozdilnych druhii odpadni biomasy (dfevni, bylinna,
ovocna, vodni, smiSend), a tim i jejich vhodnost pro briketovaci proces a proces ptimého
spalovani. Vyuzitim odpadni biomasy byla spojena produkce Cisté energie s principy
zodpovédného nakladdni s odpady. Sekundarné¢ byly porovndvany, sledovany a
vyhodnocovany rozdily mezi lisovacimi zafizenimi a tedy i riznymi Grovnémi tlaku. V
dasledku toho byly pouzity nizkotlaké a vysokotlaké briketovaci lisy pro vyrobu vzorki
bio—briket, ty byly nasledné testovany a ukazatele jejich mechanické kvality byly
zhodnoceny. V ramci ¢ehoz byl proveden kompletni proces vyvoje a ovéfeni manualniho
nizkotlakého briketovaciho lisu; jmenovité, tvorba navrhl, vyroba zafizeni, ovéfeni jeho
zivotaschopnosti a proveditelnosti. Dale byla prokazana vhodnost lisu pro podminky
rozvojovych zemi (cilova oblast) diky jeho jednoduchosti a srozumitelnosti.

Kli¢ova slova: bio—brikety; tuha biopaliva; obnovitelny zdroj energie; odpadni biomasa;
zodpovédné nakladani s odpady
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1. Introduction

A briquetting technology is not only the technology of clean renewable energy
production, but it is also the technology of proper waste management.

Intensive forms of agriculture (also known as an intensive farming) are widely
presented as an improvement of human living standards, but they cause serious
environmental, ethical and social issues, due to a main focus on high product yields and
financial earnings. Except other negative impacts of such form of agriculture, it is also
uncontrolled production of agriculture residues and related improper waste management,
which causes serious environmental issues. Intensive forms of agriculture result in
production of enormous amounts of various biological residues; in other words, waste
biomass. In consequence, processing or subsequent utilization of such waste biomass is
highly recommended [1; 2]. Approximately five billion metric tons of waste biomass is
produced every year in the agriculture sector worldwide; this amount represents an
equivalent to 1.2 billion tons of oil (Btoe). Other sources report that waste biomass is the
third most considerable energy source in the world, thus providing 14 % of annual energy

supply [3]. In developing countries, utilization of waste biomass provides approximately
80 % of energy production [4].

In consequence, conversion of waste biomass into biofuel represents an adequate
alternative to fossil fuels such as coal and oil, which cause irreversible damage to the
environment and climate changes [5]. In comparison, utilization of waste biomass is an
advantageous direct way to reduce greenhouse gases (GHGS), net carbon emissions and
environmental pollution; use of waste biomass as an energy source is generally considered
an option to mitigate greenhouse effects [6; 7].

Waste biomass is an alternative environmentally friendly renewable source of energy;
for example, such waste materials could be used for biofuel production [8; 9; 10; 11], thus,
its subsequent utilization should also be an important goal of the agriculture sector.
However, within the increasing popularity of biofuels and clean energy, the need for more
efficient reuse of waste biomass increases too [5; 12]. Unused waste biomass causes
spontaneous production of air pollutants (leachate, methane, carbon dioxide, etc.), thus
contributing to air, soil or water contamination [13]. Hence, necessary subsequent
utilization of waste biomass also meets the principles of proper waste management.
Moreover, the importance of waste biomass utilization for clean energy production will
increase as national energy policies and strategies focus more heavily on renewable sources
and environmental conservation [14].



The current form of waste biomass utilization differs from the traditional use of waste
biomass by its conversion into highly efficient energy carriers, such as electricity [15].
Therefore, waste biomass is considered to be the renewable energy source with the highest
potential to contribute to the energy needs of modern society for both industrialized and
developing countries [14], while providing less harm to the environment [16]. The
conversion of plant material into a suitable form of energy, usually electricity or a fuel for
an internal combustion engine, can be achieved using a number of different routes, each
with specific pros and cons [12, 14]. So far, much research has been focused on sustainable
and environmentally friendly energy from waste biomass to replace conventional fossil
fuels [17].

Waste biomass mostly originates from the agriculture production sector, and is
therefore mostly represented by agricultural crop residues [7]. The amount of such residues
is large and may have a significant energy potential [18]. The amount of agriculture crop
residues left on site without any purpose usually ranges between 15-60% for most
agricultural crops [19]. Thus, the next chapter is focused on agricultural production in
different areas of the world.

1.1. Agriculture residue production

It is essential to realize that developing and emerging economies are facing a two-
fold energy challenge in the 21 century because they need to meet the needs of billions of
people who still lack access to basic, modern energy services while simultaneously needing
to participate in a global transition to clean, low-carbon energy systems [20]. Of course, a
much-debated question is how to achieve this challenge. However, with rising demands for
clean energy and recurrent fuel scarcity, there is a need to diversify fuel supply and
maximize use of natural resources and reuse of waste materials. Furthermore, progress
toward increased efficiency, de-carbonization, greater fuel diversity and lower pollutant
emissions needs to be accelerated [5; 12]. Regarding Asian countries, a cultivation of rice
represents the major part of local agriculture production [21] together with maize, wheat,
sugarcane and palm oil and others (Figures 1 and 2).
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Focused on specific Asian countries, agricultural production in the Socialist Republic
of Vietnam and the Republic of Indonesia are prevalently characterized by similar
agriculture crops (Tables 1 and 2). Detailed information about agriculture sectors in such

countries are mentioned due to the experimental focus of the present thesis, which will be

further described in the following chapters.



Table 1: Production of main agriculture crops in Vietnam in 20142016 (in tonnes).

Rice Sugarcane  Cassava Maize Bananas Coconuts
2014 44,974,206 19,822,851 10,209,882 5,202,511 1,857,641 1,374,404
2015 45,105,021 18,337,227 10,740,000 5,287,261 1,943,337 1,439,119
2016 43,437,229 16,313,145 11,045,184 5,244,140 1,941,935 1,469,960

(Source: FAO, 2018) [22]

Nevertheless, the biggest difference between such two production sectors is due to
the cultivation of palm oil in Indonesia, which is the main agricultural crop in such
countries. Moreover, the oil production sector in Asian countries also involves cultivation
of other plants as a source of vegetable oil; for example Jatropha Curcas L. [23]. Oil-
producing crops are cultivated on large plantations, which also results in a significant
amount of different biological residues and thus various kinds of waste biomass [24].
Utilization of such waste biomass for production of solid biofuels has already been
investigated, with positive results [25].

Table 2: Production of main agriculture crops in Indonesia in 2014-2016 (in tonnes)

Palm oil Rice Sugarcane  Cassava Maize Coconuts
2014 139,952,542 70,846,465 25,753,920 23,436,384 19,008,426 18,300,000

2015 149,066,849 75,397,841 25,348,720 21,801,415 19,612,435 16,600,000
2016 160,135,795 77,297,509 27,158,830 20,744,674 20,369,551 17,722,429

(Source: FAO, 2018) [22]

Without a doubt, cultivation of palm oil represents the biggest source of waste
biomass in Indonesia; approximately four kilograms of waste biomass, in the form of empty
fruit bunches, are produced from the production of one kilogram of crude palm oil [26].
Nevertheless, production of palm oil products is considered controversial and faces
worldwide criticism [27]. Overall, the area occupied by plantation of fruit trees in Indonesia
was equal to 6,116,970 ha in 2014 including coconut, banana, cacao and coffee trees [28].
Unfortunately, subsequent utilization of fruit waste biomass, produced during the
processing of the previously mentioned fruits, is not performed in the most effective way
in many cases.

Meanwhile, unused waste biomass is a serious and growing problem not only in Asian
countries, but also in developed countries such as the Czech Republic (Europe). However,
if we compare the amount of mentioned agriculture production in Vietnam, Indonesia and
the Czech Republic (see Table 3), it is clear that the amount of waste biomass originating
from agricultural production in the Czech Republic occurs at a much lower level.
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Table 3: Production of main agriculture crops in the Czech Republic in 2014-2016 (in
tonnes).

Wheat Maize Oat Poppy seed
2014 5,442,349 832,235 152,232 24,665
2015 5,274,272 442,709 154,576 26,743
2016 5,454,663 845,765 132,220 28,574

(Source: FAO, 2018) [22]

Therefore, there are efforts to increase the subsequent use of waste biomass resources,
particularly in the developing world [20]. If the waste biomass is reused in the developing
world, produced energy is mainly used for cooking and heating [29]. Nevertheless,
unfortunately it is still an extended practice that waste biomass is commonly burned by
farmers in order to clear their fields without any energy purposes; nevertheless, utilization
of waste biomass for heating purposes has been investigated by previous authors, with
satisfactory results with respect to energy [30; 31]. The situation regarding the amount of
burned waste biomass in monitored countries is expressed in Figure 3.

Burned biomass amount

14
12
£ 10
E 8 Czech Republic
S 6 Vietnam
s 4 Indonesia
2
0

2014 2015 2016

Figure 3: Amount of burned waste biomass in monitored countries (in mil. tonnes)
(Source: FAO, 2018) [22]

The differences between specific monitored countries are undeniable. Thus, the
potential of waste biomass production in countries such as Vietham and Indonesia occurred
at a higher level than in countries such as the Czech Republic. Such a statement also
indicates the higher need of such waste biomass treatment and of proper waste management
[32].



In case of completely unused and irresponsibly stored waste biomass, the spontaneous
production of leachate and methane (CHs) can occur, as well as production of carbon
dioxide (CO2) and other pollutants during the afore-mentioned waste biomass open burning.
Such practice contribute to soil, air and water contamination [5; 33]. In view of these facts,
the effort and obligation of subsequent utilization of waste biomass should represent a major
goal of the agriculture sector. Moreover, several of the United Nations Sustainable
Development Goals (SDGs) are related to environment conservation, and thus overall
protection of planet Earth within a sustainable development agenda. Specifically, Goal 7:
‘Ensure access to affordable, reliable, sustainable and modern energy for all’ focused on
global expansion of clean renewable energy (biomass) and its fossil fuels substitution [33].

1.2. Waste biomass bio-briquette fuel

As previously mentioned, there is an enormous potential for waste biomass as a
renewable energy source. Despite untreated raw waste biomass having a low level of energy
potential, this issue can be partly solved through conversion of raw waste biomass into solid
biofuels, namely, bio-briquettes [34]. The present chapter thus focuses on a description of
different waste biomass kinds and various kinds of bio-briquettes produced from them.

1.2.1. Waste biomass kinds

The official distribution of waste biomass is stated by mandatory technical standards,
which include: wood, herbaceous, fruit, aquatic and mixed [17, 35]. In general, the most
common waste biomass sources are represented by wood and wood waste, then by
agricultural crops and their waste by-products, also by municipal solid waste, animal waste,
fruit waste, residues from food processing, aquatic plants or algae [17; 36]. Considering
that waste biomass kinds differ in accordance with their origin, several types of biomass
have been officially defined: wood, herbaceous, fruit, aquatic and mixed [37;38]. Previous
research indicates the following differences between various waste biomass kinds. Wood
waste biomass is the most commonly used waste biomass kind for commercial purposes
[39] and has satisfactory values with respect to calorific value; however, the values vary
depending on the different parts of wood (bark, wood, etc.) [40; 41]. Herbaceous waste
biomass exhibits lower calorific values and higher (undesirable) levels of ash content [42].
The exception represents energy crops, which are characterized by high levels of calorific
value; such biomass is not of waste origin, but is purposely cultivated (for biofuel
production) and is considered as controversial. Fruit waste biomass exhibits comparatively
high levels of calorific value (MJ-kg 1) due to the presence of residual oils, but such biomass
is limited by its high moisture content [43]. Satisfactory levels of calorific value but
extremely high levels of ash content were found for aquatic waste biomass [44; 55], while
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evaluation of mixed-waste biomass energy potential is very complex and cannot be easily
summarized because the mixed biomass contains from two or more different waste biomass
kinds in different combinations and ratios. Nevertheless, despite some specific limitations
of each waste biomass kind, the fact is that all of them represent waste materials, and thus
their subsequent utilization should always be supported.

1.2.2. Bio-briquette fuel kinds

Untreated raw waste biomass has a low level of energy potential. However, this issue
can be partly solved through conversion of raw waste biomass into solid biofuels, namely,
bio-briquettes [34]. Bio-briquette fuel is produced by using the densification process, which
works with the application of high pressure to increase raw waste biomass (feedstock
material) density. Compaction of raw waste biomass eliminates bio-briquettes’ undesirable
mechanical properties (low density, irregular shape, high moisture content) and improves
their chemical properties (higher calorific value, less smoke, more produced heat) [39], as
well as providing easier handling and transportation of fuel than in the case of raw waste
biomass [14].

Bio-briquette fuel can be produced from various waste biomass Kkinds. In
consequence, such fuel exhibits different mechanical and chemical parameters related to
the origin of waste biomass used as a feedstock material. Wood biomass is the most
commonly used kind of biomass for the production of bio-briguette fuel for commercial
purposes (high content of natural binder lignin) [39]. Such a fact can be primarily caused
by the advantageous properties of wood bio-briquette fuel, but also by a lack of awareness
in the wider public about the possibilities of utilization of other waste biomass kinds for
such purposes. Nevertheless, other waste biomass kinds can also be suitable for bio-
briquette production. As previousl studies indicate, not only do solid biofuels from wood
waste biomass provide satisfactory energy potential, but also different waste biomass types
(herbaceous, fruit, mixed) can represent a suitable source of renewable energy that can
compete with fossil fuels [46-49]. Waste biomass originating from various agricultural
crops, such as palm oil, coconut, corn, bean, cassava and sugar cane have already been used
in some developing countries as a fuel alternative [5; 50]. As mentioned previously,
production of bio-briquette fuel represents not only the technology of production of clean
renewable energy, but also the procedure of proper waste management; that is the right view
which the wider public need to have about bio-briquette fuel production. Such a statement
indicates the importance of subsequent utilization of all waste biomass kinds (herbaceous,
fruit, aquatic, mixed), not only the wood one. The mentioned waste biomass kinds have
their specific properties which need to be determined with respect to wood bio-briquettes.
But in many cases, such waste biomass kinds exhibit even better levels of specific
mechanical or chemical parameters. In consequence, using the mentioned waste biomass
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kinds requires more experimental measurements and determination of their advantages and
disadvantages. Nevertheless, by defining and subsequent using properly selected pressing
technology, external binding agents or proper ratio of mixing with other waste biomass
kinds, all of the undesirable limits can be improved and such waste biomass kinds represent
significant potential for clean energy generation. Moreover, principles of proper waste
management urge the utilization of all kinds of biomass; thus, the current investigations are
focused on bio-briquette production from various waste biomass kinds. The following sub-
chapters describe the production of bio-briquette fuel from specific waste biomass kinds.

