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Abstract

The need for mechanical disintegration of the biomass is very current topic with
regard to the requirements of an agrarian sector. The disadvantages of commonly
applied devices are their limited use of moist biomass and high energy consumption

for disintegration.

The treatment of materials by means of high-speed grinding allows combining
the milling effect (surface refinement) with an increase in the internal energy
of the treated substances. There is a direct link between the rotor speed and the
output particle size of the milled material. Due to the amount of energy generated
during the grinding process and transferred to the processed material, a significant

reduction of moisture content of the treated material is achieved.

In collaboration with LAVARIS Ltd., two types of high-speed mills were used.
LAV 400/1R with single rotor and single stator and LAV 300/2R, a double rotor H. S.
Mill. These mills were predominantly designed for crushing of concrete, rubber and
C&D waste. The objective of the new technical solution can be described as assuring,
that treatment of materials by means of high-speed grinding allows combining the
milling effect (surface refinement) with an increase in the internal energy of the
treated substances. Besides that, Due to the amount of energy generated during the
grinding process and transferred to the processed material, a significant reduction
of moisture content of the treated material is achieved. This confirmed by measuring
moisture content reduction in the grinded material as an effect of size reduction
process by using high-speed mill, and to evaluate the energy consumption of all the

method.

For experimental purposes the following materials were used: apple tree wood,
above-ground biomass of Miscanthus (Miscanthus sinensis) and pine sawdust
(Pinus L.). Selected types of used materials are representatives of woody biomass from
the fruit tree, herbaceous biomass and typical woody biomass for biofuels that can be

found in abundant quantities on agriculture enterprises.



Disintegration of biomass on example materials took place together with
testing of real-time drying in order to achieve a desired fraction (particle size)
and moisture content of biomass material. Experimental tests on H. S. Mills have
shown the following results: for the apple tree wood the output was a significant
fraction size reduction, especially for the initial fraction bigger than 1.5 mm from 55%
to 15% using LAV 400/1R. In case of Miscanthus sinensis, it was a size reduction from
61% to 13%. Also, in the pine wood sawdust the size reduction was obvious, from 49%
to 12%. When using LAV 300/2R the size reduction in apple tree wood was to 11%,
Miscanthus sinensis to 7% and pine wood sawdust was to 27% of the tested samples.
Testing on LAV 400/1R on full rotor speed showed a reduction of moisture content
in apple tree wood from 21.76% to 12.25%, in Miscanthus sinensis from 24.43%
to 14.78% and from 37.08% to 23.87% in pine wood sawdust..

Based on the results, it can be concluded that the mechanical disintegration
of biomass by high-speed mills has a great potential to become an effective part of raw
materials’ pre-treatment technology, not only in agriculture, but also in production

of different types of biofuels like densified, pyrolysis.

This kind of application for H. S. Mills seems to be promising solution not only
for biomass material, but also for other material, where the reduction of moisture

content is a major challenge.

Keywords: pine sawdust, Miscanthus sienensis, apple tree wood, particle size,
high-speed mill, sieve analyses, moisture content, solid biofuels, biomass drying, low

energy drying.



Abstrakt

Potifeba mechanického drceni biomasy je velmi aktudlnim tématem s ohledem
na pozadavky agrarniho sektoru. Nevyhodou béiné pouZivanych zafizeni je jejich

omezené pouziti vihké biomasy a vysoka spotfeba energie pfi drceni.

Zpracovani materidll pomoci vysokorychlostniho mleti umoziiuje kombinovat
ucinek mleti (zjemnéni povrchu) se zvySenim vnitfni energie oSetfovanych latek.
Existuje pfima souvislost mezi rychlosti rotoru a vystupni velikosti ¢astic mletého
materidlu. Diky mnoZstvi energie generované béhem procesu mleti a prenesené
do zpracovaného materidlu je dosazeno vyznamného snizeni obsahu vlhkosti

osSetreného materialu.

Ve spoluprdci s LAVARIS s.r.o. byly pouzity dva typy vysokorychlostnich mlyn(.
LAV 400 / 1R s jednim rotorem a jednim statorem a LAV 300 / 2R, vysokorychlostni
mlyn s dvojitym rotorem. Tyto mlyny byly prfevazné uréeny pro drceni betonu, gumy
a stavebniho odpadu. Cil nového technického feSeni lze oznacit jako stvrzeni,
Ze zpracovani materialll pomoci vysokorychlostniho mleti, umoznuje kombinovani
mleciho efektu (zjemnéni povrchu) se zvySenim vnitini energie zpracovanych latek.
Kromé toho se diky mnoistvi energie generované béhem procesu mleti a prenesené
do zpracovaného materialu dosahne vyznamného snizeni obsahu vlhkosti osetfeného
materidlu. To se potvrdilo mérenim sniZzeni obsahu vlhkosti v mletém materidlu,
jako ucinek procesu zmensSeni velikosti ¢astic, pomoci vysokorychlostniho mlynu

a vyhodnoceni energetické spotreby vSech metod.

Pro experimentdlni Ucely byly pouzity ndsledujici materidly: dfevo jabloni,
nadzemni biomasa miscanthus (Miscanthus sinensis) a piliny borovice (Pinus L.).
Vybrané druhy pouzitych materiall jsou zastupci drfevni biomasy z ovocného stromu,
bylinné biomasy a typické dfevni biomasy pro biopaliva, kterd se v zemédélskych

podnicich vyskytuji v hojném mnozstvi.

Dezintegrace biomasy na testovanych materidlech probihalo spolecné
s testovanim suseni v redlném Case, aby se dosahlo poZzadované frakce (velikost ¢astic)

a obsahu vlhkosti v biomasovém materidlu. Experimentalni testy na VR Mlynech



ukazaly nasledujici vysledky: pro drevo jabloni bylo vystupem vyznamné snizeni
velikosti frakce, zejména pro pocatecni frakci vétsi nez 1,5 mm z 55% na 15%
pri pouZiti LAV 400 / 1R. V pfipadé Miscanthus sinensis se jednalo o zmenseni velikosti
z 61% na 13%. Také v pilindch z borovicového dfeva bylo zfejmé snizeni velikosti z 49%
na 12%. PFi pouziti LAV 300/2R bylo snizeni velikosti jabloriového dreva na 11%,
Miscanthus sinensis na 7% a piliny z borovicového dieva na 27% testovanych vzork.
Testovani na LAV 400 / 1R pfi plné rychlosti rotoru ukazalo snizeni obsahu vlhkosti
v jablofiovém drevu z 21,76% na 12,25%, v Miscanthus sinensis z 24,43% na 14,78%

az37,08% na 23,87% v pilindch z borového dreva.

Na zdkladé vysledkl je moiné konstatovat, Ze mechanické dezintegrace
biomasy vysokorychlostnimi mlyny ma velky potencidl, stat se ucéinnou soucasti
technologie predupravy surovin, nejen v zemédélstvi, ale také ve vyrobé rdznych druh(

biopaliv, jako jsou Brikety, pelety a pyrolyza.

Tato aplikace pro V R mlyny se zda byt nadéjnym feSenim, nejen pro biomasu,

ale také pro dalsi typy materiald, kde je sniZeni vihkost materialu hlavni vyzvou.

Klicova slova: Piliny, Miscanthus sinensis, jablofiové drfevo, velikost C(astic,
vysokorychlostni mlyn, sitova analyza, obsah vlhkosti, pevna biopaliva, suseni biomasy,

nizkoenergetické suseni.
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Introduction

1. Introduction

Human society recognizes that technology alone cannot resolve the
contradictions of population growth and environmental pollution. There is a big need
for interaction of moral, economic and legal constraints and instruments. The growth

of human environmental consciousness must play its role.

The proper way to fulfil the theory of sustainable development is by its
constantly development and evaluation or control. The original concept has been

replaced by a briefer concept of "sustainable development".