1.2.2.1. Wood waste biomass bio-briquettes

As mentioned, wood waste biomass is widely used for commercial production of bio-
briquette fuel due to its suitable chemical and mechanical parameters, such as high lignin
content (natural binder). Technology for high-pressure briquetting operates without using
of any external binders; thus, such parameter ensure a high level of bio-briquette final
quality [39]. Differences within energy potentials and level of suitability of specific wood
types can be found between deciduous and coniferous trees, between trees from tropical or
temperate zones or between different parts of the trees (trunk, branch, bark).

One previous study found differences between the profitability of bio-briquettes
produced from sawdust of six different tropical hardwoods, namely Triplochiton
scleroxylon, Ceiba pentandra, Aningeria robusta, Terminalia superba, Celtis mildbreadii
and Piptadenia Africana, while investigated samples represented both deciduous and
coniferous trees [51]. Other authors analyzed bio-briquette fuel from mixed sawdust of
another tropical hardwood species, specifically Afzelia africana, Terminalia superba and
Melicia elcelsa. The authors investigated a combination of selected sawdust with different
binding agents and its impact on the final mechanical quality of produced bio-briquette
samples [39]. The authors focused on production of bio-briquettes from temperate zone
trees suggesting the suitability of the following feedstock materials (wood waste biomass):
sawdust of pine (Pinus spp.), fir (Abies spp.), beech (Fagus spp.), poplar (Populus spp.) and
oak (Quercus spp.) trees [29; 52]. Comparison between different parts of the tree (i.e. wood
vs. bark), was investigated within different kinds of tree barks with good results in
comparison with wood bio-briquettes [52; 53]. The suitability of solid biofuel production
from wood waste biomass from fruit orchards was also found [54; 55]. Further, the potential
of fruit orchard pruning was also investigated in relation to its energy potential, again with
satisfactory results [56].

1.2.2.2. Herbaceous waste biomass bio-briquettes

Herbaceous waste biomass is characterized by great diversity and variability; many
different plants and their parts are included in this waste biomass kind. Thus, the result of



chemical analysis or final mechanical quality of such bio-briquettes differs in accordance
with the investigated plants’ taxonomy.

In general, the agricultural sector produces a significant amount of herbaceous waste
biomass suitable for bio-briquette production. Thus, many studies have dealt with the issue
of utilization of herbaceous biomass originating from technological processing of
agriculture crops for production of bio-briquettes. For example, bio-briquettes produced
from straw and husk of wheat (Triticum spp.), oat (Avena sativa), canola (Brassica napus),
rye (Secale cereale) and barley (Hordeum vulgare) were investigated [37; 57—61]. Other
studies investigated the suitability of bio-briquettes produced from waste corn stovers (Zea
mays), with satisfactory results [62]. The suitability of bio-briquette fuel from maize husk
(Zea mays) was also found [63], as well as bio-briquette fuel from husk of sunflower
(Helianthus annuus), buckwheat (Fagopyrum esculentum) and flax (Linum usitatissimum)
[64] or from cotton stalks (Gossypium spp.) [31].

Research on the potential of herbaceous waste biomass bio-briquettes in developing
countries is mostly focused on utilization of residue originating from cultivation of rice
(Oryza sativa). Both rice straw and husk represent suitable feedstock material for such
purposes according to previous research [16; 21; 30; 31; 47; 65].

Nevertheless, herbaceous waste biomass can occur in different forms; an example is
the production of bio-briquette fuel from banana leaves (Musa spp.) [66], mango leaves
(Mangifera indica), eucalyptus leaves (Eucalyptus globulus) [67] or subabul leaves
(Leucaena leucocephala) [68]. The variability of herbaceous waste biomass is significantly
wide.

1.2.2.3. Fruit waste biomass bio-briquettes

Specific forms of fruit waste biomass can also differ with respect to fruit peelings,
skins, fibres, pits, seeds, kernels et cetera. A possibility of reusing of such residues for direct
combustion purposes has been noted in specific case of olive pits (Olea europaea), cherry
seeds (Prunus avium), apricot kernels (Prunus armeniaca), peach kernels (Prunus persica),
watermelon seeds (Citrullus lanatus) or grape seeds (Vitis vinifera) [69]. Other research has
determined the advantage of production of bio-briquette fuel from olive cake (Olea
europaea) (residue after compressing of olive oil) [70]. Subsequent utilization of Jatropha
(Jatropha curcas) press-cake and pomace for solid biofuel energy generation purposes was
investigated previously [71], with positive results. Briquetting of fruit waste biomass
originating from palm oils (Elaeis guineensis) has become very popular in recent years.
Empty fruit bunches, fibres, palm kernels, shells or nuts are used as a feedstock material for
bio-briquette production [43; 50].

The available literature also describes the production of bio-briquette fuel from durian
fruit (Durio zibethinus) waste biomass in the form of peelings [71; 72]. Due to the

significant extension of coconut palm (Cocos nucifera) cultivation in developing countries,
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the production of bio-briquette fuel from coconut fruit waste biomass was also monitored
[28; 73]. Residues originating from processing of cacao fruits (Theobroma cacao) were also
considered as a suitable feedstock material [28], while other research notes the suitability
of coffee fruit (Coffea arabica) waste biomass [73]. Also, the production of banana fruit
(Musa acuminata) waste biomass bio-briquettes was investigated, with satisfactory results
[74]. In general, the production of such bio-briquette fuel is not common practice; thus, the
mentioned investigations were mostly focused on the feasibility and practicality of creating
such bio-briquettes.

1.2.2.4. Aquatic waste biomass bio-briquettes

The present waste biomass kind includes biological wastes originating from aquatic
plants. Such plants provide positive impacts for local water environments, but some of them
cause serious problems due to their invasive behaviour and profuse vegetation [75; 76].
Several aquatic plant species are considered undesirable in local ecosystems in developing
countries (and beyond); thus, they comprise aquatic pollution. Namely, the following
species of water hyacinth Eichhornia crassipes and aquatic weeds Hydrilla verticillata and
Myriophyllum spicatum [77-79].

Such plants contribute to aquatic pollution due to their extremely high biomass yield;
desirably thick impenetrable mats are created at the bottom and surface of polluted water
areas [80; 81]. Such negative impacts include inhibition of growth of other vegetation and
complicate utilization of water areas by local people for fishing or recreation, but also for
activities such as irrigation or energy generation [82]. Within the prevention of the
mentioned negative impacts and prevention of further plant reproduction, existing plant
populations are commonly harvested from water areas by manual or mechanical harvesting
performed by heavy machinery [79; 83]. After such activities, a large amount of aquatic
plants are harvested; thus, waste biomass is produced but its subsequent efficient utilization
is not ensured in most cases; occasionally, it is used as a cheap fertilizer or as a livestock
feed by small farmers [84-86].

In general, with respect to the energy generation issue, such aquatic waste biomass
provides a point of interest mostly in terms of liquid (bioethanol) and gaseous (biogas)
biofuel production [87; 88]. Nevertheless, aquatic pollution caused by such aquatic waste
biomass is still a current issue, and utilization for production of bio-briquette fuel (solid
biofuel) is thus the goal of much current research. Such research originates mostly from
countries which are dealing with this kind of aquatic pollution; viability and sustainability
of such bio-briquette fuel production has been found in countries including Zimbabwe,
Nigeria and Kenya [89-91].
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1.2.2.5. Mixed waste biomass bio-briquettes

Mixed waste biomass is also characterized by a great deal of variability, originality
and individuality. Specifications of such waste biomass kinds define it as a mixture of two
or more waste biomass kinds. Other specifications, such as the ratio of chosen waste
biomass kinds or specific kinds of waste biomass which can be mixed, are not specified by
any mandatory technical standards. Such a fact offers a great opportunity for new
investigations or improvement of possible negative properties of specific types of bio-
briquette fuel. Thus, there have been countless different types of bio-briquette fuel
investigated, namely, bio-briquettes produced from solid municipal waste [92] or from
municipal sewage sludge [93]. Further, a mixture of wood and herbaceous waste biomass
kinds was found in the case of production of bio-briquettes from mango leaves (Mangifera
indica), subabul leaves (Leucaena leucocephala), sawdust and dry cow dung [68]. Mixed
biomass also comprises specific waste biomass kinds mixed with waste paper or waste
cardboard. Waste paper in combination with coconut husk (Cocos nucifera) represented a
suitable feedstock material [94], as well as waste cardboard mixed with sawdust [95] for
bio-briquette production.

Moreover, second used waste biomass kind could be replaced by a high ratio of
specific external binder. Such combinations were monitored and evaluated in cases of bio-
briquette fuel produced from sawdust mixed with lignite [96], rice husk (Oryza sativa)
blend mixed with palm oil (Elaeis guineensis) mill sludge [47] or from sawdust mixed with
raw glycerol (waste of bio-diesel production) [97]. Other research dealing with such issues
noted the suitability of bio-briquette fuel produced from fruit and herbaceous waste biomass
kinds, namely using carbonized cashew shells (Anacardium occidentale) and rice husk
(Oryza sativa) [98].

1.3. Bio-briquette fuel quality

Bio-briquette fuel is intended for direct combustion [37]. Thus, it must be subjected
to a detailed analysis of its chemical and mechanical parameters to ensure environmental
safety and fuel efficiency. Consequently, utilization of untested (potentially unsuitable) bio-
briquette fuel from untested waste biomass could primarily result in fuels of a low level of
energy potential and calorific value or high levels of undesirable moisture and ash. It also
may have a negative impact on combustion equipment or on the environment in general
[37;99; 100]. Thus, primarily the feedstock materials (waste biomass) must be subjected to
a statement of their suitability for direct combustion processes and for bio-briquette fuel
production. Further, the suitability and efficiency of the produced bio-briquette fuel itself
must be determined.
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All potential feedstock materials (waste biomass) have their own specific chemical
and mechanical properties which directly affect the final quality of a bio-briquette fuel.
Such properties include moisture content M (%), ash content Ac (%), volatile matter content
(%), gross calorific value GCV (MJ-kg™), net calorific value NCV (MJ-kg™), as well as the
elemental composition C, H, N, S, O (all in %) and many others; hence, all kinds of
feedstock materials must be subjected to a determination of their chemical quality [62].
Subsequently, bio-briquette fuels must be subjected to a determination of their mechanical
quality. The main bio-briquette fuel mechanical quality indicators are mechanical
durability DU (%) and density p (kg-m™) [58; 62; 65]. Several other tests suitable for bio-
briquette fuel mechanical quality are commonly used in practice; for example, rupture
force RF (N-mm™) [101-105].

Mechanical durability DU (%) (also termed abrasion resistance), is considered the
main indicator of bio-briquette fuel quality [58; 62; 65]. Previous studies have shown that
DU is the prevalent form of expression of mechanical quality of bio-briquette fuel, and thus
its determination helps to produce high-quality bio-briquette fuel [62; 106]. DU also
describes the success of the densification process and measures the resistance and abrasion
of the products during storage, transportation and handling [107]. Procedures for
assessment of DU use a simulation of the bio-briquette fuel damage in practice; a detailed

description of such experimental tests is given in the ‘Methodology’ chapter.
‘High durability means high quality briquettes.’ [62]

Bio-briquette fuel density p (kg-m™) is defined as the ratio of mass to volume or ratio
of energy content to volume [108]. In general, density p itself is defined as the degree of
compactness of a substance [109]. The level of the bio-briquette fuel density p shows the
effectiveness of the densification process and mechanical quality of the final products [50].
A previous study shows that high bio-briquette fuel density p leads to a high DU [110]. The
process of densification can reduce the density p of raw feedstock materials which ranges from
40 to 200 kg'm 3 to the density p of produced bio-briquette fuel which ranges from 800 to
1,000 kg-m 3 [111; 112].

In the case of commercial bio-briquette fuel production, there are standardized criteria
related to the accepted levels for their mechanical and chemical quality indicators. Table 4
illustrates the mandatory requirements for quality indicators of bio-briquette fuel from wood
and non-wood feedstock materials (from wood, herbaceous, fruit, aquatic or mixed-waste
biomass).
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Table 4: Specification of wood and non-wood bio-briquette fuel.

Category Non-wood A Non-wood B Wood Standard
Herbaceous Herbaceous Wood [113-115]
Biomass origin Fruit Fruit
Aquatic Aquatic
Mixed Mixed
Moisture content Mc M: < 12.0 M: < 15.0 M. < 15.0 [116-117]
(%), w.b.
Ash content A¢ (%), d.b. Ac<6 A:<10 Ac<10 [118]
Density p (kg-m?®) p =900 p > 600 p =900 [119]

Net calorific value NCV ~ NCV > 14.5 NCV>145 NCV=>149 [120]
(MJ-kg ), w.b.

Nitrogen N (%), d.b. N<15 N <20 N<1.0 [121]
Sulphur S (%), d.b. S$<0.20 S<0.30 S<0.04 [122]

1.4. Briquetting technologies

Another factor which influences the success of the densification process and final bio-
briquette fuel quality are the properties of the used briquetting technology. In general,
briquetting commonly involves use of heavy machinery with high-pressure briquetting
presses which are associated with high initial financial costs (purchase of the machine, after-
sales service, change of the components or oil), high electrical energy consumption
(operation of the press) and the need for properly trained operators (human resources
investments) [123-127]. Production of bio-briquette fuel has significant potential in
developing countries, but the mentioned financial, energy and human requirements indicate
limitations for implementation of briquetting technology in such countries. In response, a
low-pressure briquetting technology has started to form a key focus. Several studies have
been performed involving the design and use of manual low-pressure briquetting presses
powered by manual power [128-130].

1.4.1. Low-pressure briquetting technology

As mentioned, the implementation of briquetting technology into the developing
countries, moreover, to rural areas of developing countries, is not suitable. Thus, such
efforts represent a challenge in energy production. To achieve the requirements and
possibilities of such areas, briquetting technology was subjected to a detailed analysis and
evaluation of its needs and possibilities in an attempt to decrease the financial costs, remove
the necessity of electrical energy, simplify the operation of the briquetting press and the
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entire process of bio-briquette fuel production. Such efforts try to cover the widest field of
the briquetting technology application, which is now limited [123-127].

Therefore, manual low-pressure briquetting technology could represent a relevant
solution for adequate waste biomass utilization in developing countries. Currently, there are
several designs of manual low-pressure briquetting presses implemented in Asia and Africa
using different pressing mechanisms [127-131]. Previously published research indicates
that such alternative technology offers a variety of press design options which differ in press
size, construction materials (wood, metal), number of produced briquettes at a time,
pressing mechanisms (piston, screw) or shape of pressing chamber, and thus shape of
briquettes (square, cylindrical, molds), as shown in Figure 4 [130; 132].

s of various bio-briquette samples produced by low-pressure briguetting

F‘ighr : Exam'

presses (Source: Engineeringforchange.org; Legacyfound.org).

Such diversity offers a significant opportunity to combine technical specifications and
manufacturing of the most efficient manual low-pressure briquetting press in respect to the
local requirements and chosen feedstock materials. Within use of such technology, it is also
necessary to use external binding agents for agglomeration of feedstock materials; the ratio
of feedstock material and binding agent differs in accordance with their variety. Such a ratio
represents an important factor influencing final quality in the produced briquette sample.
Focused on biological waste production in developing countries, the biggest part of
biological waste is formed by herbaceous waste biomass; waste from production and
processing of rice, corn, cassava, coffee, tobacco, sugar cane and spice or simply sawdust
[133]. Manual low-pressure briquetting presses commonly work with an operation pressure
of P < 5 MPa and operate with single- or double-lever technologies, using a piston as a
pressing body [128; 130; 134], which is sufficient for the densification process of such
herbaceous waste biomass [129-131].

Such technology is not commonly well-known and used in the energy production
sector today. Thus, the development and verification of such equipment is still in process
globally. Moreover, research activities focused on low-pressure briquetting presses are

mostly represented by the efforts and initiative of different non-profit organisations or
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individuals. Thus, literature regarding such technology is quite limited because the greatest
amount of information on this topic is published only on organisations’ websites or as a
content of specific handbooks intended for use in the field. Nevertheless, several studies
have published satisfactory results (see Figures 5, 6 and 7). Such a limitation represents the
complications during appropriate literature review compilation. On the other hand, it also
indicates that the topic is yet to be thoroughly investigated, and that the possibility to
perform original research and contribute to development of the topic with completely new
knowledge exists.

a)
Figure 5: Manual low-pressure double-lever press: a) scheme, b) produced bio-briquette
samples [130]

a)
Figure 6: a) Low-pressure moulding machine, b) produced bio-briquette samples [128]
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a)

Figure 7: Manual single lever low-pressure manual press: a) scheme, b) in use [129]
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2. ODbjectives

This chapter defines the stated objectives of the present dissertation thesis. Thus, it
contains the main objective and several specific objectives, which were stated to achieve
the main one.

2.1. Main objective

The main objective of this dissertation thesis is to evaluate the quality of production
of specific briquette biofuel produced under different conditions from various biological
waste feedstock materials (waste biomass). In order to achieve the main objective, the
interconnected specific objectives of the work have been established, which are described
below.

2.2.  Specific objectives

The specific objectives are divided into two interrelated groups; the results of
qualitative tests of individual feedstock materials (waste biomass) and briquette samples
produced from these feedstocks will be monitored and evaluated first. Qualitative testing
will focus on indicators of feedstock materials and briquettes’ chemical and mechanical
quality. Second, the use of various briquetting technologies and briquetting presses (low
and high pressure) will be monitored and evaluated for production of the briquette samples.
After achieving the above-mentioned specific objectives, the obtained primary data will
produce an assessment of the efficiency of the production of specific briquettes and will
identify input materials showing the most suitable parameters for briquettes under the given
conditions.

Theoretical part

e Study and review of previously published research to complement the theoretical
background regarding waste biomass production and briquetting biofuel quality.

e Determination of the limit values for evaluation of the results of qualitative tests of
selected types of waste biomass and subsequently produced briquettes samples
based on valid technical standards of the Czech Republic and already published
secondary data from previous research activities in this field.
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e Studying and summarizing the current state of low-pressure briquetting technology,
its development and use in practice. Subsequent design of manual low-pressure
briquetting press design and briquette production method using this technology.

Practical part

e Pre-production preparation of raw feedstock materials and experimental testing of
their chemical quality indicators according to valid technical standards of the Czech
Republic (see Chapter Methodology / Experimental Measurement).

e Production of own samples of briquettes from different input materials according to
valid technical standards of the Czech Republic (see Chapter Methodology /
Experimental Measurement).

e Qualitative testing of briquette samples focused on indicators of their mechanical
quality according to valid technical standards of the Czech Republic (see Chapter
Methodology / Experimental Measurement).

e Development and verification of a low-pressure briquetting press from wood and its
use for the production of briquettes and measurement of their mechanical properties.

Evaluation part

e Evaluation of the final values of qualitative tests of selected feedstock materials and
briquettes produced from them according to the above standards and results of
previous published research activities.

e Determination of chemical parameters of specific types of waste biomass in order
to evaluate their suitability for production of briquette fuel.

e ldentification of feedstock materials with optimal properties for briquette
production and determination of qualitative characteristics of produced briquette
biofuels.

e Final evaluation of efficiency of briquette fuel production using different briquetting
technologies (low- and high-pressure).
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3. Methodology

Present chapter was divided to several parts according to the points of interest of
present research. Firstly, the description of investigated waste materials samples, their
origin and processing was performed. Furthermore, two different types of briquetting
technologies used for bio—briquette samples production and characteristics of such biofuel
samples were described. Finally, all processes of experimental measurements used for
determination of chemical and mechanical properties of investigated feedstock materials
and subsequently produced bio—briquette fuel samples were described.

3.1. Materials and samples

Investigated waste materials samples, which represented various waste biomass
kinds, originated from different countries and were collected in different period. It needs to
be considered that all investigated samples were produced as agriculture residues, thus, the
level of their processing during and after the collection differed. Detail information about
specific countries of samples origin, collection target areas and time periods are noted in
subchapters below.

3.1.1. Waste materials origin and collection

All waste biomass kinds (wood, herbaceous, fruit, aquatic, mixed), thus, different
types of feedstock materials which were investigated within present research, originated
from local mostly rural conditions of Czech Republic and also from rural conditions of
foreign countries like Republic of Indonesia, Socialist Republic of Vietnam, People's
Republic of China and Federative Republic of Brazil. The distribution of target areas of
data collecting within the whole world is expressed in Figure 8. Samples collection was
performed during years 2015 — 2018; detail time periods of collection are noted in specific
countries description.
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Figure 8: Investigated waste feedstock materials countries of origin

Waste feedstock materials collected from Czech Republic were produced in following
regions: The Capital City of Prague, Central Bohemia Region and South Moravian Region
(as shown in Figure 9). The time period of samples collection was during different seasons
in years 2015 — 2017.

Prague

Central Bohemia

South
Moravian

Figure 9: Target areas of samples origin in Czech Republic

Waste biomass samples collected in Republic of Indonesia originated from Toba
Samosir district, Sumatera Utara province and samples collected in Socialist Republic of
Vietnam originated from Hué disctrict, Thira Thién - Hué province, Central Vietnam
(expressed in Figure 10). A research activities related to the samples collection held in
Republic of Indonesia were performed in the year 2016 from July to September and during
November in the year 2017. While, collection of investigated waste biomass samples in
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Socialist Republic of Vietnam were held in January and May of year 2017 and from March
to April of year 2018.

Republic of
Indonesia

Figure 10: The areas of samples collection in Republic of Indonesia and Socialist Republic
of Vietnam

The list of all investigated waste materials samples with countries of their origin in
expressed in Table 5.

Table 5: List of specific investigated waste biomass feedstock materials

Biii)ir:dass Samples name Latin name Country of origin

Pine bark Pinus spp. Cz
Spruce bark Picea spp. Cz
Fruit tree branches Prunus spp. Cz

Wood Larch sawdust Larix spp. Ccz
Spruce chips Picea spp. Cz
Jatoba sawdust Hymenaea courbaril BR
Garapa sawdust Apuleia leiocarpa BR
Ash tree chips Fraxinus spp. Cz
Tropical greenhouse See description above Cz

Herbaceous Plants*

Rice husk Oryza sativa IDN, VN
Cacao leaves Theobroma cacao IDN
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Banana leaves

Musa acuminata

IDN

Aloe Vera leaves Aloe barbadensis IDN
Coffee leaves Coffea arabica IDN
Bamboo leaves Bambusoideae spp. IDN
Bamboo fibres Bambusoideae spp. VN
Japanese knotweed Fallopia japonica Cz
stems
Oat husk Avena sativa Cz
Poppy residue Papaver somniferum Cz
Wheat husk Triticum ssp. Cz
Cassava stover Manihot esculenta IDN, VN
Sugar cane skin Saccharum officinarum VN
Sugar cane bagasse Saccharum officinarum VN
Vine residue Vitis vinifera Cz
Date skin Phoenix dactylifera PRC
Date pits Phoenix dactylifera PRC
Jatropha shells Jatropha curcas IDN
Jatropha press—cake Jatropha curcas IDN
Durian skin Durio zibethinus IDN, VN
_ Coconut skin Cocos nucifera IDN
Fruit Coffee skin Coffea arabica IDN
Cacao skin Theobroma cacao IDN
Banana skin Musa acuminata IDN, VN
Rambutan skin Nephelium lappaceum IDN, VN
Oil palm kernel Elaeis guineensis IDN
Oil palm fibre Elaeis guineensis IDN
Tapioca skin Manihot esculenta IDN
Coffee ground Coffea arabica Cz
\g\ézt;r hyacinth plant Eichhornia crassipes IDN, VN
Aquatic \éVater—thyme plant Hydrilla verticillata IDN
ody
Eurasian water milfoil Myriophyllum spicatum IDN, VN
plant body
Mixed Coffee ground + larch cz

sawdust
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Coffee ground +

spruce shavings Cz
Oat + poppy + wheat cz
husks

Waste cardboad Cz
Waste paper Cz

CZ — Czech Republic, IDN — Republic of Indonesia, VN — Socialist Republic of Vietnam,
PRC — People's Republic of China, BR — Federative Republic of Brazil

* Material called “Tropical plants” contained from mixture of herbaceous waste biomass
originating from tropical greenhouse (Tropical greenhouse Fata Morgana, Prague), namely,
whole plant body of species Ficus, Parmentiera, Malpighia, Malvaviscus, Araceae
(Monstery), Trevesia, Nepenthes and leaves of Begonia, Afrocarpus, Hibiscus, Thunbergia,
Pandanus.

Waste materials samples investigated within present research prevalently originated
from the processing of agriculture crops. Such agriculture crops were selected and chosen
according to their importance for agriculture sector of specific countries. Therefore,
investigated waste materials originated from the agriculture crops, which plays important
roles in local agriculture sectors, thus, such crops represented:

e Major agriculture crops (highest yield)
e Agriculture crops with largest cultivation areas
e Agriculture crops with highest potential for waste biomass production

Selected waste materials were collected during the different processing and
production levels in agriculture sector, thus, the places of their collection differed.
Prevalently, the waste biomass samples were collected at:

e Place of the agriculture crops growth (fields, plantations)

e Place of agriculture crops processing (processing plants, processing
manufactures, processing by the individuals)

e Place of the agriculture crops sale (markets, shops)

Places of samples origin and collection are shown at Figure 11.
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Figure 11: Investigated waste materials in the place of originating agriculture crops: a)
growth, b) processing, c) sale

Therefore, all collected waste biomass samples originated from the different levels of
the agriculture crops treatment process. It indicates that the waste biomass samples occurred
at the different level of their own processing, thus, occurred in the different forms (particle
size, particle shape, moisture content, contamination) as is visible at Figure 12.
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d)
Figure 12: Collected samples of waste biomass before initial proper processing: a) wood
chips, b) rambutan skins, c), banana leaves, d) wheat husk, e) grapevine residues

In response to the variability of collected waste materials, all potential feedstock
materials had to be subjected to the identical process of treatment, thus, to proper
preparation in accordance to the requirements of briquetting technology. The aim of such
treatment was to unify all investigated feedstock materials to the identical form with the
same properties. Process of such performance is described below in following chapter in
detail.

3.1.2. Waste materials samples processing

All chosen waste biomass samples were collected in rural areas of mentioned districts
(with the exception of the capital city of Prague) and properly processed directly after their
collection; such processing consist of ensuring of suitable moisture content and particle
size. Waste materials samples collected in foreign countries were partly processed right
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after the collection and preserved within their transportation to target area of their
experimental testing (Prague, Czech Republic); see chapter “Chemical analysis”. Such
waste biomass samples were initially cut and crushed by using of machete and kitchen
blender (as shown at Figure 13), in respect to the local conditions, and subsequently dried
in laboratory drier (at 105° C for 24 hour) or by using of sun energy in attempt to stabilize
their properties. Immediately after such processes were stored in hermetically sealed
laboratory vessels and bags.

Figure 13: Processing of collected waste materials: a) equipment for cutting, b) sun drying

Processing of waste materials was held in laboratories at CULS Prague were
performed by using equipment with different working units (see in Figure 14) due to the
different feedstock materials properties and needs. Namely, by shredder AL—KO, type New
Tec 2400 R (Ko6tz, Germany), grinder Bosch, type AXT 25 TC (Stuttgart, Germany),
grinder Hecht, type 6224 (Praha, Czech Republic) or by the Hammer mill, type 9FQ — 40C
(Henan, China).

Figure 14: Used equipment for grinding and milling of raw waste materials
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Further, process of subsequent feedstock preparation differs in respect to the
requirements of specific used briquetting technologies (high-pressure or low-pressure);
processes of feedstock preparation differ in both cases. Therefore, both briquetting
technologies are described in separate chapters below.

3.2. Briquetting technologies

In respect to the diametrical differences between two briquetting technologies used
within present research, each of the technology is described in separate chapters below.
High—pressure briquetting technology is commonly known and used for commercial bio—
briquette fuel production and sale, while low—pressure briquetting technology is the
alternative (sustainable) technology used mostly in developing countries and developed by
non—profit organisations or individuals. Such technology is still under development.

3.2.1. High-pressure briquetting technology

Feedstock materials used for high—pressure briquetting technology were subsequently
dried until the proper level of moister content (< 10 %) were achieved according to standard
EN 1SO 18134-2 (2015) [116] in laboratory dryer LAC, type S100/03 (Rajhrad, Czech
Republic).

3.2.1.1. High-pressure briquetting press

Within the high-pressure briquetting technology, a hydraulic piston briquetting press
were used, namely, Briklis, type BrikStar 30-12 (shown in Figures 15 and 16) (MalSice city,
Czech Republic). Mentioned press operates with automatically settings, which ensures
specific chosen density p of produced bio-briquette fuel. Produced briguette samples were
cylindrically shaped with diameters of 50 mm (BrikStar 30-12).

27



Figure 15: Used high-pressure briquetting press Briklis, type BrikStar 30-12

1270
1200

1540 (B)

Figure 16: Scheme of used high-pressure briquetting press with dimensions (in mm)

3.2.1.2. Bio-briquette samples
All waste materials mentioned in present chapter were used for production of bio-

briquette samples by using of high-pressure briquetting presses (samples identified as a
28



diameter 50 mm) or of special designed laboratory hand crafted briquetting press (samples
identified as a diameter 40 mm). Bio-briquette samples produced by high-pressure
briquetting presses with matrix of diameter 50 mm occurred at identical shape with similar
dimensions; specific values of such samples dimensions are noted in Table 6 and examples
of produced bio—briquette samples are expressed in Figure 17.

Table 6: Dimensions of produced bio—briquette samples in average

Length Diameter Weight
(mm) (mm) (9)
56.67+9.69 51.53+0.75 116.64+22.16

Figure 17: Bio-briquette samples produced by high-pressure briquetting press from: a)
tropical greenhouse residues, b) Bamboo fibre, ¢) Sugarcane skin, d) Jatoba sawdust.