The new era of the three great "E" has dominated the present century in the
evolution of the human population. Ecology, energy and economics are among the
most widely used words in today's technology practice. Pressure from the end
consumer then leads to the adoption of number of measures, within the already
operated technologies (compliance with the requirements of environmental
legislation, integrated prevention) but it also affects the upcoming industrial activities,

Uribe-Toril et al. (2019).

The use of voluntary environmental activities at the enterprise level in agrarian
sector is therefore of great importance both for the enterprise itself and for society
as a whole. Environmental recovery could be a result of using of preventive focus
of voluntary instruments and thus contributes significantly to the realization
of sustainable production and consumption, resp. sustainable development. At the
agrarian farms level, there are other benefits, such asincreasing competitiveness,

building a better image or saving operating costs.

Size reduction of agricultural products and by-products is a key issue for the
further utilization of the materials, Chitoiu et al. (2016) together with a moisture
content. Particle size is an important parameter having an impact onthe
characteristics of loose particulate biomass (e.g. flow ability, compaction,
compressibility) as well as mechanical properties of densified biofuels (bulk density,

strength, mechanical durability), thus largely affecting their quality and performance
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Pietsch (2008); Tumuluru et al. (2011); Guo et al. (2012); Chaloupkova et al. (2016);
Muntean et al. (2017); Chaloupkova et al. (2018).

Mechanical disintegration significantly decreases the size of materials’ particles
and biomass volume resulting in lower costs of storage, transport and use Guo et al.
(2016); Muntean (2017). Grinding, cutting or crushing is carried out by different types
of mills, using various energy sources, where the most widely used is a hammer mill,
Chitoiu et al. (2016). For the purpose of biomass disintegration for biofuel production,
the devices that operate on the principle of shear action (colloid mills, extruders)
or shear forces (blade, striking mills) are commonly applied to disintegrated materials
with a moisture content over 20 wt%, Kratky & lJirout (2015). However, their
disadvantages lie in the limited use of moist biomass and high energy demands,
Tumuluru (2018). According to Manlu et al. (2003) besides the grinding degree being
avery important indicator, the size reduction has a direct relationship to energy

consumption per unit.

"Drying" is the process in which the product is dried until the
"safe-moisture" is reached, by removing the water content from the materials. Drying
is the utmost commonly used method for the protection of agricultural products
or food. Drying of biomass is a crucial operation from technological point of view;
thanks to drying the material which would destruct in its natural state very quickly can
be stored for a long time, however, drying often involves high energy consumption.
That is why, it is essential to find/select an optimal drying equipment. Moreover,
the speed of drying is affected by size, shape and type of the used material lvanova

et al. (2012).

The drying methods are variable and can be classified as natural convention,
electrical and mechanical methods Veerakumar et al. (2014). The oldest and the
simplest method is drying in open atmospheric space, known as Open Yard Sun Drying
Method. Sun Tunnel drying or Mixed Mode Dryer, which is a natural convection
of solar dryer integrated with a simple biomass burner and bricks for storing heat,

Kituu et al. (2010).
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Oven drying is a simple electric method, with no need for extra special
equipment, but can be used on a small scale, Veerakumar et al. (2014). Spotlight
drying method was shown by Manjula et al. (2011) in a laboratory experiment.
Mechanical drying methods for agro products, especially biomass, are using several
types of dryers. Dryers can be divided into two categories, direct and indirect, depends
on whether the heat is in direct contact with the material or using a heat exchange

surface, Wade A. Amos (1998).

Tray dryer, Band (belt) dryer, Rotary dryer, Roller Dryers Fluidized Bed Dryer
and Spray dryer are methods/technologies of mechanical drying mentioned
by Veerakumar et al. (2014). Wade A. Amos (1998) described Rotary Dryer, Flash

Dryers, Disc Dryers, Cascade Dryers and Superheated Dryers.

Size reduction has a direct relationship to the energy consumption per unit, and
another important indicator is the grinding degree, Manlu et al. (2003). Milling, i.e. size
reduction of agricultural products and by-products is a key issue in the process
of further use of these materials. Grinding, cutting or crushing is provided by different

types of mills, using various energy sources Chitoiu et al. (2016).

Particle size is an important factor having impact on many characteristics
of loose particulate biomass (e.g. flow ability, compaction, compressibility) and
mechanical properties of densified biofuels (bulk density, strength, mechanical
durability), thus largely affecting their quality and performance, Pietsch (2008);
Tumuluru et al. (2011); Guo et al. (2012); Muntean et al. (2017); Chaloupkova et al.
(2016), Chaloupkova et al. (2018). Grinding significantly decreases the size of materials’
particles and biomass volume resulting in lower costs for storage, transport and

utilization Guo et al. (2016); Muntean (2017).

Mechanical pre-treatment is the simplest technique for effectively disrupting
the lignocellulose matrix. It improves the biodegradability of the native substrates
by breaking large structures into shorter chains, thus making the biodegradable

components more accessible to microorganisms, Kratky et al. (2015).




Introduction

Generally, the importance of developing the sustainable and renewable energy
sources, mainly improving the efficiency of such systems for a proper energy saving,
is rapidly expanding, Shih et al. (2016). For example, thermo-chemical treatment like
combustion or gasification is already a known way of biomass utilization for heat and
power generation, Kirsanovs et al. (2014), andsince the last years a pyrolysis
technology attracts an increasing scientific attention, too. However, the process
of pyrolysis is energy-intensive (especially rapid pyrolysis), mainly the pre-treatment
of a material before the process like pre-drying of biomass, Rogers & Brammer (2012)
as well as size reduction, Choi etal. (2012). Therefore, it is advisable to include
disintegration, press or drying unit prior to the pyrolysis reactor, De Jong & Van
Ommen (2014). The main purpose of the presented dissertation Thesis is to analyse
the possibility of using High-Speed Mills as an alternative solution for combined

biomass drying and milling.
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2. Literature review

The presented thesis is divided into two fundamental parts, namely theoretical
and empirical part. The first, theoretical part of the thesis is based on a literature
review of scientific books, published academic articles in impacted journals, and other
electronic sources. In the individual chapters, biomass is briefly defined as a central
concept of the whole presented text. Special attention is paid to the process and
methods of biomass grinding and also to the process and methods of biomass drying.
Firstly the process of crushing and drying of biomass is defined, and at the same time,
the importance of these processes is pointed out, main attention is paid tothe
description and analysis of the main methods involved in the processes of drying and
crushing of biomass, with focus on the tested method of crushing and drying in one
process by using of High-Speed Mills. The aim of the theoretical part is to introduce

the issue of drying and crushing of biomass in the context of its global significance.

The second, empirical part of the thesis focuses on the description and analysis
of the research itself. This was realized through testing on two types of HSM. With this
in mind, the empirical part will firstly focus on the description of techniques, tests,
measurements and results on both types of machines individually, and then
a comparative evaluation will be carried out in order to formulate recommendations

for practice.

2.1 About biomass

First, it is necessary to briefly define the term biomass, which represents the
central concept of the whole dissertation thesis. The literature offers many different
definitions of biomass. For example Goldemberg (2012) defines biomass as the generic
name which is given to material generated by living organisms (wood, charcoal)
or organic residues from animals and agriculture, which all these can be used as energy
sources. In a similar way, Musil (2009) also states that biomass is a substance
of biological origin, where this soil substance is represented, for example, by the
cultivation of plants in soil or water, as well as by organic production or, for example,

by organic waste. At the same time, this author adds that “biomass is either
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deliberately obtained as a result of production activities, or it is the use of garbage
from agricultural, food and forestry production, municipal management, landscape
maintenance and care”. Another source, the U.S. Energy Information Administration
on its website mention that biomass can be defined as organic material from plants
or animals, which at the same time constitutes a renewable energy source, where
biomass can be burned directly, but can also be converted into liquid biofuels,
or biogas, which can then be burned as a fuel energy . Within the Czech Republic,
biomass is also dealt with in many legislative documents, or in many acts, codes,
or decrees. For example, Act No. 165 of 31 January 2012 on promoted energy sources
and on amendment to some laws, defines biomass as ,a biologically degradable part
of products, waste and residues of biological origin from agriculture and forestry and
related industries, agricultural produce grown for energy purposes and biologically

degradable part of industrial and municipal waste”.
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Figure 1. Biomass traditional sources. Source: Zafar (2019)
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It has been nearly 800,000 years since man discovered fire. Exactly into this era
of human development can also date the use of burning wood as an energy source.
Until the 18th century, biomass was the most important energy source in the world.
Also, some countries (such as Mozambique or Ethiopia) currently cover more than 90%
of primary energy consumption by so-called traditional biomass. At the same time,
biomass has become almost insignificant until the 20th century in industrialized
countries. In Germany, for example, the share of biomass was less than 3% of primary
energy consumption in 2000, Quaschning (2010). In this respect, Smil (2018) adds that
"biomass energy can become an important component of the future energy supply, but
only in the case of large-scale and intensive production of selected plant and tree
species capable of converting to liquid or gaseous fuels or electricity using modern
technologies". The same author states that this strategy has three fundamental
shortcomings. The first is that photosynthesis works at a very low energy density, and
so large-scale biomass fuel production will require vast farmland. The second
drawback is the fact that mankind is already taking advantage of a very substantial,
nearly 40% share of the net primary biosphere productivity through the harvesting
of food and feed crops, logging, but also the deliberate establishment of forest fires.
A further burden on massive fuel production would undoubtedly lead to a continuing
loss of biodiversity, as well as a deepening degradation of the environment. The last
major drawback that cannot be ignored is the high cost of large-scale biomass energy
production, Smil (2018). The above-mentioned photosynthesis is the basis of biomass
formation, because this biological process of photosynthesis relies to the production
of biomass, Staffell et al. (2015). “The process of photosynthesis in green plants
absorbs carbon dioxide from the atmosphere, combines it with water, and uses the
energy of sunlight to create carbohydrates and oxygen. These carbohydrates — which
include various types of sugar, starches, and fibers — form the building blocks of all
biomass material. The efficiency with which plants convert sunlight into biomass varies
among species and conditions, with a maximum as high as 6 % and an average closer
to 1 %", Grinnell (2015). From biomass can be obtained the energy, which is known as

biomass energy, Khan (2009).
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According to the Act No. 165 of 31 January 2012 on promoted energy sources
and on amendment to some laws, biogas can be defined as a gaseous fuel produced
from biomass, which is used for generating power, heat, or for bio-methane
production, than bio-methane represents adapted biogas, when its quality and purity
is comparable with natural gas, and thanks to this bio-methane is regarded as natural
gas after it enters the transport or distribution system. At the same time, this
document defines bio-liquid as well. Bio-liquid is a liquid fuel produced from biomass,
which is used for power and heat generation (Act No. 165 2012). “Biomass is the only
renewable energy that can be converted to liquid fuels or chemical inputs
without major technical obstacles” (Act No. 165 2012), anyway, the use of biomass for
energy purposes has a number of limits that make biomass not widely used as one
of the renewable energy sources. In terms of limits, Musil (2009) states in particular

the following:

of course, biomass production for energy purposes competes with other uses

of biomass, such as for food and feed purposes, the provision of raw materials

for industrial purposes, or the non-production function of biomass;

- increasing biomass production, as mentioned above, requires an increase in the
production area or an increase in the intensity of biomass production, which

implies an increase in the need for investment;

- the extraction of energy from biomass in terms of economic demands and
benefits is currently unable to compete with the use of traditional energy

sources,

- the maximum use of biomass resources for energy purposes is problematic
worldwide, particularly with regard to the deployment of biomass resources
and, at the same time, to the location of energy consumers. This deployment
of inputs and the use of outputs would cause problems with the accumulation,

transport and distribution of the energy obtained;

- the need for large areas for plant cultivation for energy use, depending on the

low energy density contained in biomass.
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Garcia-Maraver et al. (2015) and Perez-limenez (2015) also state that
“compared with conventional heating systems, such as oil or gas boilers, biomass
technology still entails disadvantages in terms of space, efficiency, particulate
emissions and maintenance. In light of the low energy densities yielded, the collection
and transportation of biomass can be cost prohibitive. On the other hand, biomass
fuels tent to have a high moisture content, which adds weight and increases the cost
of transportation. The moisture content also decreases combustion performance.
Nevertheless, an intelligent design and sophisticated technology can minimize these

disadvantages”.

Figure 2. Pellets and briquettes from new sources of biomass. Source: LAVARIS

Of course, attention should not only be given to these shortcomings, but also
to the benefits of using biomass for energy purposes. Musil (2009) mentions

in particular the following:

biomass as an energy source has significantly less negative environmental

impacts compared to other energy sources;

- biomass is a renewable energy source, as well as a domestic source, which

reduces the consumption of imported energy sources;
- biomass resources are locally unlimited;

- the use of biomass as an energy source is an efficient use of combustible,

sometimes toxic waste;
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- managed biomass production contributes to the creation of the landscape

as well as to the management of it.

2.2 Biomass classifications

From the point of view of biomass classification, the distribution according
to different criteria is used in practice. Biomass resources include natural and derived
materials usually classified in view of their origin. These biomass sources could be
divided into three principal groups — natural biomass, which is available directly
in natural ecosystems, residual biomass, which is coming from the development
of different activities, and energy corps, with the sole objective of producing biomass
for energy purpose, Garcia-Maraver et al. (2015). Although it would be possible to deal
with different divisions of individual authors, it is much more appropriate to use one,

in my opinion, structured and detailed division, which lists Risollo-Calle (2012):

- Natural forests/woodlands — this group includes all biomass in high standing,
closed natural forests and woodlands, when forests can be defined as having
a canopy closure of 10-80 %, and so this category can also include forest

residues;

- Forest plantations — this category includes both commercial and energy
plantations, and the total contribution of bioenergy in the future will be
strongly linked to the potential of energy forestry and crops plantations,

because the potential of residues is more limited;

- Agro-industrial plantations — this category includes forest plantations, which
are specifically designed to produce agro-industrial raw materials, and wood

is collected as a by-product;

- Trees outside forests and woodlands — category which consists of trees grown
outside forest or woodland, and including bush trees, urban trees, roadside
trees, as well as on-farm trees. It is important to mention, that outside trees
have a major role as sources of fruits or firewood, but their importance should

not be underestimated;
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- Agricultural crops — this category includes crops grown specifically for food,

fodder, fiber or energy production;

- Crop residues — within this category are crops and plants residues produced

in the field;

- Processed residues — category which consists of residues resulting from
the agro-industrial conversion or processing of corps, such as sawdust, sawmill

off-cuts, bagasse, nutshells or grain husks;

- Animal wastes — this category includes waste from both intensive and

extensive animal husbandry.

2.3 Biomass size reduction

Factors like high volume, low density characteristics of agriculturally produced
biomass are a major weakness to using biomass feedstock for many processes,
including bioenergy production (ORNL 2003). Transportation costs are higher due
to low density and often makes it difficult to feed the material into processing
equipment at existing facilities. First step in densification is the size reduction, which

reduces the volume of biomass.

Figure 3. Studied materials

From left: Apple tree wood, Miscanthus sinensis and Pine wood sawdust.

Lack of engineering/ scientific knowledge of biomass fiber grinding delays
the use of some feedstocks for biomass use. This unusual with our accepting
of grinding brittle-materials that are mathematically described, Austin (1971).