Due to the fact, that produced bio-briquette samples were produced from different
feedstock materials with different properties, their dimensions ranged extensively. In
response, the following chart with the range expression were made, as shown in Figures 18
and 19.
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Figure 18: Range of produced bio-briquette samples dimensions
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Figure 19: Range of produced bio-briquette samples weight

3.2.2. Low-pressure briquetting technology

The result of this section is represented by construction of manual low—pressure
briquetting press constructed from wood components producing bio—-briguettes of square
shape. Methodology of manual low—pressure briquetting presses consist of several parts;
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starting with the designing of components and creation of manual of such components, then,
creation of user manual with process of press construction and use. Follows manufacturing
of designed components and construction of manual briquetting presses and finally, the
production of bio—briquette samples by constructed manual presses. In consequence,
present chapter is divided according to mentioned issues.

3.2.2.1. Design of manual briquetting presses

Design of low—pressure briquetting press was based on models firstly done by Leland
Hite and Dr. Zan Smith in 2011 presented on their non—profit organization Hands—on
Engineering website managed by Leland Hite (http://leehite.org/). Their photo
documentation served as an initial exemplar for creation of components design and
construction and use manual.

Initial documents were created by using of Microsoft office software; the design of
manual briquetting presses was updated and modified according to the needs during
construction and utilization due to achievement of highest practicability and efficiency of
such equipment. In addition, several necessary changes were done in the manual briquetting
presses design, as there were several irregularities observed when putting press into the
practice. Subsequently, complete professional technical documentation, including
interactive 3D models of designed press was created using of SolidWorks software.
Mentioned model is further expressed in chapter “Results and discussion” and in Annexes
of present thesis.

3.2.2.2. Manual briquetting presses construction

Primarily, the manual low—pressure briguetting press was manufactured mainly from
wood components; movable parts are screwed by metal components. Construction of press
allows easy dismantling within exchangeability of components or press transportation.
Square-shaped pressing chamber indicates production of bio-briquette fuel in the form of
square-shaped blocks and operates with lever-powered piston using of man power. The
pressing chamber is also equipped with water drainage mechanism (feedstock material
occurs in wet base). Wood version of manual press was successfully manufactured and
currently is used for the production of bio—briquette fuel by low-pressure technology.

Furthermore, investigated version of the manual low—pressure brigquetting press
should be able to operate with higher operating pressure P <5 MPa.

3.2.2.3. Bio-briquette samples production

Currently, wood version of low—pressure briquetting press is completely
manufactured, thus, the production of bio—briquette samples (intended for subsequent

testing) was performed only by using of such equipment.
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The process of proper feedstock preparation for low—pressure briquetting technology
is completely opposite than in case of high—pressure briquetting technology. Although, the
feedstock materials must be crushed to smaller particle size (in both cases) in case of low—
pressure briquetting technology are feedstock materials subsequently mixed with water and
external binding agents. Such procedure is related to the lower level of used pressure during
densification process. During the feedstock preparation, water was used as a surrounding
medium of feedstock materials in which were waste biomass and external binders mixed;
waste paper and waste cardboard were used as external binging agents. To achieve the high
quality level of produced bio-briquette fuel, following ratios of waste biomass and binding
agents were investigated: (biomass:binder) — 1:1, 2:1. The selection of suitable feedstock
materials was related to the conditions of target area (rural areas in developing countries)
of manufactured manual low—pressure briquetting press utilization. Thus, coconut fibre was
used as an investigated feedstock material. To cover also the local conditions of countries
as a Czech Republic, also the wood sawdust was used as a feedstock material. Mixed
feedstock materials prepared for compression were kept in the mixing vessels because of
the mechanical properties of waste paper and waste cardboard; both binding agents must
stayed in the water before compression to be softened and dissolved. The examples of
prepared feedstock materials before pressing are shown in Figure 20.

a) b) c)
Figure 20: Feedstock materials prepared for compression: a) waste paper, b) waste paper +
sawdust (1:1), c) waste paper + rice husk (1:1)

3.3. Experimental measurements

Present chapter represent all used experimental processes used within the
determination of final quality of investigated waste biomass, as well as all investigated bio—
briquette samples. Specifically, following mandatory technical standards were used: EN
ISO 17831-2 (2015) [134], ISO 1928 (2010) [136], EN 1SO 181342 (2015) [117], EN ISO
18123 (2016) [137], EN 643 (2014) [138], EN 14918 (2010) [139], EN ISO 16559 (2014)
[140], EN 1SO 16948 (2016) [121], EN ISO 18122 (2015) [118], EN 152341 (2011) [141]
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and EN ISO 17225-1 (2015) [35]. Whole names of mentioned standards are noted in the
References section of present dissertation; specific processes of all practiced procedures are
described in separate chapters below.

3.3.1. Chemical analysis

Following experimental testing were performed within the determination of
suitability of investigated waste biomass types for direct combustion, thus, for as a
feedstock materials for bio—briquette production. The safety and efficiency of such
materials must be proved before their utilization.

3.3.1.1. Chemical parameters

Moisture content M¢ (%), ash content Ac (%) of all tested waste biomass were the
object of investigations within present measurements. Preparation of samples consisted of
grinding the samples into powder with particle size < 0.1 mm, subsequently, the analysis
were performed. A thermogravimetric analyser LECO TGA 701 (Saint Joseph, United
States) was used for such purpose; the temperatures achieved 107 °C due to the moisture
content determination, 900 °C due to the volatile matter content and 550 °C due to the ash
content. Used procedures are described in detail in following technical mandatory
standards: EN 18134-2 (2015) for determination of moisture content, EN 1ISO 18122 (2015)
for determination of ash content.

3.3.1.2. Calorific values

Main indicator of waste biomass energy potential, the calorific value, was the main
point of interest within the chemical analysis. Both, gross calorific value GCV (MJ-kg™)
and net calorific value NCV (MJ-kg™), were stated by using of isoperibol calorimeter
LECO, type AC 600 (Saint Joseph, United States). As indicated related mandatory technical
standard EN 14918 (2010), tested samples were pressed into pellets and then burned in
mentioned measuring equipment. Result values of gross calorific value were expressed by
supplied software; three or more measurements were performed within each sample. Net
calorific value was stated by considering the relationship between gross calorific value and
net calorific value and its statement was performed according to mandatory technical
standard 1SO 1928 (2010). For accurate determination of net calorific value, following
formula (Equation 1) was used:

NCV = GCV — 2442 - (M, + 8.94 - H) (Eq. 1)

(NCV — net calorific value (MJ-kg?), GCV — gross calorific value (MJ-kg!), 24.42 —
coefficient of 1% of water in the sample at 25 °C (MJ-kg™), Mc — moisture content in
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analytical sample (%), 8.94 — coefficient of hydrogen to water conversion, H — hydrogen
content in analytical sample (%))

3.3.1.3. Elementary composition

Analysis of elemental composition of investigated waste biomass kinds determined
the content of carbon C (%), hydrogen H (%), nitrogen N (%), sulphur S (%) and oxygen O
(%). To achieve such values the laboratory instrument LECO CHN628+S (Saint Joseph,
United States) was used for the experimental procedures; a helium was used as a carrier
gas. Primarily, prepared samples were burned in oxygen and secondary, the resulting flue
gases were analysed. For statement of C, H and S content, the infrared absorption cells were
used, while, N content was stated by using of thermal conductivity cell. Detail procedures
of mentioned measurements were conducted to technical mandatory standard EN 1SO
16948 (2016).

Theoretical amount of oxygen Omin (M*-kg ™) was determined according to following
formulas (Equation 2, 3, 4 and 5):

0. = 22.39 C+ 22.39 H+ 22.39 S 22.39
min = 12.01 4.032 32.06 31.99

(Eq. 2)

(C — carbon content (%), H — hydrogen content (%), S — sulphur content (%), O — oxygen
content (%))

Theoretical amount of dry air L (m3-kg™) was determined according to following
formula:

100
= Omnin H (Eq 3)

(Onmin — theoretical amount of oxygen (m*-kg™))

The theoretical amount of dry flue gases vg, . (m3-kg 1) was determined according
to following formula:

. 2227 2189 _ 2240

= C S+ ——"N+0.7805- L Eq. 4
Vsomin = 12.01 ¢ Y3206 ° T 28013 T (6.4

(C — carbon content (%); S — sulphur content (%); N — nitrogen content (%); L — theoretical
amount of dry air (m3-kg 1))

The theoretical amount of emission concentrations of CO, (m* kg ™) was determined
according to following formula:
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22.27 c

co, = 12.01 ~, 100 (Eq. 5)

S
SPmin

(Vsp,,;, — theoretical amount of dry flue gases; C — carbon content (%))

3.3.2. Mechanical analysis

Several experimental measurements were chosen for testing, determination and
evaluation of final mechanical quality of investigated bio—briquette samples; following
mechanical quality indicators were performed within the present issue:

3.3.2.1. Density (p)

Basic determined parameter of investigated bio—briquette samples related to their
dimensions and mechanical quality was a density p (kg-m). Dimensions of all investigated
bio—briquette samples were measured and subsequent calculations were performed by using
of following formula (Equation 6):

p=7 (Eq. 6)

(p — density (kg-m™); V — bio-briquette samples volume (m®); m — bio—briquette samples
mass (kg))

3.3.2.2. Mechanical durability (DU)

Mechanical durability was most important indicator of bio—briquette fuel final
mechanical quality. Process of measurement were performed in accordance to technical
mandatory standard 1SO 17831-2 (2015) which consist of requirements and conditions
related to such test. Experimental testing was performed in special rotating dust—proof drum
powered by electricity with rectangular steel partition (see Figure 21).

Figure 21: Special rotating drum: a) author’s photo, b) scheme
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Due to the measurement process, all investigated bio—briquette samples were weighed
before and after measurement. Result values of mechanical durability of such bio—briquette
samples were determined by following formula (Eq. 7):

ma
DU = —2-100 (Eq. 7)

e

(DU — mechanical durability (%); me — samples weight before testing (g); ma — samples
weight after testing (g))

3.3.2.3. Rupture force (RF)

Last investigated indicator of bio—briquette mechanical quality was rupture force RF
(N-mm?), thus the applied force (N) on the bio-briquette sample length (mm) were the
measured indicators. Principle of such indicator is not defined by any mandatory technical
standard, but originates from previous researches [101-105]. Principle of such measurement
described tests the maximal stress force applied to a specific sample which is able to hold
before it disintegrates. | case of bio—briquette fuel, rupture force simulates the influence of
transportation, handling and storage of bio—briquettes in reality and the potential damages.
All investigated bio—briquette samples were subjected to experimental measurements sting
performed by plate-loading test (principle is shown in Figure 22, b)). A universal hydraulic
tensile machine, type ZDM 5 (VEB, Dresden, Germany), operating with loading speed
equal to 20 mm-min~! and maximal force equal to 5 tons, was used as a source of power;
scheme of machine is expressed in Figure 22, a). The maximal loading force before the
briquette sample was irreversibly deformed was measured.

lF Upper
. ressure
i e P
plate
e L —
brigtiette
Bottom
sample
i ¢ pressure
T plate
F

b)
Figure 22: Principle of rupture force test: a) in practice, b) scheme of plate—loading test

3.3.3. Energy demand of bio—briquette production

Last of the investigated aspects of waste biomass bio—briquette production was the

energy demands of such production. Within such observation, the energy inputs of
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feedstock compression process and final mechanical quality of produced bio—briquette
samples were monitored. Selected feedstock materials were compressed by using of
specially designed laboratory hand—crafted briquetting press [142]. As shown at Figure 23,
a pressing chamber of used laboratory press had two different diameters: namely, 40 mm
and 65 mm. Therefore, produced bio—briquette samples had such diameters. The pressing
chamber was 120 mm height, while, the underlay high placed in the chamber was 9 mm.
The pressing chamber could not be filled to the edge, thus, the initial height of investigated
feedstock materials before pressing was equal to 108 mm.

NN
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N% AN
N,
N 7 5

a) b)

Figure 23: Used laboratory hand crafted briquetting press: a) in practice, b) scheme

(F — compressive force, 1 — piston, 2 — pressing chamber, 3 — metal casing, 4 — feedstock
material, 5 — bottom pressure plate) [142]

As a source of loading force served the universal hydraulic tensile compression
machine type ZDM 50 (VEB, Dresden, Germany) with maximal compression loading Pmax
equal to 500 kN and pressing speed v, equal to 1 mm-s 2,

Primarily, a displacement of the piston s (mm) and a compression force F (N) were
monitored, while, movement of the piston caused deformation of inserted feedstock
materials, thus, increasing of bio—briquette samples density p (kg-m3). Result values were
measured directly during the compression of feedstock materials. Observed values served
as an initial data for subsequent determination of required deformation energy Eq (J)
consumed during the densification process, which was the main aim of present experimental
measurements. In general, result values of bio—briquette samples density p (kg-m) and

required deformation energy Eq (J) were assigned to each other at specific levels. Thus, bio—
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briquette samples density p were monitored at levels from 800 until 1,300 kg-m™3 (interval
50 kg'm3) and corresponding levels of required deformation energy Eq for such density p
levels were assigned. In such context, required deformation energy Eq represented financial
demands of densification process and density p represented bio—briquette mechanical
quality.

For expression of deformation energy Eq was chosen specific tangent function (shown
in Equation 8); in respect to published studies [143; 144].

F(x) =Co.tan(C1.X)%2 (Ed. 8)

(Co — force coefficient (N), C1 — deformation coefficient (m™), C, — exponent of fitted
function (-))

Determination of tangent curve model coefficients were performed for each
investigated wastes biomass samples; observed data (compressing force F (N), feedstock
deformation s (m)) were processed by using of MathCAD 14 software (PTC, Needham,
USA) through the “genefit” function.

Result values of required deformation energy Eq were expressed by statement of
integral of chosen tangent curve function (as shown in Equation 9).While, such result values
were expressed as an area located under the tangent curve.

Eo(s)=J; F(x)dx (Ea.9)
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4. Results and discussion

The present chapter is divided into three parts: 1) related to the chemical properties
of the investigated waste biomass kinds in an attempt to define its suitability for combustion
purposes regarding their low impact on the environment and efficiency during burning
(from the perspective of using such materials as a feedstock for bio-briquette fuel
production), 2) focused on the mechanical quality of subsequently produced bio-briquette
samples within the statement of their strength and resistance during their use, transportation
and handling; it also describes the efficiency of tested waste biomass kinds within its
utilization for clean renewable energy generation, and 3) monitoring and evaluating
developed and verified technology of low-pressure briquetting; thus, the practicability and
viability of such equipment is determined.

A list of all investigated waste materials with information of experimental
measurements undertaken is given in Table 7. Selected waste materials were subjected to
analysis of their chemical parameters or were used for bio-briquette production with
subsequent determination of final mechanical quality of such products, or both procedures
were performed within one specific investigated waste material. Not all materials were used
for bio-briquette sample production due to the limitation of their amount (exotic samples).

Table 7: Description of performed experimental analyses of specific waste materials.