Although milling and grinding is one of the oldest methods for processing biomaterials,

11
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we know very little about optimizing the process based on the mechanical properties
of the material to be ground. Mohsenin (1986) concluded that almost all of the energy
in the grinding process is wasted as heat, and that from 0.06 to 1% of the input energy

actually disintegrated the material.

Several ways of obtaining energy from biomass and preparing biomass for

energy use can be distinguished as follows Musil (2009):

thermochemical conversion of biomass or dry processes, which include,

for example, combustion, gasification or pyrolysis;

- biochemical conversion of biomass, or wet processes that involve alcohol and

methane fermentation;

- physical and chemical conversion of biomass, where mechanical
transformations include splitting, crushing, pressing, grinding, or pelleting for

example, and chemical transformations include esterification of crude bio-oils;

- recovering waste heat in biomass processing through, for example,
composting, aerobic wastewater treatment, or anaerobic fermentation of solid

organic waste.

In practice, it can be observed that the process of crushing biomass generally
takes place as part of the process of drying biomass. In this respect, many researches
have been carried out to see how it affects biomass and its crushing characteristics
following the drying process itself. As an example, research conducted by Luo et al.
(2014) presented biomass pulverization technology, and they focused on presentation
of results of the further detailed studies of this technology. “The effects of feed
moisture and crusher operational parameters (rotor speed and blades gap) on product
particle size distribution and energy consumption were investigated. The results
showed that higher rotor speed and smaller blades gap could improve the hit
probability between blades and materials and enhance the impacting and grinding
effects to generate finer products, however, resulting in the increase of energy
consumption. Under dry conditions finer particles were much more easily achieved,

and there was a tendency for the specific energy to increase with increasing feed

12
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moisture. Higher rotor speed generated much finer particles with higher energy
consumption. Decreasing blades gap can improve products quality; however,
it resulted in the increase of specific energy. The effect became less significant when
the blades gap was below 8 mm. higher feed moisture resulted in the decline
of products quality and the increase of energy consumption. Therefore, it is necessary

for the raw biomass material to be dried before pulverization” Luo et al. (2014).

Biomass crushing, as a process of size reducing, is generally defined as process
in which the particle size of a solid is made smaller. Size reduction is usually required
before the biomass is used, or before it's stocked. Smaller particles and pieces
of biomass without doubt reduce its storage volume, but also insure facilitate handling
of the material in the solid state and transport of the material as a slurry
or pneumatically, and sometimes it permits ready separation of components such as

bark and whitewood, Klass (1998).

As mentioned above, biomass crushing is one of the mechanical processes
of biomass processing, preparation and utilization. By means of these mechanical
processes, biomass is adjusted to a pre-final or final form. These necessary
adjustments facilitate both the transport of biomass and its subsequent use to obtain
energy. Mechanical treatments include sawing for processing wood into lumber and
fuel, crushing, which serves primarily as a precursor to the production of briquettes
and pellets, and also chipping and pressing briquettes or pellets, where these products
are subsequently used primarily for heat and electricity production Vobofil (2017).

The crushing process uses crushers.

These can be divided into low-speed shredders (which are further subdivided
into single and double rollers) and high-speed shredders (which are further subdivided
into disc and drum) (City plan 1997). Finally, it may be noted that the crushing
of biomass in practice usually results in parts that reach up to 5x5mm in terms

of range.

Energy and power requirements in size reduction is a key issue, the cost

of power is a major expense in crushing and grinding, so the factors that control this
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cost are important. For a proper understanding, we have to take in consideration the

following size reduction lows:
1. Rittinger’s law;
2. Kick's law;
3. Bond's law.

Rittinger’s law: The energy required in crushing is proportional to the new

surface created as a result of particle fragmentation.
Kick’s law: The Energy is proportional to the size reduction ratio.

Bond’s law: The total work input represented by a given weight of crushed
product is inversely proportional to the square root of the diameter of the product

particles.

The common and mostly extended method and machine used for size
reduction is hammer mill. Hammer mills are widely used in food and feed industries
due to its advantages of high productivity and flexibility of grinding a large variety

of products Chuanzhong et al. (2012).

A scheme of a hammer mill produced by LAVARIS is shown in Figure 4.
The importance of this mill is the simplicity and uncomplicated design of the hammers.
The construction of the mill allows the use of different types of hammers, which can be

changed and selected according the characteristics and structure of milled material.

The importance of such a design, that the hammer mill can process different
materials, from minerals, hard biomass, fiber structure biomass, paper, glass and

polymers.

14
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Figure 4. Hammer mill LAV/ HM-350. Source: LAVARIS
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2.4 Biomass drying

The next chapter deals with the drying of biomass as a process that is essential
not only for the processing and use of biomass, but also for the storage itself.
The biomass is harvested in the field at higher moisture content, but this results in the
biomass being biologically unstable. Drying helps to reduce moisture, which helps
biomass to become aerobically more stable and decreases grinding energy in the
process, not only stabilizes the biomass for storage “Furthermore, transport of dried
biomass can be more efficient because less water needs to be moved” Tumuluru
(2018). Hromadko (2012) states that drying of biomass represents a very simple
process to the removal of excess moisture. Heat is used during the process of drying
of biomass, which affects the moisture or water content of the biomass. The following
example of beech wood shows how significant the moisture is. Absolutely dry beech
wood, or beech wood with 0 % water content, has a calorific value of 5 kWh.kg™. If the
wood is dried outdoors in the open air, the water content drops to 12—-20 %. In order
to achieve this decline, it is necessary for the wood to be split into logs, followed by air
drying under a shelter for at least a year (but ideally two years). It should be noted
here that the water content of wood which is dried in confined spaces can even be
reduced to up to 10%. From the point of view of calorific value, however, it should not
be forgotten that even with beech wood with a 15% water content, the calorific value
is 4.15 kWh.kg!. For example, for freshly cut wood with a 50% water content,
the calorific value drops to 2.16 kWh.kg! , Quaschning (2010). If the calorific value
of absolutely dry beech wood and freshly slaughtered beech wood is compared, it can
be seen that the 50% moisture difference causes a decrease in the calorific value
to about half. This information only points out why and how the drying process
of biomass is essential for the use of biomass, whether from an energy or economic

perspective.

Moisture of wood means the proportion of water content in it, and
the proportion of other wood components is collectively referred to as "dry matter".
In wood, the water content ranges between 65% (raw) and 10-20% (dried), Zarybnicka

(2015). “Because wood is made up of various kinds of cells, water is contained in wood
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cells in two ways: “free” water held in the cell lumen (cavity), and adsorbed or “bound”
water attached to the cellulose in the cell wall” Cheng et al. (2017). The water content
in biomass of course varies with the type of raw materials, and it is important
to mention that even for one tree, the water content is not the same everywhere,
which is caused by different growing seasons as well as different parts. In the moment
when the water content is below 30 %, wood will tend to dry shrink due to water loss
and wet expand due to water absorption. Biomass raw materials can be divided on the

basis of water content as following Wang et al. (2016):

Absolutely dry wood — this wood has after drying a constant weight and

no water;

- Green wood — with average water content between 50 and 100 % of absolutely

dry weight;

- Moist wood — with commonly water content greater than 100 % after water

or wet transport;

- Air-dried wood — by using air drying, when water content is usually between

12-18 %;

- Kiln-dried wood — by using normal artificial drying with water content

of 7-15 %.

Free water (also called capillary water) - it is the water that is in the blood
vessels and cell cavities and is the first to evaporate in the drying of wood. This water
evaporates on its own or can be removed mechanically from the wood, for example
by pressing or centrifuging. At the same time, however, free water is much less
important than bound water Zarybnicka (2015). In terms of how free water affects the
properties of wood, it should be noted that it affects only its weight Cheng et al.
(2017). Wang and Luo mention that free water presented not only in biomass cell
cavities, but also in intercellular spaces, and this water influences the density,

combustion characteristics and permeability of biomass Wang et al. (2016).