Biomass Samples name Chemical analysis  Mechanical analysis of
kind of waste biomass bio—briquette samples
Pine bark Yes Yes
Spruce bark Yes Yes
Fruit tree branches No Yes
Wood Larch sawdust Yes Yes
Spruce chips Yes Yes
Jatoba sawdust Yes Yes
Garapa sawdust Yes No
Ash tree chips No Yes
Tropical plants No Yes
Rice husk Yes No
Herbaceous Cacao leaves Yes No
Banana leaves Yes No
Aloe Vera leaves Yes No
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Coffee leaves Yes No
Bamboo leaves Yes No
Bamboo fibres Yes Yes
i?éjr?]gese knotweed Yes Yes

Oat husk Yes Yes

Poppy residue Yes Yes

Wheat husk Yes Yes
Cassava stover Yes No

Sugar cane skin Yes Yes

Sugar cane bagasse Yes No

Vine residue Yes Yes

Date skin Yes No

Date pits Yes No
Jatropha shells Yes No
Jatropha press—cake Yes No

Durian skin Yes Yes

_ Coconut skin Yes Yes
Fruit Coffee skin Yes Yes
Cacao skin Yes Yes
Banana skin Yes Yes
Rambutan skin Yes Yes

Oil palm kernel Yes No

Oil palm fibre Yes No
Tapioca skin Yes No

Coffee ground Yes Yes

Water hyacinth plant Yes No
Aquatic  \nater—thyme plant Yes No
arch st No Yes
ied | Sprice shavings No Yes
ﬁ)uastk: poppy + wheat Yes Yes

Waste cardboad No Yes

Waste paper Yes Yes
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4.1. Waste biomass chemical parameters

Within the chemical analysis, the samples of selected materials were conducted to the
set of experimental measurements which together described their suitability for the purpose
of energy generation by combustion methods. Obtained results were primarily expressed
for each specific investigated waste material; subsequently, such values were used for
calculation of chemical parameters of specific biomass kinds.

4.1.1. Basic chemical parameters (Mc, Ac, GCV, NCV)

Chosen parameters (ash content, moisture content, volatile matter content, gross
calorific value and net calorific value) were considered adequate quality indicators of bio-
briquette fuel chemical quality. A complete chemical analysis was not available for all
investigated samples due to limitations in samples amounts or to its inappropriateness for
specific experimental measurements (homogeneity, contamination). Result values of
specific investigated waste materials obtained during determination of the basic chemical
parameters are noted in Table 8, while results of chemical parameters of whole specific
biomass kinds are noted in Table 9.

Values considered as extremely good results are highlighted by bold letters and
extremely bad results are underlined in Tables 8 and 9, as well as in all following Tables
10, 11, 12 and 13 in the following chapters. All values presented in the following Tables
were obtained during experimental measurements in an accredited laboratory.

Thus, the overall evaluation of the present investigated parameters and their results
provide findings and knowledge resulting in problematics understanding, optimal setting
and proper performance of combustion devices. Moreover, the technologies for waste
biomass processing (to solid biofuels) could also be positively influenced and improved
[145].
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Table 8: Results of basic chemical parameters (in w.b.) of representative samples of investigated waste biomass kinds (averages).

Biomass kind Samples name Country of Mc Ac GCV NCV
origin (%) (%) (MJ-kg™) (MJ-kg™)

Pine bark Czech rep. 14.02 1.87 18.60 17.62

Spruce bark Czech rep. 11.91 5.15 19.30 18.01

g Larch sawdust Czech rep. 14.36 0.43 17.42 14.92
S Spruce chips Czech rep. 8.25 0.31 18.68 17.27
Jatoba sawdust Brazil 7.46 0.31 20.16 18.92

Garapa sawdust Brazil 7.77 3.02 19.61 18.39

Rice husk Indonesia 6.79 22.10 14.93 13.91

Rice husk Vietnam 6.06 19.48 14.43 13.32

Cacao leaves Indonesia 8.73 13.50 17.90 16.34

Banana leaves Indonesia 4.56 9.16 18.00 17.18

. Aloe Vera leaves Indonesia 4.01 13.53 17.61 16.90
§ Coffee leaves Indonesia 9.33 9.42 19.65 17.82
-éc Bamboo leaves Indonesia 7.38 12.50 18.05 16.71
T Bamboo fibres Vietnam 7.62 1.16 19.76 18.51
Japanese knotweed stems Czech Rep. 11.5 1.14 19.43 17.71

Oat husk Czech Rep. 9.95 2.65 19.31 17.39

Poppy residue Czech Rep. 13.70 10.13 16.78 14.48

Wheat husk Czech Rep. 6.95 5.01 18.31 17.04
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Oil palm fibre
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Cassava stover Indonesia 6.31 3.14 19.80 18.55
Cassava stover Vietnam 5.93 2.75 20.60 18.81
Sugar cane skin Vietnam 8.05 8.62 20.23 18.95
Sugar cane bagasse Vietnam 7.00 0.84 19.18 17.84
Vine residue Czech Rep. 6.43 6.60 19.17 17.94
Date skin China 6.88 2.65 16.52 15.10
Date pits China 5.90 1.18 18.13 16.65
Jatropha shell Indonesia 7.39 1.45 19.59 18.29
Jatropha press—cake Indonesia 4.94 4.36 24.83 23.12
Durian skin Indonesia 5.81 5.05 18.78 17.61
Durian skin Vietnam 8.53 5.13 18.16 16.61
Coconut skin Indonesia 5.80 4.52 19.33 18.22
5 Coffee skin Indonesia 4.85 8.84 18.55 17.37
- Cacao skin Indonesia 4.43 9.50 17.84 16.73
Banana skin Indonesia 3.91 .87 19.02 17.79
Banana skin Vietnam 8.27 12.02 20.24 18.56
Rambutan skin Indonesia 5.82 3.67 18.32 17.24
Rambutan skin Vietnam 7.55 3.21 18.42 17.03
Tapioca skin Indonesia 1.52 32.15 12.68 11.55
Oil palm kernel Indonesia 4.24 1.07 21.30 20.40
Indonesia 4.80 1.89 20.85 19.85



Coffee ground Czech rep. 9.56 1.49 21.58 19.96
Eichhornia Crassipes Indonesia 7.50 11.60 16.31 15.09
o Eichhornia Crassipes Vietnam 7.48 14.16 15.10 13.97
§ Mynophy”um Spicatum Indonesia 6.11 36.99 11.27 10.58
o
Hydrilla verticillata Indonesia 8.63 15.53 15.24 13.93
Coffee ground + larch Czech Rep. 11.50 1.49 19.72 18.19
sawdust (1:1)
Coffee ground + larch Czech Rep. 13.52 1.49 18.77 17.31
sawdust (1:3)
g Coffee ground + spruce Czech Rep. 9.90 0.91 20.13 18.62
S shavings (1:1)
Coffee ground + spruce Czech Rep. 10.31 0.61 19.41 17.94
shavings (1:3)
Oat husk + poppy residue + Czech Rep. 7.26 3.21 18.83 17.46
wheat husk (1:1:1)
Waste paper Czech Rep 4.99 37.85 15.55 12.15
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Table 9: Chemical analysis of specific waste biomass kinds in w.b. (averages).

" cind Me Ac GCV NCV
Iomass Kin
(%) (%0) (MJ-kg™) (MJ-kg™)

Wood 10.63 +£3.19 1.02 +1.34 18.97 +1.20 17.38 + 1.78
Herbaceous 7.74+£2.48 8.98 +6.73 18.18 + 1.82 16.76 + 1.72
Fruit 5.92 £ 1.93 6.21 +6.98 19.09 +2.29 18.22 + 1.84
Aquatic 6.98 + 1.35 18.19 +26.32 13.40 + 3.07 12.44 £2.72
Mixed 9.58 + 3.04 7.59 + 14.85 19.37 +0.58 17.51 £ 1.07

Mc¢ — moisture content, Ac — ash content, GCV — gross calorific value, NCV — net calorific value, + — standard deviation
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Result values noted in Table 9 were calculated by using of values noted in Table 8
and by using of the statistical method of sum of quantile deviance, thus it ensure the
occurrence of the values in positive numbers.

Primarily, it must be considered that investigated waste materials differed within their
biological classification, the taxonomic rank, and thus the evaluation of obtained results is
represented by significant differences in several cases. Such knowledge must also be
considered during the evaluation of mechanical quality of bio-briquettes produced from
such waste biomass kinds.

The level of moisture content noted in Table 8 represents the moisture content M. of
investigated samples during the experimental testing. Such levels can be easily changed by
the drying process; thus, such data were informative only. Considering the fact that all
materials were agriculture wastes, some of them had already been dried prior to the previous
technological processes. Nevertheless, initial moisture contents in Mc of several
investigated materials, which described the level of moisture content right after waste
material separation and collection, are noted in Table 10.

Initial moisture content Mc (%)

The initial moisture content M¢ (%) of several selected waste biomass kinds was
determined immediately after their collection. Such materials were selected due to their
assumptions for extremely high moisture content. This parameter played an important role
in subsequent treatment; inappropriate moisture content (> 10 %) could complicate
subsequent bio-briquette production [116; 117]. All investigated samples originated from
the Republic of Indonesia.

Results noted in Table 8 indicate an exceptionally high level of moisture content; such
observations did not represent a suitable state for the purposes of bio-briquette production
(requirements of densification process). Thus, investigated waste biomass kinds must be
dried at first (before its subsequent utilization), and specific energy input is required. Such
an issue could be partly solved by using a sun-drying technique, which is possible in target
developing countries and in similar geographic areas.
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Table 10: Initial moisture content of selected waste materials.

Biomass kind Sample name Initial M
(%)
Durian skin 83.50
Coconut skin 83.46
= Cacao skin 84.49
Lilj Coffee skin 80.06
Banana skin 63.35
Rambutan skin 74.47
© Eichhornia crassipes body 85.30
% Hydrilla verticillata body 88.50
< Myriophyllum spicatum body 89.60

Initial M. — water content of waste biomass kinds in initial form of residue.

Comparable values were reported in a paper related to aquatic biomass potential for
energy generation in countries such as Indonesia and Malaysia. That study dealt with
moisture content of different parts of the water hyacinth (Eichhornia crassipes) and
determined the moisture content as ranging from 77.5 % to 95.2 % [49].

Determination of ash content Ac levels reflected the differences between specific
waste biomass kinds very visibly. Best results were achieved using wood waste biomass
(Ac = 1.02 % in average) and the worst by aquatic biomass (Ac up to 53.31 %). Focusing on
specific waste biomass kinds, the biggest differences were observed for the herbaceous
biomass (Ac ranged from 1.14 % to 22.10 %), while the A of fruit waste biomass occurred
at a similar level in the case of all investigated waste materials, except one — Tapioca skin
(Ac = 32.15 %). Such results could have been influenced by contamination of the samples
by external agents (earth) due to the samples’ origin. Nevertheless, Tapioca skin samples
were tested in their initial form (contaminated) to express their suitability in real situations.
In general, as stated before, non-woody waste biomass kinds exhibit a higher level of ash
content compared with wood waste biomass. Nevertheless, undesirably high levels of ash
content represent a problem during biofuel combustion and negatively influences the level
of calorific values [99; 100]. Such phenomena can be clearly visible in the lower levels of
investigated waste materials calorific values [99; 100]. By comparison, the lowest level of
net calorific values NCV was achieved by aquatic waste biomass (12.44 MJkg? in
average), which is an extremely unsatisfactory result. In contrast, fruit waste biomass
exhibited a high level of NCV (18.22 in average MJ-kg?), particularly waste materials
originating from Jatropha (23.12 MJ-kg™!) and palm oil (21.30 MJ-kg?), which was caused
by the presence of residual oil. Similar results were observed in the case of sunflower —
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21.23 MJ-kg tand rapeseed — 21.57 MJ-kg* residues [69]. Mixed and wood waste biomass
exhibited satisfactory levels of such energy potential indicators, as well as herbaceous waste
biomass. The only exception was within represented rice husk (both samples), which
exhibited unsatisfactory levels of NCV.

The energy potential of other agriculture residues used for bio-briquette fuel
production have already been investigated; Table 11 provides observed data for comparison
with results from the present research thesis.

Table 11. Energy potential of fruit waste biomass kinds found by other authors.

Biomass Feedstock material NCV Author of
kind (MJ-kg™?) Research
Tasmanian bluegum wood 14.41
Wild cherry wood 15.55 [146; 147]
Wood Willow wood 15.37
Sycamore wood 15.62
Vine prunnings 19.19 [148]
Pine sawdust 18.14 [29]
Rape straw 16.13 [29]
Wheat straw 17.30 [149]
Barley straw 16.10
Herbaceous Rice straw 15.07
Banana leaf 17.76 [150]
Sugarcane bagasse 18.20
Corncob 18.76
Durian peel 15.92 [71]
Coconut fibre 19.40 [26]
Fruit Cacao peel 17.00 [151]
Coffee peel 16.93 [152]
Banana peel 18.89 [153]
Grape seeds 20.39 [69]
Aquatic Water hyacinth 16.65 [150]
Rice husk + Qil palm sludge 21.68 [47]
Mixed Sawdust + palm kernel 19.53 [154]
Tropical hardwood species 18.94
Rice straw + Sugarcane 17.83 [155]

NCV — net calorifc value
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4.1.2. Elementary composition (C, H, N, S, O)

Elementary composition of waste biomass influences its calorific value and behaviour
of subsequently produced biofuel during combustion. In particular, high levels of oxygen
influence air consumption during combustion and amounts of produced flue gas. Thus, it is
important to determine such parameters to ensure an adequate combustion process. Results
of specific parameters of elementary composition of investigated waste materials are given
in Table 12.

Table 12: Values of elementary composition analysis of selected waste materials.

Biomass gample name ~ Country C H N S o
kind of origin (%) (%) (%) (%) (%)
Jatoba Brazil 52.62 571 0.23 0.03 41.10
5 Garapa Brazil 51.16 5.60 0.23 0.02 39.97
§ Larch sawdust Czechrep. 45.00 6.61 0.09 - 43.09
Spruce chips  Czechrep. 46.87 6.48 0.04 - 42.62
" Rice husk Vietnam 37.28 4.43 0.38 0.06 32.32
% Bamboo fibre  Indonesia  50.42 5.75 0.48 0.04 42.15
'cés Sugar cane .
o Indonesia  50.21 5.90 1.05 0.19 34.02
L skin
Durian Indonesia  48.95 5.38 1.25 0.13 38.75
Coconut Indonesia  51.19 511 0.48 0.09 38.06
Cacao Indonesia  47.78 511 1.38 0.11 36.18
Coffee Indonesia  47.63 5.42 1.60 0.34 35.42
o Banana Indonesia  47.68 5.68 1.45 0.09 33.86
E‘ Rambutan Indonesia  50.41 4,94 1.17 0.09 39.42
Date skin China 4220 572 0.52 0.08  41.97
Date pits China 44.24 6.13 1.04 0.10 41.42
Jatropha shell ~ Indonesia  49.77 5.15 0.49 0.04 35.71
Jatropha Indonesia  54.83  7.32 3.05 021 2530
press—cake
Coffee ground Czechrep. 50.19 7.46 2.16 - 33.97

C — carbon, H — hydrogen, N — nitrogen, S — sulphur, O — oxygen.