Bound water (sometimes also called hygroscopic water) — it is the water

attached to the cellulose in the cell wall, which does affect many properties of wood
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Cheng et al. (2017), and it is much more difficult to remove bound water within the
drying process. This water is bound by hydrogen bridges to the hydroxyl groups of the
amorphous portion of cellulose and hemicelluloses. Bound water cannot be removed
from the wood mechanically, but only with the help of heat, and is therefore
essentially a conversion of liquid moisture to water vapor. Bound moisture is formed
in wood due to binding with substance molecules and is characterized by specific
physicochemical properties. In particular, the following should be mentioned

Zarybnicka (2015):

- bound water has a specific heat capacity, which is lower than normal and

approximately equal to the specific heat of ice;
- bound water freezes at very low temperatures below freezing;
- bound water has a higher density compared to free humidity;

- bound water is non-conductive (essential difference compared to pure water),

because it does not contain soluble substances.

Chemically bound water — this water in biomass can only be removed
by burning (more specifically by thermal drying techniques only Nunes et al. (2017),
and therefore chemically bound water occurs even at zero absolute humidity. It is
detected in chemical analyses of fuel and its total amount is between 1-2% of dry

matter Zarybnicka (2015).

Studnic¢kova (2017) sayed that “drying of biomass is an operation necessary
to achieve its long-term shelf life. It must be free of virtually all moisture, whether
before storage or before combustion - high humidity reduces overall energy
efficiency”. In practice, biomass drying is divided into passive and active drying,
depending on whether the biomass drying process is carried out using the dedicated
technology. More attention will be paid to passive and active biomass drying

in the following sub-chapters.
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2.4.1 Passive (open air drying) of biomass

Passive drying (also called open air-drying) of biomass has been de facto
already described above. Passive drying of biomass is certainly the oldest way
of removing moisture, and at the same time it is the basic and natural way in which
biomass is dried using free drying in a place where good air circulation is ensured while
the material is protected from rain. The final moisture of passive, open air-drying,
depends mainly on the size of the material, but as well on characteristics of the
material and on its ambient condition. Typical final moisture of this type of drying
of biomass is 15-35 %, Tumuluru (2018). At the same time, it should be noted, that
open air-drying of biomass is really slow, and, of course, it is impacted by weather
conditions Crocker (2010). This slow process of drying can result in the biomass quality
loss. The biomass cannot be dry sufficiently, and the material cannot meet
the moisture specifications for thermochemical applications such as pyrolysis

or gasification, Tumuluru (2018).
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Figure 5. Mixed mode dryer. Source: Prakash et al. (2017)

Open air-drying of biomass “seems to be ideal in terms of cost, but we will find
some economic disadvantages in more detail. The main disadvantage of natural drying
is the low speed, which results in the need for large storage areas and spaces, which

can often be expensive. The demand for energy is almost zero, but the costs
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of transport and handling are increasing”, Zarybnickd (2015). Regarding advantages
of passive dryers should be mentioned that this method of drying biomass is

characterized by low capital and running costs, and it is the simplest method.

At the same time, as disadvantages should be mentioned, that passive drying
has low capacity Prakash et al. (2017). Another disadvantage that should be mentioned
is mainly the fact that open air-drying of biomass does not meet international
standards of quality drying, and of course, there is a disadvantage of air movements,

rodents, birds and insects, as well as the risk of unexpected rain Sharma et al. (2015).

2.4.2 Active drying of biomass

In addition to the above-mentioned passive drying methods, active drying
systems (also called forced convection systems) are also used in practice, since passive
methods may not always achieve the desired drying results. Active drying methods
take place in drying ovens, and compared to passive methods, it should be noted that
these methods are supplied to the process of drying energy from an external source.
“Active dryers are employed when commercial-scale drying operation must be
accomplished within a short duration. They rely on fans or blowers to furnish air draft
through the system. Active dryers are becoming increasingly important”, Prakash et al.
(2017). As was the case with passive drying systems, here too, the systems can be
divided into direct, indirect and mixed, the principle of these systems remaining the
same as described above. In any case, at least some methods of active biomass drying

should be briefly mentioned.

2.4.2.1 Rotary dryer method

This system is based on slow rotation and warm air flow, which ensures
efficient drying. “Rotary drying is one of the many drying methods existing in unit
operations of chemical engineering. The drying takes place in rotary dryers, which
consist of a cylindrical shell rotated upon bearings and usually slightly inclined to the
horizontal. Wet feed is introduced into the upper end of the dryer and the feed
progresses through it by virtue of rotation, head effect, and slope of the shell and dried

product withdrawn at the lower end”, Mujumdar (2014). It should be also mentioned
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that rotary drying systems (together with fluidized bed drying systems) are the two
most common used methods, which have been applied successfully in the industry,
Pang (2019), even if, as Joo et al. (2019), rotary drying method is more expensive than

simply sun drying method.

2.4.2.2 Fluidized bed dryer method

Fluidized bed drying is using superheated steam or hot air as the drying and
fluidizing medium. “The sludge granules are intensively mixed in the fluidized bed, and
the evaporated water and dust are removing from this bed. The energy required
to evaporate the water is supplied by heating pipes located in the fluidized bed” Hartig
(2017). This method is widely applicable in lignite drying for its high drying rate, high
processing capacity, but also for its low maintenance cost. Anyway, this method
of course finds application also in the process of drying many other products Pang
et al. (2019). At the same time, fluidized bed dryer method requires more capital

investment.

2.4.2.3 Pneumatic dryer method

The arrangement but also the principle of drying in this method is similar
to that of the aforementioned fluid driers. In pneumatic dryer method “the dried
product is injected into a stream of hot air. The product is immediately dried and then
separated from the drying air in a vortex separator. Part of the dry product may be
added to the wet feed to optimize the drying process”, Vich (2017). Humid air is also
separated, which helps to make this method highly efficient and thus also popular

in practice.

Regarding active drying systems should be mention that the main disadvantage
is the fact that these systems are complex, and more expensive than passive dryers.
On the other hand, it is not possible to ignore their advantages, such as independency
of the ambient climatic conditions, or shorter drying periods in comparison with

passive drying systems.
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2.5 High-Speed Milling

Grinding is commonly known as a procedure of refining grain size and
increasing the specific surface area of a material, but also as a process of grain
opening. The desired effects are achieved by several basic mechanisms that affect
the material being processed. Milling process generally occurs when the energy of the
particles to be treated is adequately high to overcome their internal consistency, Mani

et al. (2004); Dai et al. (2012); Wang et al. (2018a).

One of the directions that has been developing intensively recently is

High-Energy Grinding.

The concept of high-energy and High-Speed Milling is nowhere precisely

defined in the literature.

In contrast to conventional grinding with high-energy grinding (and also with
High-Speed Milling) there are certain effects (effects) that were not observed with
conventional grinding. Effects that a definite amount of energy is converted, which

in conventional milling is converted into heat without use.

Figure 6. High speed counter-direction mill LAV 150/2R
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High-Speed Milling process is continuous, highly efficient and productive. It has
a number of advantages over other types of grinding, but also certain limitations

in some specific applications.

Example of High-Speed Milling machines are High-Speed Counter-Directional
Mills — disintegrators (Figure 6), which are characterized by simple construction, very
low weight, high grinding efficiency and mechanical activation of the material to be

treated, also the varied range of materials to be treated.

This method of High-Speed Milling is usually referred to in the literature

as disintegration.

High-Speed Milling in pin-type disintegrators (Figure 7) take place under the
influence of very intense changes in mechanical stress and often with very high
frequency. Large force impulse is imparted to the particles of the treated materials,
where material structure is not able to compensate for this change. Material particles

break down and create further disorders in the newly formed particles.

Figure 7. Pin-type rotor of HSM LAV 650/2R
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High-Speed Counter-Directional Mills — Disintegrators, have two major
advantages. They use a free impact mechanism of the treated material particles on the
working bodies or between the grains themselves for grinding. These collisions usually
occur at speeds above 100 m.s. Force impulses act on the particles of the material
to be treated, internal structure is not able to fully compensate for changes in the
stress fields and break down into smaller elements. Since the friction between
the grains and the workpieces is not overcome here, the energy expended is used
more efficiently to refine the grain. There is also a mechanical activation of the
particles of the material to be treated, and the formation of active surfaces which
differ significantly from those produced by other milling mechanisms in geometry and

electrical activity.

By Hajratwala (1982) the size reduction and heat amount produced in the
High-Speed milling process depend on the mill speed. The peripheral speed (v) is the
speed that a point in the circumference moves per second and it was calculated for

both machines by using the following equation:

d
V= %, m.st (Eq. 1)

Where: m—3.1415926; d — rotor disc diameter, m; n - revolutions per minute, min-.

High-Speed Milling — mechanical disintegration- is one of the most efficient and
promising ways of modifying materials, in which a large amount of energy
is mechanically transferred to the mass of the treated material, thereby changing
its reactivity and subsequent properties, beside the reduction of material size, Kratky
& lJirout (2015). High-Speed Milling allows effective continuous processing of a very
wide range of materials. The treatment of materials by means of high-speed grinding
allows to combine the milling effect (surface refinement) with a pronounced
mechanochemical (mechanical-physical) activation, i.e. an increase in the internal
energy of the treated substances. Mechanochemistry refers to reactions, normally
of solids induced by mechanical energy, Gomes et al. (2013). Mechanochemical

reactions of organic compounds take place at low milling energy, Takacs (2014). In this
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study, we tested the moisture content reduction in the material as an effect

of reduction size process by using of High-Speed Mill.

The need for mechanical biomass disintegration is a topical issue with regard
to the requirements of the agrarian sector. The disadvantages of commonly used
devices are their limited use of wet biomass and high energy consumption for decay.
In cooperation with the Czech University of Life Sciences, LAVARIS equipment was
tested, which was primarily designed for crushing concrete, rubber and construction
waste. The aim of the new technical solution was to distribute the biomass together
with the simultaneous drying test in order to achieve the desired fraction (particle size)

and biomass moisture content.
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3. Hypotheses and targets of the thesis

3.1 Hypotheses

The research of the Thesis and all tests were conducted based on certain
hypothetical considerations, built on the long-term knowledge, experience
and observations gained through cooperation with LAVARIS team and working

as a team leader in the company.

Hypothesis 1

The treatment of materials by means of High-Speed Milling allows combining
the milling effect (surface refinement) with an increase in the internal energy

of the treated substances.

Hypothesis 2

There is a direct link between the rotor speed and the output particle size

of the milled material.

Hypothesis 3

Due to the amount of energy generated during the grinding process and
transferred to the processed material, a significant reduction of moisture content

of the treated material is achieved.
3.2 Main objective

The main objective of the present Thesis was to assess the
effectiveness/suitability of the High-Speed Milling technology for biomass
pre-treatment through an analysis of the moisture content reduction in the milled
material as an effect of the size reduction as well as evaluation of the energy

consumption throughout the whole process.
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3.3 Specific objectives

To achieve the above-mentioned goal, the overall objective of the Thesis has

been supported and complemented by specific objectives that had been defined

as follows:

To use two different types of High-Speed Mills in our tests, single rotor and

double rotor mill;
To select three types of different biomass materials;

To determine important input parameters (moisture content and particle size

distribution) of selected biomass materials;

To determine important milling parameters (output air temperature,

revolutions and power) of all the milling process;
To identify the effect of mill speed on the practical size of milled biomass;

To identify the effect of mill speed/rotor RPM on the amount of released

energy/temperature and the biomass moisture content;

To identify the ratio of the moisture content reduction to energy amount used.
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4. Methodology

4.1 Materials

Selected types of used materials are representatives of typical woody biomass,
herbaceous biomass and woody biomass from fruit tree that could be found

in abundant quantities on agriculture enterprises.

For experimental purposes the following materials were used: Apple tree wood,
untraditional source for biomass in the energy sector, herbaceous biomass
of miscanthus (Miscanthus sinensis) — a promising perennial energy crop with the high
yield and low input requirements Clifton-Brown et al. (2004); Davis et al. (2010) and
pine sawdust (Pinus L.) — a waste-wood biomass representing traditional feedstock
for solid biofuels production, McKendry (2002); Deac et al. (2015); Chaloupkova et al.
(2018).

All three materials were initially grinded by the hammer mill (model 9FQ-40C,
Pest Control Corporation, VI¢nov, Czech Republic) with the screen holes’ diameter

of 12 mm (i.e. initial fraction was 12 mm).

All three materials were supplied by the Research Institute of Agricultural
Engineering, p.r.i. (VUZT). The descriptions of selected materials (detailed analytical
characteristics) are included in the annexes (Annex 1 - 3). The most important (fuel)
parameters and size distribution of initial materials are shown below (see Table 1 and
Figure 8 for apple tree wood, Table 2 and Figure 9 for Miscanthus sinensis, Table 3 and

Figure 10 for pine sawdust, respectively).

Laboratory analysis were conducted accordance with EN ISO 17225-1 with the

following results:
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4.1.1 Apple tree wood

Table 1. Apple tree wood main parameters

Analytical characteristic Unit As received Dry basis
Total water % 47.58 -
Volatile matter % 42.02 80.16
Nonvolatile matter % 9.62 18.35
Ash % 0.78 1.49
Gross calorific value MJ.kg? 10.48 20.00
Net calorific value MJ.kg? 8.63 18.67
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Figure 8. Initial particle size distribution for Apple tree wood
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4.1.2 Miscanthus sinensis

Table 2. Miscanthus sinensis main parameters

20

M 0.63 [mm]
<0.63[mm]

Analytical characteristic Unit As received Dry basis
Total water % 59.28 -
Volatile matter % 29.57 72.63
Nonvolatile matter % 9.13 22.42
Ash % 2.02 4.95
Gross calorific value MJ.kg? 7.78 19.11
Net calorific value MJ.kg? - 17.80
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Figure 9. Initial particle size distribution for Miscanthus sinesis
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4.1.3 Pine sawdust wood

Table 3. Pine sawdust wood main parameters

Analytical characteristic Unit As received Dry basis
Total water % 43.1 -
Volatile matter % 46.54 81.80
Nonvolatile matter % 10.12 17.78
Ash % 0.24 0.42
Gross calorific value MJ.kg? 11.47 20.16
Net calorific value MJ.kg? 9.67 18.83
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Figure 10. Initial particle size distribution for Pine sawdust wood
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4.2 Milling process
4.2.1 About LAVARIS Ltd.

LAVARIS Ltd. is a modern Czech company operating not only in Czech Republic,
but also on the worldwide market. The main activity of the company is research and
development of new technologies in the field of utilization and processing
of secondary raw materials such as rubber, polymers, crushed concrete and

construction waste, waste from stone industry and biomass.

Along with the research activities, LAVARIS design novel equipment for
processing of the above-mentioned raw materials. These systems process materials
that are considered to be waste by others. Standardly untreatable material is

transformed into usable secondary raw material and thus protect the environment.

A major part of the company’s production is the development of recycling lines
for the activation of rubber, stone and concrete dust. Also recycling Gypsum Boards
and crushing and drying of biomass. At the heart of each line is a high-speed multilevel
mill equipped with patented blades with long life and high hardness. The advantage is
the adjustment of the different degree of fineness of grinding. Thanks to the simple
but effective design of the line, the operating cost of the line is significantly law, with
reasonable energy cost compared to other methods. All equipment’s operates under

atmospheric pressure and standard operating temperatures.