In general, a low content of oxygen is required; such results were primarily observed;
in the case of Jatropha press-cake, observed values were distinctly better than for other
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investigated waste materials. A satisfactory level of oxygen should occur at 40 % of the
maximum; higher values are undesirable.

Table 13: Elementary composition of specific waste biomass kinds.

Biomass C H N S @)
kind (%) (%) (%) (%) (%)
Wood 4891 +£357 6.10+£0.52 0.15+£0.10 0.03+0.01 41.70+1.43
Herbaceous 43.85+9.29 5.09+093 043+0.07 0.05+£0.01 37.24+6.95
Fruit 48.76 £3.27 5778+ 0.83 1.30+0.74 0.13+£0.08 36.17 +4.43

C — carbon, H — hydrogen, N — nitrogen, S — sulphur, O — oxygen, + — standard deviation

Overall evaluation of elementary composition of specific waste biomass kinds is
expressed in Table 13, which represents the average values of specific material results.

4.2. Bio-briquette fuel mechanical parameters

The present chapter describes the results of bio-briquette fuel production. Thus,
experimental measurements of their quality indicators are related to their strength and
durability. Nevertheless, not all previously tested waste materials were used for bio-
briquette sample production and their subsequent quality testing. According to the
previously performed experimental measurements, the waste materials which exhibited
unsatisfactory results with respect to their chemical analysis (material suitability for the
process of direct burning) were identified, and further excluded from all other subsequent
analysis due to their undesirable parameters. Within such an evaluation, the waste materials
of aquatic biomass were identified as an unsuitable feedstock for solid biofuel; thus, such
waste materials were not used for bio-briquette sample production and were no longer used
in other experimental measurements.

Analysis of mechanical quality indicators follow up on the ‘Methodology’ section of
the present thesis. Thus, three specific indicators are here described and evaluated. Namely,
density p (kg-m3), rupture force RF (N-mm ) and mechanical durability DU (%). Results
for the mentioned indicators are noted in Table 14 (specific waste materials) and Table 15
(specific waste biomass) below; while a clear comparison between specific waste biomass
kinds, as well as between specific waste materials can be easily performed. With respect to
the quantity limitation of specific investigated feedstock materials of aquatic biomass kinds,
such samples were not used for bio-briquette production; thus, analysis of such bio-
briquette fuel mechanical quality was not stated.
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Table 14: Values of produced bio-briquette samples’ mechanical quality parameters (averages).

Biomass Sample name Sample diameter p , RF ; DU
kind (mm) (kg'm™) (N'mm™) (%)
Pine bark 50 976.87 £ 37.91 56.02 + 16.47 92.77 £ 0.45
Spruce bark 50 913.23 +48.23 45.33 + 3.67 91.37 £ 0.61
S Fruit tree branches 50 951.40 + 34.70 94.30 + 23.58 94.87 +0.82
§ Larch sawdust 50 1026.39 + 27.08 102.78 +£29.78 98.44 +0.08
Spruce shavings 50 1036.53 + 24.44 179.48 + 24.43 96.70 £ 1.00
Jatoba sawdust 50 871.69 + 35.93 49.70 + 18.78 77.60 £ 0.57
Tropical plants 50 1,029.76 + 32.50 112.92 +22.90 97.40+0.10
g Bamboo fibres 50 986.37 + 11.18 143.31+1.70 97.80 + 0.04
§ Japanese knotweed stems 50 989.11 +£15.70 112.11 +15.90 95.10+0.20
s Poppy residue 50 1,141.43 + 44.05 58.73 + 11.02 94.70 +0.90
Wheat husk 50 1,023.19 + 32.42 44,18 £5.40 89.11 £ 2.00
Sugar cane skin 50 1,067.08 + 39.08 46.51 + 0.80 97.70 = 0.08
Vine residue 50 1,183.21 + 44.05 19.11 +6.28 28.32 + 3.50
Durian skin* 40 1,264.00 - -
= Coconut skin* 40 1,186.00 - -
n Coffee skin* 40 1,221.00 - _
Cacao skin* 40 1,089.00 - _
Banana skin* 40 1,280.00 - -
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Rambutan skin* 40 1,339.00 - -
Coffee ground + larch (1:1) 50 1,112.58 + 34.83 46.07 + 8.98 90.05+1.04
Coffee ground + larch (1:3) 50 1042.39 + 57.86 50.85+ 11.64 90.12 +0.03
§ Coffee ground + spruce (1:1) 50 956.45 + 68.40 37.09 +£11.25 49.00 +0.38
= Coffee ground + spruce (1:3) 50 842.42 +69.99 31.06 + 8.87 44.00 +0.11
Oat + poppy + wheat husks 50 972.49 + 34.99 24.79 + 15.85 62.71 + 3.50
Waste paper 50 1,126.03 + 87.04 95.77 + 15.61 98.97 + 0.56

*samples produced in laboratory condition; p — density, RF — rupture force, DU — mechanical durability
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Bio—briquette samples of fruit waste biomass highlighted by * in Table 14 were not
subjected to the deformation experimental measurement due to the limitation of their
amount. Such bio-briquette samples were produced in laboratory conditions by special
laboratory press in limited numbers, thus, it was not possible to keep the requirements of
experimental testing of their mechanical quality, also it was not suitable to performed the
simple statistical evaluation of observed result values.

Result values noted in Table 14 represent the average values of experimental tests
performed within the one specific feedstock material. Thus, during the overall evaluation
of the specific waste biomass kinds characterization was performed by using of mentioned
data from Table 14 and the statistical method of sum of quantile deviance, which ensures
that all values occur in positive numbers. The results of such calculations are noted in Table
15.

Table 15: Mechanical parameters of bio-briquette fuel from specific kinds of waste
biomass.

. . p RF DU
Biomass kind 3 L
(kg'm™) (N'-mm™) (%0)
Wood 962.69 +87.11 87.94+51.74 91.96 £ 1.61
Herbaceous 1039.49 + 77.11 94.25 + 30.52 95.30 + 2.21
Fruit 1203.87 + 6.64 19.11 £ 6.28 28.32 +£3.50

Mixed* — — —
p — density, RF — rupture force, DU — mechanical durability, = — standard deviation

*present set of data of result values of specific bio—briquette samples of different
mixed feedstock materials could not be summarized and characterized by the statistical
method of sum of quantile deviance, due to the excessive diversity of used feedstock
materials; also the standard deviation of such result values could not be stated.

Bio-briquette fuel density p

Primarily, the density p of all bio-briquette samples was evaluated, while satisfactory
results were observed in cases of all investigated samples. Bio-briquette fuel density p
expresses the efficiency of densification process, as well as the suitability of specific
feedstock materials for briquette production and briquette burning ability. Previous research
indicated that briquette physical-mechanical quality increases with increasing bio-briquette
sample density p [58; 146; 156]. Higher density p provides longer time of bio-briquette fuel
burning and greater amount of produced heat, which is highly required [157]. Other studies
suggest that density p of high quality bio-briquette fuel should be higher than 1,000 kg-m™
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3 [47; 62; 158]. Hence, it can result in a satisfactory level of density p being achieved; only
the bio-briquette sample produced from Jatoba sawdust exhibited a lower level (871.69
kg-m3).

Density p of high-quality bio-briquette fuel ranges between 1,000 — 1,200 kg-m and
its level depends on used feedstock material [47; 62; 158]. If considerning commonly used
technical mandatory standards, according to ONORM M7135 (2000) [159] the bio-
briquette density p must be > 1,000 kg-m™3, German standard DIN 51731 (1996) [160] states
a bio-briquette density p > 1,120 kg-m™ [29]. European standard 1SO 130612 (2014) [161]
requires density p of wood bio-briquettes > 1,000 kg-m=3, while American mandatory
technical standards ASAE 269.4 (1996) [162]. Previous studies indicated that bio-briquette
physical-mechanical quality increases with increasing bio-briquette density p. Therefore,
bio-briquettes which exhibit a density p equal to 1,000 kg-m can be considered high—
quality fuel [58; 146; 156].

Another two experimental measurements represented destructive methods. Thus, bio-
briquette samples were damaged during test performance. Investigated bio-briquette
samples before and after RF (N-mm™) and DU (%) testing are shown in Figures 24 and 25.

Bio-briquette rupture force RF

Experimental measurement of rupture force RF was performed mostly in the case of
wood and herbaceous waste biomass kinds; thus, comparison between those two groups is
possible. On average, wood waste biomass represented RF equal to 87.51 N-mm™, while
herbaceous waste biomass exhibited an RF equal to 94.97 N-mm. Nevertheless, in the
case of wood waste biomass, large differences between specific samples related to different
tree parts (wood vs. bark) were observed.

a) b)
Figure 24: Investigated bio—briquette samples: a) before RF test, b) after RF test
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Bio-briquette mechanical durability DU

Mechanical durability DU is the prevalent form of expression of physical quality of
bio-briquette fuel. It helps for selection of optimal parameters for bio-briquette production
and for production of high-quality briquettes [62; 106]. Mechanical durability (also termed
abrasion resistance), is considered the main indicator of bio-briquette fuel quality which
describes the ability of bio-briquette samples to remain intact during their handling,
transportation and storage [58; 62; 65]. DU is influenced by several factors, such as
characteristics of used feedstock material, technical specification of pressing machine and
storage conditions [58; 62; 110].

Figure 25: Investigated bio—briquette samples: a) before DU test, b) after DU test

Evaluation of observed values of DU is performed by mandatory technical standards;
bio-briquette samples intended for commercial production must achieve a level of
mechanical durability > 90 % [135].

As seen in Table 16, most of the investigated waste biomass kinds exhibited a
satisfactory level of this indicator. However, several bio-briquette samples did not achieve
the stated limitation, for example those produced from Jatoba sawdust or wheat husk. But
the worst results were achieved by residues from wine production, with an extremely low
level of mechanical durability (28.32 %). Also, a mixture of coffee ground with spruce
shavings resulted in production of bio-briquette samples with poor mechanical durability
(46.5 % on average). Thus, such a mixture does not represent a suitable feedstock material
for briquette biofuel production; nevertheless, it may be a suitable feedstock for combustion
purposes due to the high energy potential and chemical composition.
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Table 16: Comparison of mechanical durability of different bio-briquette fuel kinds.

Mechanical durability  Feedstock material Research author

(%)
Wheat straw [58]

<90 Canola straw
Big bluestem sawdust [163]
Corn stover [164]
Corn cob [65]
Rice husk

=90 canary grass [106]
Pine sawdust [165]
Oak sawdust

- 95 Cotton [31]
Soybean stalk [166]

Results from previous studies related to compacting pressure suggest that DU
increases with increasing compacting pressure P (MPa) [70; 110]. Such a statement was the
impulse for the subsequent experimental testing, which is described below.

4.3. Energy demands of bio-briguette fuel
production

The present chapter evaluated the suitability of the investigated waste biomass kinds
for bio-briquette fuel production with respect to the energy demands for such production.
Within the present investigations, the required deformation energy Eq (J) used for the
production of the bio-briquette samples was monitored and compared with related bio-
briquette density p (kg-m3). By considering these two indicators, it was possible to state
the ideal production of bio-briquettes from investigated feedstock materials at specific
levels of densities p. Moreover, the densification process has a specific moment where the
increase of the required deformation energy Eq (J) is disproportionately faster than
increasing bio-briquette density p (kg'm). In that case, such bio-briquette production
represented energy loss, and thus its disadvantage could be indicated.
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It is also important to highlight that deformation energy Eq, which was monitored by
the present experimental measurements, involved energy consumed exclusively for specific
bio-briquette sample production (densification process) and not energy consumed by the
work of the pressing machine or other consumed energies associated with the briquetting
process. Table 17 illustrates coefficient values of the tangent curve model, which were used
within the initial mathematical calculations.

Table 17: Coefficients of tangent curve model stated for investigated bio-briquette samples.

Biomas kind Samples Diameter Co o] C
hame (mm) (N) (m) )
40 6,915 18.421 1.639
Wood Ash tree 65 14,130 13.968 2492
Bamboo 40 768.0 16.884 2.291
Herbaceous ¢ ooy crop 40 2,306 18.359 2,272
Durian 40 12,240.20 18.54 1.58
Coconut 40 7,195.80 16.38 1.71
Cacao 40 286,729.50 13.12 3.62
Fruit Coffee 40 7,493.80 20.57 2.44
Banana 40 13,676.40 23.68 1.91
Rambutan 40 28,462.50 21.39 2.12
Sugarcane 40 1012.5 18.481 1.977
' 40 2,796 18.446 2.492
Mixed Cardboard 65 1,921 11.686 4.004

*diameter of pressing chamber

Next, the observed results were used for the statement of maximal achieved density p
of specific bio-briquette samples, thereby stating the level of such bio-briquette mechanical
quality. The maximal density p achieved by specific waste biomass kinds are noted in detail
in Table 18. Specific amounts of required deformation energy Eq were assigned to all
monitored bio-briquette densities p; ranged from 800 to 1,300 kg'm 2 (with step 50 kg-m™3)
for fruit waste biomass kind and ranged from 800 to 1,200 kg-m 3 (with step 100 kg'm3)
for wood and mixed waste biomass kinds. These relations evaluate the efficiency of the
densification process, as well as the comparison between all investigated waste biomass
Kinds.
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Table 18: Required deformation energy Eq (J) consumed for production of samples with specific density p (kg-m3)

Wood Herbaceous Fruit Mix
Ash tree Miscanthus Sugarcane Bamboo Durian Coconut Coffee Banana Rambutan Cardboard
p Eq
(kgm™) ()
800 709.7 449.2 375.1 325.7 702.5 970.3 202.6 106.9 117.8 204.9
850 866.1 621.7 501.5 400.4 843.2 1,127.9 290.3 172.2 202.7 261.4
900 1,022.4 794.2 694.2 489.8 1,002.4 1,297.7 401.5 255.4 317.2 317.8
950 1,252.4 1,1255 1,009.3 602.2 1,177.7 1,496.4 544.2 364.3 462.4 400.7
1,000 1,482.3 1,456.7 - 744.4 1,379.3 1,718.7 725.6 502.6 646.5 483.5
1,050 1,839.8 - - 927.4 1,603.9 1,960.7 964.6 677.5 871.6 598.7
1,100 2,197.3 - - 1,164.2 1,868.9 2,257.5 1,270. 907.4 1,148.7 713.9
1,150 - - - - 2,185.0 2,596.8 1,685. 11,2108 1,490.5 885.7
1,200 - - - - 2,550.2 - 2,243. 11,6242 1,912.3 1,057.4
1,250 - - - - 3,013.0 - - 2,206.0 2,435.6 -
1,300 - - - - - - - - 3,103.3 -
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Boxes unfilled in Table 18 by specific values of deformation energy Eq expressed the
inability of investigated feedstock material to be densified into the briquette samples with
specific density p. The level of maximal achieved density p, as well as the amount of
required deformation energy Eg, varied in relation to the materials’ diversity (waste biomass
kinds).