Recycling lines are available in both stationary and mobile versions. While
the stationary line is suitable for indoor and indoor operations at a fixed workplace,
the mobile version of the line allows easy transport over long distances and quick

commissioning. Mobile version can be transported in boxes or containers.

A scheme of the production line that was used for the purpose of this thesis is
shown in Figure 11. All parts of this line were constructed as universal, to enable the
use of these parts in different configurations, according to types of materials tested in
the laboratory of LAVARIS. All parts were thoroughly cleaned before our tests, in order

to eliminate the contamination of the tested material.
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Figure 11. Scheme of the Line for grinding and drying of Biomass

Where: 1. Frame with hopper. 2. Hopper for input material. 3. Screw conveyor for input material. 4. High-speed Multilevel Mill LAV 400/1R. 5. Turnstile. 6. Cyclone
separator. 7. Ventilator for output material. 8. Ventilator. 9. Vibrating, cooling and screening conveyor. 10. Screw conveyor. 11. Big bag for dried material.
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4.2.2 Screw conveyor

The whole process, as mentioned earlier, starts at the screw conveyor (Figure
12). This feeds the feed material into the mill hopper. The screw conveyor is driven

by an electric motor from MEZ Nachod. The type of electric motor is 2AP63 — 4s.

Figure 12. Screw conveyor

The mass flow through the screw conveyor was measured experimentally.
The material was falling to prepared container during five minutes. The empty
container weighed 1,450 kg, after 5 minutes its mas increased to 33,195 kg. So, by easy
recalculation we can say that the mass flow of input material by screw conveyor was

around 380 kg.h.
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4.2.3 High-Speed Mills

Two types of High-Speed Mills, which are an intellectual property of LAVARIS

Company, were tested for the biomass disintegration within this study:
4.2.3.1 Single rotor H. S. Mill

High-Speed Multilevel Single Rotor Mill (LAV 400/1R, LAVARIS, Libcice
Nad Vltavou, Czech Republic) with the technical specifications: rotor diameter

of 400 mm and rotation speed of 7,800 min-! (Figure 13 and Figure 14).

Figure 13. High-speed multilevel single rotor mill LAV 400/1R

High-Speed Multilevel single Rotor Mill developed and produced by LAVARIS
Ltd. is a simple and easy to operate disintegrator, with uncomplicated construction,
very low weight, high grinding efficiency and mechanical activation of the material
to be treated, also the varied range of materials to be treated by this machine.
LAVARIS developed a multilevel grinding element — segments that can be modified
for several kinds of materials, according to materials specifications and characteristics

taking in consideration the needed properties of grinded output material. One type
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of these grinding elements was patented by LAVARIS and CTU — Prague. Detailed
technical drawing of LAV 400/1R is presented/illustrated/shown of the Figure 14.

| ==
ey —
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Figure 14. Detailed technical drawings of LAV 400/1R

High-Speed Multilevel Single Rotor Mill developed and produced by LAVARIS
Ltd. is a simple and easy to operate disintegrator, with uncomplicated construction,
very low weight, high grinding efficiency and mechanical activation of the material
to be treated, also the varied range of materials to be treated by this machine.
LAVARIS developed a multilevel grinding element — segments that can be modified
for several kinds of materials, according to materials specifications and characteristics

taking in consideration the needed properties of grinded output material.

The machine has one side rotor and one side stator. With an electric motor
of 10 kW.h! power. Motor is delta-connected. Label data and specifications of the
electric motor are shown in Table 4. Stator and Rotor diameter is 400 mm with

maximum rotation speed of 7,800 min-! was used for the milling.

The process is continued by feeding the input material from the inlet hopper
to the milling space between stator and rotor, where a special carrier-distributer part

is spreading material to sides by centrifugal force. Output material is exhausted
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by ventilator to a separation cyclone, the material then is falling through turnstile
feeder on a vibration conveyor for cooling and sieving, if necessary. The separated air
from cyclone is continuing its way through the ventilator away. Another ventilator is
extracting air from the space over the vibrating and cooling conveyor. The grinded and

the dried material is then packed through a screw conveyor to a big bag.

Table 4. Label data of the electric motor for LAV 400/1R

Description Motor No. 1
Electric motor Asynchronous Motor
Manufacturer MEZ Frenstat

Type F160L02

Voltage (V) 400

Current (A) 35
Frequency (Hz) 50

Power (kW) 18.5

Efficiency (-) 0.85

RPM (min-t) 2,905

Weight (kg) 135

4.2.3.2 Double rotor H. S. Mill

High-speed multilevel double rotors mill (LAV 300/2R, LAVARIS, Lib¢ice Nad

Vitavou, Czech Republic) with rotor diameter of 300 mm and rotation speed of each

rotor of 6,200 min* (Figure 15 and Figure 16).

Figure 15. High-speed multilevel double contra rotor mill LAV 300/2R
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Figure 16. Detailed technical drawings of LAV 300/2R

1A, 1B — Left & Right rotor with milling elements. 2 — Material splitter. 3A, 3B — Cooling labyrinth.

4A, 4B — electric motors. 5 — Feed hopper. 6 — Output of the milled material.

High-speed Multilevel double contra rotor mill developed and produced
by LAVARIS Ltd. Is a simple and easy to operate disintegrator, with the previous
mentioned advantages as uncomplicated construction, very low weight, high grinding
efficiency and mechanical activation of the material to be treated, also the varied
range of materials to be treated by this machine. The Multilevel grinding elements
developed by LAVARIS are used in this machine and can be modified, for several kinds
of materials, according to materials specifications and characteristics taking

in consideration the needed properties of grinded output material.

The machine has two sides’ rotors. The first side rotor is powered by an electric
motor with 15 kW.h, the other side rotor, where material distributer is a part of the
rotor, has an electric motor of 18 kW.h! power. Both motors rotate with the opposite

sense of rotation. Label data of the electric motors are shown in Table 5.

Thanks to this construction, the opposing movement increases the shearing
force between the milling elements and improves the grinding process and generate

more heat energy. Rotors diameter is 300 mm with maximum rotation speed

38



Methodology

of 6,200 min'! each were used for milling. Both motors are delta-connected.

Specifications of both electric motors and Label data are presented in Table 5.

Table 5. Label data of the electric motors of LAV 300/2R

Description Motor No. 1 Motor No. 2
Electric motor Asynchronous Motor Asynchronous Motor
Manufacturer MEZ Frenstat ZSE Praha
Type F160L02 F160M02
Voltage (V) 400 380
Current (A) 35 29.5
Frequency (Hz) 50 50
Power (kW) 18.5 15
Efficiency (-) 0.85 0.8
RPM (min?) 2,905 2,905
Weight (kg) 135 120

From this table (Table 5), we can see that the engine speed is the same,
however, the transmitted power varies. Both motors are connected to the same
frequency converter Siemens Micromaster 440. It shows the electric current, which is
consumed by both mills simultaneously. Each mill will then get out of that sum current

draws the appropriate amount needed for operation.

The process is continued by feeding the input material from the inlet hopper
to the milling space between stator and rotor, where a special carrier-distributer part
is spreading material to sides by centrifugal force. Output material is exhausted
by ventilator to a separation cyclone, the material then is falling through turnstile
feeder on a vibration conveyor for cooling and sieving, if necessary. The separated air
from cyclone is continuing its way through the ventilator away. Another ventilator is
extracting air from the space over the vibrating and cooling conveyor. The grinded and

the dried material is then packed through a screw conveyor to a big bag.

In addition to all, the special and advanced construction of the tested
high-speed mills, invented by the LAVARIS Ltd., allowed to adjust the placements

of the milling elements. Due to the flexibility in adjustable gaps between the milling
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elements it was possible to regulate a size of the space for the material flow,
the intense of friction and the speed of the material’s feeding. Thanks to the
mentioned advantages, it was feasible to control the final size of output material and

a temperature of the milling process.