In the case of fruit waste biomass, the highest level of density p was achieved by the
rambutan fruit waste biomass samples. The measurements also suggest that the rambutan
fruit waste is the only sample which achieved all monitored density p levels (800 — 1,300
kg-m). The second highest level of bio-briquette density p was achieved by durian fruit
and banana fruit waste biomass samples. Bio-briquette samples produced from coffee fruit
waste biomass also achieved a very high level of density p (1,200 kg-m3). However, when
compared with other results, it is obvious that production of such bio-briquette samples
(coffee fruit waste biomass) consumed more deformation energy Eq than the banana or
rambutan fruit waste biomass samples. The fastest growth (negative effect) of required
deformation energy Eq was observed in the case of cacao fruit waste biomass. If comparing
required deformation energy Eq of banana fruit waste biomass (lowest amount of consumed
energy — positive impact) with cacao fruit waste biomass (highest amount of consumed
energy), the resulting values were more than ten times higher. The second worst results
were achieved with coconut fruit waste biomass bio-briquette samples, while the lowest
efficiency level was obtained for bio-briquette samples from cacao fruit waste biomass.

Nevertheless, it is important to consider that the bio-briquette densities p achieved by
investigated fruit waste biomass bio-briquettes occurred at a satisfactory level in general,
therefore fulfilling mandatory requirements for commercial production.

Due to the differences between tested waste materials and their energy requirements
and increasing of the density p levels, Figure 26 was created for better expression of results.
The process of increasing deformation energy Eq, which plays a role in the energy demands
of the briquetting process, is expressed in Figure 26.
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Figure 26: Progress of relation between deformation energy Eq (J) and bio-briquette density p (kg-m3) investigated in waste biomass kinds.
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Within evaluation of wood and mixed waste biomass kinds, the analysis indicated
better results (lowest energy consumption, highest maximal achieved density p) achieved
by bio-briquette samples produced from cardboard material, followed by wood briquette
samples. Comparison between each investigated materials at specific monitored density
levels is clearly expressed in Figure 27.

Comparison of bio-briquette diameters

800
3500

1200 900 =@=\\/40

=@-\\/65
== E40
E65
= C40
w=te=C65

1100 1000

Figure 27: Progress of relation between deformation energy Eq (J) and bio-briquette
density p (kg'm3) of bio-briquette samples of different diameters.

Furthermore, it was found that bio-briquette samples produced with minor diameter
(40 mm) indicated better result values; i.e. a lower level of deformation energy Eq was
consumed for achieving of the identical levels of density p as in the case of bio-briquette
samples of larger diameter (65 mm).

As seen in Figure 27, cardboard bio-briquette samples achieved all investigated levels
of density p (800 — 1200 kg-m), in contrast with wood waste biomass bio-briquette
samples. Moreover, wood bio-briquette samples of 65 mm diameter did not achieve the
required density p level (p > 1000 kg:m™). In accordance with mandatory technical
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standards and previously published observations, the density p equal to 1,000 kg-m™ was
stated as a sufficient level for high quality briquette production [62; 47; 158].

Energy consumption of bio-briquette fuel production has also been investigated by
previous authors. However, published studies were mainly focused on energy demands of
overall operation of briquetting press or of the entire manufacturing process of briquette
production. In contrast, the aim of the present experimental measurements was to determine
the energy consumed purely during the production of one of each specific briquette sample,
and no other consumed energies were considered.

Nevertheless, such investigations indicate energy consumption (electric, human,
chemical and thermic energy) of bio-briquette plant operation was investigated, with results
indicating that production of 1 tonne of sawdust bio-briquettes consumed 101.66 kWh-t*
in total. Electrical energy for all production processes (briquetting, drying, sieving, etc.)
represented 65.12 kWh-t? of total result value (101.66 kWh-t1); nevertheless, the pure
briquetting process (operation of bio-briquetting press) consumed 49.73 kWh-t of total
values. The study did not describe the number of produced bio-briquettes per one tonne,
and thus it was not possible to state the consumed energy for production of one bio-briquette
sample to compare with results observed within the research of the present paper [167].
Moreover, other published research indicated that overall energy used for specific bio-
briquette sample production contains 40 % of energy consumed for compressing of
feedstock material and the remaining 60 % represented energy consumed for overcoming
friction [168]. The mentioned observations suggest that production of bio-briquette biofuel
from herbaceous biomass consumes a larger amount of energy than production of bio-
briquette biofuel from wood biomass; such results were also observed in the present
research.

Within the current research, another interesting issue was also monitored, measured and
evaluated — the process of increasing of required deformation energy Eq (J) and bio-
briquette density p (kg-m3) and their relation during such process. The visualization of
the curves of deformation energy Eq (J) and bio-briquette density p (kg-m3) were used for
determination of efficiency of bio-briquette production produced from different waste
biomass kinds. Monitoring of both mentioned growth curves and subsequent intersection
was used for statement of one specific moment during the bio-briquette sample
production, which indicates that the production is not efficient anymore. Such moments
were monitored in the following Figure 28.
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Figure 28: Intersection of required deformation energy Eq (J) and bio-briquette density p (kg:m3) curves determining efficiency of bio-
briquette production.
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It must also be considered that according to standards and previous investigations, the
bio-briquettes density p in the range 800 — 1,000 kg-m is sufficient for high-quality bio-
briquettes [62; 47; 158]. Thus, production of bio-briquettes with higher density p is not
necessary and is indeed questionable when considering the high energy demands of such
production.

The process of increasing both of the mentioned parameters (£d, p) was different for
each waste biomass samples, but the maximal achieved densities p, which were still
advantageous, were as follows (expressed in Table 19):

Table 19. Maximal advantageous density p of bio-briquette samples.

Biomass kind Feedstock material Density p
(kg-m™)
Wood Ash tree 1,000
Miscanthus 900
Herbaceous Sugarcane 050
Bamboo 1,050
Durian 1,200
Coconut 950
Fruit Coffee 150
Banana 1,200
Rambutan 1,250
Mix Cardboard 1,200

The relation between bio-briquette density p and deformation energy Eq (J) (used for
compressing of feedstock materials) was already investigated in previous research. In
general, increasing bio-briquette density p causes increasing of required deformation energy
Eq (J) increases, and thus increasing financial costs too. Consequently, it is important to
monitor the relation between those two factors during the densification process and state its
highest profitability and efficiency. The amount of required deformation energy Eq (J) also
expresses energy demands of specific investigated bio-briquette kind production; such
energy demands differ in relation to the variability of used feedstock materials (biomass
kind) and their chemical and mechanical properties [57].

Other study dealt with the energy demands of bio-briquette production from olive oil
milling solid residues with different diameters. The highest level of mechanical quality was
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demonstrated for briquette samples with density p equal to 747.5 kg-m™ (on average),
which was not the highest observed level of density p. Other investigated bio-briquette
samples exhibited a higher level of density p; thus, it was found that the highest level of
bio-briquette density p did not always correspond to the highest bio-briquette mechanical
quality — the effort to produce bio-briquette fuel with the highest possible density p may not
always be a guarantee of best bio-briquette quality [158]. Such a statement was also
supported by previous research, which indicated that bio-briquette samples with density p
higher than 1,000 kg-m™ do not exhibited a distinctly higher level of quality than bio-
briquette samples with lower density p. However, as the results of the present research
suggest, production of bio-briquette samples with higher density p always indicated higher
energy consumption, and thus higher financial costs [169].

4.4. Low-pressure briguetting technology

Research activities performed within the low-pressure briquetting technology
contained several parts. Because such technology is not publicly well known, it is not
frequently used in the bio-briquette production sector. In general, such technology
represents an alternative to high-pressure briquetting technology, but its development is still
in the process. Therefore, the first aim of the present research was the design of such
equipment — a manual low-pressure briquetting press from mainly wood components.
Further, designed equipment were manufactured, while a handbook with the equipment
construction was created. Subsequently, verification of their viability and feasibility was
developed. The final parts of the results contained an evaluation of bio-briquette samples
produced by such manual low-pressure briquetting presses.

4.4.1. Desing of low-pressure briquetting presses

In the first step, the form and shape of such equipment was designed, and the
developed form of a low-pressure briquetting press is given in Figure 29.
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Figure 29: The design of a low-pressure briquetting press.

Subsequently, the supporting documents as a handbook of press components and
construction used were created; their previews are expressed in Figures 30 and 31. The full
versions are attached in the annexes of the present thesis, namely Annex A and B.

Low—pressure briquetting press
Components

Author: M.Sc. Anna Brunerové

2. component - B 3. component - C

Figure 30: Preview of created handbook of press components.
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Author: M.Sc. Anna Brunerova
2017

brunerova@tt.czu.cz

Figure 31: Preview of created handbook of press construction and use.

Intelligibility and functionalities of such handbooks were demonstrated during field
surveys held in rural areas of Toba Samosir regency, North Sumatra, Republic of Indonesia
and in Hue province, Central Vietnam, where the pilot studies were performed in 2016 and
2018. Based on the mentioned handbook, the local carpenters were able to manufacture the
components, and subsequently to produce the wood version of the press. The mentioned
documents were also used in Thua Thien Hue province, central Vietnam, where the wooden
versions of designed low-pressure briquetting presses were also manufactured to
demonstrate that it is in an understandable form for local communities. Related to such
purposes, both of the handbooks were created in a very simple manner by using an easy
description and illustration.

The feasibility of such equipment was also demonstrated in the local conditions of the
Czech Republic, specifically Prague, where the press was not only manufactured but also
used for bio-briquette sample production, and which were subjected to the determination of
their mechanical quality indicators.

4.4.2. Construction and use of low-pressure briquetting press

After achieving the manufactured components, the manual low -pressure briguetting
press was constructed. Firstly, due to the pilot study in rural areas of a developing country
(target area of such research) and secondly in local conditions of the Czech Republic for
the purpose of laboratory use and subsequent testing. Photographs of the developed press
in laboratory conditions are illustrated in Figure 32.
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Figure 32: Developed manual low-pressure briquetting press from wood components.

Developed equipment was used for practical testing (shown in Figure 33) and ability
of equipment for production of bio-briquette fuel was demonstrated.

Figure 33: Developed manual low-pressure briquetting press in use.

Manufactured equipment was also completed with technical documentation and an
interactive 3D model (expressed in Figure 34). The interactive 3D model was created for
better expression and understanding of press functions and construction for the users and
manufacturers. Such software offers a 360°-degree view of the 3D model of the press and
contains a set of views, stack disasters, visualizations, animation of clusters or movements
of the press assembly. By using the present software, each part of the 3D model can be
converted to an invisible form; thus, the internal construction of the press is visible. The file
with the Interactive 3D model in the content is given in Annex C.
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Figure 34: Interactive 3D model of developed manual low-pressure briquetting press.

4.4.3. Basic operation calculations

Within the determination of basic operation parameters of the manufactured low-
pressure briquetting press, the quantities described below were investigated and the
following calculations were performed:

Magnitude of torque M

The magnitude of the torque M depends on the force, the direction of the force, and
where the force is applied. Thus, for its determination, the following Equation 8 was used:

M=F-h Eq. 8
where: F — force (N), h — moment arm of force (m)
The SI unit for torque [M] = [F] - [h] = N-m (Newton-metre)
Moment arm of force h

Such a quantity describes the perpendicular distance between the axis of rotation O
and the line running through the vector of force F.
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Distribution of forces

The dimensions and placement of the lever during bio-briquette sample production:

a 15 1F2

where:a=85cm=0.085m,b=50cm=0.5m
By use of such a statement, the following relations were used (Eqg. 9, 10 and 11):
M1 = MZ Eq 9

where: M — distance between the axis of rotation O and the line running through the vector
of force F1, M2 — distance between the axis of rotation O and the line running through the
vector of force F».

Fl'aze'b quO

where: F1 — force applied to the piston, a — the distance between the axis of rotation O and
the piston, F> — force applied by the source of energy, b — the distance between the axis of
rotation O and the source of energy.

F-b Eq. 11
a

F1:

where: F1 — force applied to the piston, a — the distance between the axis of rotation O and
the piston, F> — force applied by the source of energy, b — the distance between the axis of
rotation O and the energy source.

The force F. applied by the manual work was equal to approximately 500 N. Thus,
subsequent calculations of used pressure were performed to state the force F1, which was
applied to the piston, and further, to the feedstock material:
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F _500N-0.5m_250N-m
1™ 0.085m ~ 0.085m

= 2,941.18 N (= 2.94 kN)

Within the determination of the press operation pressure P (MPa), the area of the
bottom part of the piston S (m?), which compresses the feedstock material, had to be
calculated (expressed in Figure 35).
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Figure 35: Scheme and dimensions of the piston bottom area.

Due to the calculation of the bottom part of the piston area, the area of the drainage
hole had to be deducted, and thus the area of the press piston S (m?) was expressed as follows
(Equation 12):

S =5,700 mm? = 57-10* m? Eq. 12

After achieving such results, the operation pressure P (MPa) developed by the
investigated manual low—pressure briquetting press was able to be stated, and thus the
following calculations were made (Equation 13 and 14).

F Eqg. 13
P=3

where: F — force (N), S — area of the bottom part of the piston (m?)

F 2,941,18 N Eq. 14
= - = = . 4 =
P= g=go— =516 -10*Pa = 0516 MPa

The observed values are further discussed in the following chapters related to the
evaluation of the produced bio-briquette samples.

76



4.4.4. Low-pressure bio-briquette fuel

The most important findings originating from experimental testing of bio-briquette
sample production by using a low-pressure briquetting press were related to the
specifications of feedstock materials preparation and its suitable form which differed from
the commonly used processes with high-pressure briquetting technology. Primarily,
feedstock materials must occur in a wet state and must be mixed with water or other fluids.
The mixing of feedstock material with external binding agents was also found to be
necessary; the ratio of feedstock material and binding agent is an important factor
influencing the final efficiency of the densification process. By using those two facts, the
feedstock materials can be properly prepared for low-pressure briquetting. Therefore, the
final products were produced with a high moisture content, which indicated that the
subsequent drying process (before their utilization for combustion purposes) was also
necessary. Within that, the suitability of the drainage system was also demonstrated; a hole
in the middle of the final product helps with briquette samples drying and improves the
porosity and combustion properties of briquette samples due to better oxygen flow. Also,
the fibrous materials (waste coconut fibres, bamboo fibre) expressed their suitability for
low-pressure briguetting technology.

Based on the observed results, it can be stated that the developed design of low-
pressure briquetting press can be useful for small briquette manufacturers in rural areas. Its
simple and cheap operation and construction can serve as an improvement of proper waste
management practices and be a relevant alternative for adequate waste biomass utilization.
Particularly with respect to poor levels of waste management in target areas resulting in a
significant amount of potential feedstock materials, it can be a very feasible technology.
Within experimental verification of the manufactured manual presses, the bio-briquette
samples from different ratios of feedstock materials:binder (2:1, 1:1) were produced and
described. The mixture of coconut fibre (feedstock material), waste paper (binder) and
water (wet mixing environment) was used as a feedstock material. Bio-briquette samples
were produced by using a square-shaped pressing chamber; thus, it occurred in the form of
blocks with the following dimensions expressed in Table 20.

Table 20: Dimensions of produced low-pressure bio-briquette samples.

Bio-briquette Width Length Height
samples (mm) (mm) (mm)
1:1 80 80 *
2:1 80 80 *
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* values differed during the bio—briquette samples production processes, see Table 21 and
Table 22

Briquettes are commonly produced in the shape of a square or rectangle, or it can be
produced in the form of lumps or other molded shapes [170]. A variety of shapes are shown

Q) H )&

= T =

Figure 36: Variety of normalized bio-briquette fuel shapes.

in Figure 36.

(Source: 1SO 172251, 2015) [35]

The height of produced bio-briquettes differed before and after the drying process,
which was performed directly after bio-briquette sample production in order to determine
their initial moisture content after production (due to the use of water as the binding
environment).

As described in the methodology chapter, several types of bio-briquette samples were
produced. The variance was at a different ratio of feedstock materials (coconut fibre) and
external binder (waste paper). Mechanical parameters and dimensions of such samples are
noted in Tables 19 and 20, while their different appearances can be compared in Figures 37
and 38.

Briquetting technology uses a process of densification and operates with production
factors as a compacting pressure, compacting heat and feedstock material properties without
using any binders. All those factors can influence the quality of the final products
(briquettes) and thus overall efficiency of briquette production [51]. Absence of binders can
negatively influence final briquette quality [171]. Binding effect can be substituted and
achieved by using mixed feedstock containing various amounts of materials and/or
additives which substitutes missing binder. Production of mixed briquettes is common
practice because using additives improves feedstock properties, thus increasing mechanical
durability of briquettes.
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Table 21: Mechanical parameters of produced low-pressure bio-briquette samples of
different feedstocks ratio (1:1).

1:1 (waste paper:coconut fibre)

Height Weight Density Moisture content
(mm) (9) (kgm™) (%)
Wet form? 34.39 +£5.56 143.03 £17.91  729.78 + 38.88 69.19 +1.03
Dry form? 42.66 +4.61 44.05 +£5.52 181.15+7.73 —

Ydirectly after bio-briquette sample production, 2after drying process

briquette samples of feedstocks ratio 1:1 (waste

Figure 37: Proddée}i ioi)v-p
paper:coconut fibre).

The main monitored and evaluated parameters of such biofuel were their initial
moisture content M¢ and density p. The level of initial moisture content Ac indicated the
energy which must be invested into the drying process before such biofuel can be used for
direct combustion. In both cases, the level was extremely high but comparable. In respect
to the purpose of such fuel, it can be stated that the subsequent drying process (electrical or
sun energy) is an integral part of the process of low-pressure briquetting technology.
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Table 22: Mechanical parameters of produced low-pressure bio-briquette samples of
different feedstocks ratio (2:1).

2:1 (waste paper:coconut fibre)
Height Weight Density Moisture content
(mm) (9) (kgm™) (%)
Wet form? 35.88 +1.81 158.35+14.48  774.15+44.35 65.82 +1.33
Dry form? 42.79 £3.71 54.14 £5.42 222.32 £14.36 -

Ydirectly after bio—briquette sample production, Zafter drying process

Figure 38: Produced low-pressure bio-briquette samples of feedstocks ratio 2:1 (waste

paper:coconut fibre).

The technical standard related to the briquette fuel density p is mandatory only for
commercially produced briquette fuel; thus, its requirements were not decisive in evaluating
the produced bio-briquette samples. The levels of density p differed in the case of samples
after production (wet form) and after post-production processing (dry form) in consequence
to the change of their weight and dimensions. Nevertheless, both types of bio-briquette
samples indicated similar levels of density p; thus, it can be concluded that the difference
between investigated feedstock:binder ratio did not influence the result of mechanical
quality of produced low-pressure bio-briquette fuel.

Nevertheless, the need of binder during low-pressure briquetting is indispensable,
thus, for such technology would be suitable (or necessary) to use mixed feedstock
materilals. Such mixed feedstock materials (mixed waste biomass) works with the
properties of all mixed feedstock materials and uses them to improve the final quality of the
mixture. The ratio of mixed feedstock materials indicates if it is mixed waste biomass or
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pure waste biomass kind with additive [172]. The type or amount of additives is not
generally defined and both are carefully chosen according to specific chemical (lignin
content) or mechanical (particle size) properties to achieve the highest improvement of
briquette quality [171]. Lignin leaves cell structures during pressing and act like a glue to
bind different components of material into the form of a briquette. It implies that additives
are finding between materials with high lignin content [146].

An example of a frequently used additive for mixing with other feedstock materials
is sawdust, which presents a suitable combination of lignin content and small particle size
[68; 95; 146; 171]. Countless representatives of commonly used additives can be found
between plant origin material [39], animal origin material and chemical or mineral
substances [68; 96]. Selection of appropriate additives and their ratio in feedstock was
scientifically investigated in many previous studies. It is important to realize that every
specific feedstock material suits different additives added in a certain ratio which forms a
unique mixture, leading to improvement of final briquette quality. Consequently, all
briquettes produced from a unique mixed feedstock must be subjected to tests to define
overall appropriateness of additives and a suitable ratio for use in feedstock. Many varieties
of different additives and their influences were investigated in previous research. Research
which studied the influence of cassava starch and wood ash additives on final quality of
briquettes produced from tropical hardwood sawdust concluded that the highest
improvement was exhibited by briquettes with cassava starch additive [39]. Other papers
analyzed, for example, the lignite additive in palm sawdust feedstock [96] or denatured rice
husk additive added in various biomass feedstocks. One study focused on dry cow dung
additive in briquettes made from raw mango and acacia leaves and saw dust exposed the
best mechanical durability of combination with 10 % of dry cow dung additive [68]. The
mentioned randomly selected additive materials reflect the wide scope of additive
utilization in briquette production in an attempt to improve the quality of final products
across various manufacturing sectors.
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Pressing mechanisms
Figure 39: Comparison of different technologies of low-pressure bio-briquetting (initial
bio-briquette samples moisture content Mc¢) [Authors data; 131]

Different pressing units (piston, screw) were used for feedstock material compression,
as well as the used pressure (see Table 21), could influenced both the levels of moisture
content M¢ and density p of produced bio-briquette samples. The comparison of the
mentioned two parameters within different pressing units are clearly expressed in Figures
39 and 40. As can be observed, the screw press led to better results than the piston press,
even when a lower level of pressure was used.

Bio-briquette density p
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i. Dry form

kg m3

Piston press Piston press Screw press
(1:1) (2:1)
Pressing mechanisms

Figure 40: Comparison of different low-pressure briquetting technologies [ Author’s data;
131].
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To monitor the relations between loaded pressure and achieved density p, the Table
23 was created to summarize previously published papers related to the efficiency of the
low-pressure brigquetting technology.

Table 23: Comparison of low-pressure presses and produced bio-briquette fuels.

Feedstock material Country ° P Reference
(MPa) (kg'm™)

Rice husk + bran USA 4.2 426.85 [130]
Sawdust NGA 1.1 310.00 [173]
Tannery solid wastes NGA 3.9 661.67 [174]
Mixed biomass* RSA 09-18 695.75 [131]
Rice straw 0.2-1.0 207.48

Banana leaves IND 0.2-1.0 179.69 [15]
Teak leaves 0.2-1.0 227.53

*32 % spent coffee grounds, 23 % coal fines, 11 % sawdust, 18 % mielie husks, 10 %
waste paper, 6 % paper pulp

P — operation pressure, p — bio—briquette density, USA — United States of America, NGA
— Nigeria, RSA — Republic of South Africa, IND — India, IDN — Republic of Indonesia

As can be seen in Table 23, the level of density p is not always higher if a higher
pressure is used. Clearly, there are several more factors which influence the final level of a
produced bio-briquette, such as type of used binder and feedstock, the ratio of binder and
feedstock, pressing unit and similar.

The achieved operation pressure occurred at a relatively low level if compared with
other published results (as shown in Table 23); nevertheless, the equipment was able to
produce bio-briquette fuel, and thus its viability was demonstrated. As measured after bio-
briquette sample production, the level of their density p also occurred at a lower level (if
compared with figures in Figure 40). Such a limitation could be eliminated by using a longer
lever which would cause a higher operation pressure P. Moreover, due to the variability of
such investigated presses, their different construction must be considered.

The selection of the investigated feedstock material was found to be successful. It
contained fibrous material (coconut fibre) in combination with waste paper which was
shredded into strips; hence, their mixing created a fixed bond between materials. As a
consequence, the utilization of fibrous materials is recommended for low-pressure
briquetting technology.
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4.4.5. Comparison of briquetting quality technologies

Manufacturing and utilization of a low-pressure briquetting press resulted in
production of bio-briquette samples, the mechanical quality parameters of which were the
point of interest, as well as the efficiency and suitability of such a press. After obtaining the
necessary information, the comparison of both used briquetting presses was complete,
namely, high-pressure and manual low-pressure briquetting presses. The results of such
investigation in terms of differences between the two mentioned pieces of equipment are
provided in Table 24. A particular emphasis has been placed on the suitability of specific
equipment for different production conditions and on user friendliness.

Table 24: Comparison of specific used high- and low-pressure technologies.

Properties Press type
High-pressure press  Low-pressure press
Operation pressure 80 — 100 MPa <5 MPa
Pressing chamber Cylindrical Square
Pressing unit Piston Piston
Power Electricity Man
Machine  power consumption 4.4 KW -
properties ;g 2.91 m? 0.07 m®
Weight 780 kg + 10 kg
Price + 335 000 CZK + 475 CZK*
Productivity 30 kg'h? <5kgh?
Shape Cylindrical Block
Diameter 40 mm; 50 mm 80 mm
Weight 116.64 ¢ 49.10 ¢
Bio-briquette  Height 56.67 mm 42.72 mm
properties Moisture content 9.11 % 67.50 %
Density 1094.64 kg'm® 201.73 kg'm®
Post-production None Drying
treatment
Storage Yes Hermetically sealed
Feedstock Moisture content 7—15% >50 %
requirements  Farticle size <10 mm <50 mm
Need of binder No Yes

84



*price of wooden version of press manufactured in Republic of Indonesia (2016) and
Socialist Republic of Vietnam (2018)

If considering all obtained information, differences were found in almost every
monitored parameter of the selected technologies. However, such differences did not
indicate unsuitability of specific briquetting technologiey these differences indicated that
each briquetting technology is suitable and advantageous in different conditions. Thus, the

efficiency of a specific briquetting press depends on the precise requirements of each press’
production conditions. Between the main monitored parameters contained the question of
target area (developing vs. developed country), the level of desired press development
(commercial vs. individual production), the mechanical fuel requirements (need of fuel
storage vs. direct utilization), financial investment issues or availability of properly trained
operators. The most visible difference between such technologies were observed during
visual inspection, see Figure 41.

a) b)
Figure 41: Comparison of used presses within different briquetting technologies: a) high-
pressure briquetting press, b) low-pressure briquetting presses.

Several main parameters must be considered, such as price and size of the presses.
Also, the need for electricity for the press work, requirements of the feedstock material and
most importantly the quality of produced biofuel represented by the bio-briquette density
p. Thus, the possible user or owner of such equipment must firstly define their own
possibilities, such as expectations regarding the press’ efficiency and the ability to ensure
the requirements of the press. When all such issues are clarified, the chosen type of
briquetting technology will fit into the conditions and satisfy those expectations.
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5. Conclusion

In general, this thesis has found that the reuse of all investigated waste materials (i.e.
waste biomass kind) is highly recommended with respect to their origin (biological
residues) in order to maintain principles of appropriate waste management and follow the
‘three R's’ of waste management: ‘Reduce — Reuse — Recycle’. If any material was not
found to be appropriate for the investigated briquetting technology itself, some other
possibility of its reuse is highly recommended.

The performed overall analysis of investigated waste biomass kinds represents
important knowledge related to the topic of solid biofuel production and covers the absence
of such analysis. The literature tends to focused only on one or a few specific waste
materials and their suitability for bio-briquette production, but the overall evaluation and
characterization of specific waste biomass kinds has been missing in the available
theoretical background. Thus, the statement of each waste biomass kind’s parameters
extends the field in a theoretical manner, as well as in practice. The following parameters
for specific waste biomass kinds were demonstrated:

e Wood - high level of chemical quality indicators, lower (but still satisfactory) level
of mechanical quality indicators. Nevertheless, suitable for the investigated purpose
in all cases.

e Herbaceous — average satisfactory level of chemical quality indicators (quality
requirements achieved) and excellent level of mechanical quality of bio-briguette fuel

e Fruit — suitable for process of direct combustion (extremely high energy potential,
satisfactory ash content), but low level of bio-briquette mechanical quality — need for
the use of a binder, other additive or mixing with other waste biomass kind

e Agquatic — unsuitable properties for process of direct combustion (low energy
potential, high moisture and ash contents); thus, not suitable for bio-briquette fuel
production

e Mixed — it would be misleading to generalize this area; results depend on the content
of mixed waste biomass. Nevertheless, such waste biomass kind represents a
significant advantage in combining different waste materials with specific properties,
which (in the right case) leads to elimination of negative properties of bio-briquette
fuel and increasing their positive properties.

Nevertheless, determination of such statements was accompanied with problems and

complications due to the obtained values’ generalization within specific waste biomass
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kinds, insomuch as extending occasional differences between results for specific waste
materials. Despite such differences, prevalent quality indicators occurred at the same level
within specific waste biomass kind, and thus a statement regarding their quality parameters
was possible and successful.

In the end, it can be concluded that the investigated biological residues originated
from agriculture crops which are not cultivated for energy production purposes, but a
significant part of them were found to have high potential for energy generation (by direct
combustions).

The research partly focused on development and verification of a manual low-
pressure briquetting press manufactured from wood components. The representative of a
low-pressure briguetting technology was successful within the entire process of equipment
design, manufacturing, operation and bio-briquette sample production. However, a
limitation was observed in operation pressure, which occurred at a very low level; thus,
changes in the design (lengthening of the lever) of the equipment are recommended in order
to increase the operation pressure P and therefore also the mechanical quality of the
produced bio-briquette fuel (namely, the density p).

The overall evaluation of the investigated equipment’s applicability in practice
indicated that it is a suitable technology for energy generation and waste management in
rural areas in developing countries due to its simplicity and intelligibility.

By combination of all observed primary data related to the chemical parameters of
various kinds of waste biomass, their energy potential and the mechanical parameters of
various kinds of bio-briquette fuel, combined with the observed knowledge of low-pressure
briquetting, was performed and monitored, experimentally investigated and evaluated for a
wide range of applications of various briquetting technologies for clean renewable energy
generation and appropriate waste management in different developed and developing areas.
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