4.2.4 Ventilator

One of the most important element of the whole process is the Ventilator
(Figure 17). Itsright adjustment leads to the desired flow of the milled material.
The main part of the centrifugal ventilator is impeller, of which they are blades
ensuring air intake and its discharge in a direction perpendicular to the direction
of rotation. In our particular case it is a radial transport fan type FO8T, which is driven

by an asynchronous motor of the KEM brand with an output of 7.5 kW.

Figure 17. CIPRES transport ventilator

This transport fan has a conveying capacity of 3,900 m3.h'l. The stated total
pressure, according to the technical sheet supplied by CIPRES, is equal to 4,000 Pa.
The weight of this particular fan is 177 kg. However, the fan is stationary,

so the motility does not play a big role.
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4.2.5 Cyclone

Another device into which the milled material enters is a cyclone — a vortex
separator. This is used to separate the air from the ground material due to gravity.
The lighter particles contained in the air mixture, together with the air flow, are sucked
up in the upper part, while the ground biomass is radially carried down by the conical
part due to the greater gravitational force and the shape of the separator. At the end
of this conical section is a rotary feeder from CIPRES FILTR BRNO (Figure 18), which

releases the ground biomass evenly into the next process.
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Figure 18. Cyclone with rotary feeder

4.2.6 Vibrating screener

The ground biomass is drained from the cyclone via a rotary feeder to the
vibrating screener (Figure 19). Thanks to vibration motor from the Vibros Pfibram Ltd.
and spring system, the entire screen is vibrated evenly, and the material is sieved

through a sieve. However, | did not use the vibrating screen technology to evaluate the
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experiments, and | collected the ground material into the containers immediately upon
leaving the vortex separator. As a result, the samples contained all fractions of milled

biomass.

The vibrating screen also functions as a cooling conveyor. At the end of the

sorter a material is stored in bags, in which it is subsequently transported or stored.

=

F = = Bk

Figure 19. Vibrating screener
4.3 Measuring equipment

4.3.1 Frequency converter

Another advantage in the system is the use of a frequency converter, where we
were able, by the frequency adjustment, to change and control number of revolutions

per minute and thus the peripheral speed.

Frequency converter Siemens Micromaster 440 (Figure 20) was used for our
tests. Through the device display, we were able to measure and record measurement

values as speed, rated power, rated voltage and nominal efficiency.
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For this measurement, the collected data from used device was sufficient. The
drive displays the values with an accuracy of two decimals, but the measurements

were usually made only to one decimal place because of frequency fluctuation.

MICROMASTER 440

WARNING!

Figure 20. Frequency converter Siemens Micromaster 440

4.3.2 Ventilator frequency inverter

Another measuring and regulating device is the device SINUS / IFDEV
400T-11 from Italian company Elettronica Santerno (Figure 21). It is a frequency
converter connected to the ventilator. Thanks to the frequency setting we could simply
regulate the ventilator output and thus the extraction of material from the mill.

For constant conditions during measurement, this drive was always set to 30 Hz.

50 Hz, maximum power and the largest amount of air exhaust, was then used

to cool the mill between tests.
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Figure 21. Ventilator frequency inverter
4.3.3 Particle size distribution — sieve analysis

One of the main parameters that characterize an efficient operation
of a disintegrator is a particle size distribution (PSD) of the product obtained after
the grinding process Tumuluru et al. (2011); Chaloupkova et al. (2016). The PSD
of the input biomass, and biomass after the milling was determined by the vibrating
screen method (EN I1SO 17827-2 2016) using a sieve shaker (HAVER EML 200, Haver
& Boecker, Germany), Figure 22, with 30-min sieve shaking time for each repeated
measurement and amplitude 3.0 mm g. Therefore, for determination of particle size
of the initial materials a set of calibrated sieves with the following mesh sizes was
applied: 10.0 mm, 8.0 mm, 6.7 mm, 4.7 mm, 3.15 mm; 1.5 mm; 0.63 mm and the
bottom pan. While determining the PSD of the materials obtained by the primary
milling the sieves with the mesh sizes of 3.15 mm; 2.5mm; 1.5 mm; 0.63 mm,
including the bottom pan were selected. And, for the materials subjected to the
secondary milling the sieves with apertures of 2.5 mm; 1.5 mm; 1 mm; 0.63 mm;

0.50 mm; 0.25 mm and the bottom were used.
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Figure 22. Laboratory sieve shaker HAVER EML 200

Three tests (repetitions) were performed for each material and measurement;
a captured sample weight on each sieve was calculated as a percentage of total weight
expressed as arithmetic mean of three repetitions. Laboratory precision balance
(KERN 572-35, Kern & Sohn GmbH, Balingen, Germany) with accuracy 0.01 g was used
for weighting (Figure 23).

Figure 23. Laboratory precision balance KERN 572
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4.3.4 Moisture content

Moisture content of the input biomass before milling and output biomass after
milling was determined in accordance with EN ISO 18134-3 (2015) by controlled drying
of the sample in the laboratory dryer (HS 62 A, Chirana, CSSR) at 105 °C for several

hours until the weight was constant in mass.

Figure 24. Laboratory dryer HS 62A

4.3.5 Temperature measurement

As an important guide to determinate the capability of the mills to reduce
material moisture content was the temperature of the exhausted mix of air and
material at the output side of the mill chamber. The data are in high importance
to know more about the process, machines adjustment, rotation speed and input

material feeding rate.

Temperature measurement is located just ahead to the mill. A Pt100 resistance
thermometer is used for measurement, with Pt indicating platinum, which has ideal
temperature measurement properties. The thermal coefficient of electrical resistance

for platinum is 3.92 x 103 K1, As the temperature rises, the electrical resistance of the

46



Methodology

platinum increases. In other words, this principle can convert the resistance to the
current temperature value. The number 100 in the resistance thermometer name
indicates the sensor resistance at 0 °C. At this temperature, the sensor has a resistance

of 100 ohms. The sensitivity of this sensor is 0.39 Q -°C1.

Figure 25. GEWISS temperature measuring device

The sensor is led into a junction box from GEWISS, type GW 44 218 (Figure 25).
Temperature measurement in this case is mainly of an orientation character. A sharp
ascent or descent indicates an imminent risk or lack of material at the mill entrance.
For a better overview of temperature development, however, the temperature sensor
would need to be placed directly in the mill chamber. In fact, the temperature change
inside the mill will be reflected in the outlet pipe with a considerable delay, which can

have very undesirable consequences.
4.3.6 Power measurement

The power meter device KEW 6305 produced by Kyoritsu Electrical Instruments

Works, Japan (Figure 26) was used to measure a power during each test. The device
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was chosen for its simplicity and accrue results, as recommended by the electricians

of LAVARIS Company.

Figure 26. Power meter KEW 6305

4.4 Measurement settings

There were three important factors to set up before measuring. The first
parameter that did not change during all measurements is the ventilator frequency.
This was set at 30 Hz, this was the 60% of the motor 2,980 RPM. After measurement,
the frequency was always increased up to full speed, 2,980 RPM, on 50 Hz.
This increased the flow in the system and the mill and other components cooled more
quickly. After returning the temperature close to initial temperature, the ventilator

frequency was decreased again to 30 Hz.

The second parameter is the speed of the mill rotors. This value was changed
using a potentiometer. The speed was divided into ten points, which were switched
by the mentioned potentiometer. Because it is a High-Speed Mill, the speed was
usually set to a minimum of 4, which means 40% of the maximum for both high-speed

mills.

The last parameter to set up was a continuous, uniform and stable supply

of feedstock to the mill hopper.
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4.5 Measurement procedure

The first necessary step before measurement was to switch on the power
supply of individual devices. The ventilator was then switched on to set the desired
frequency of 30 Hz, this was the 60% of the motor 2,980 RPM. Then reading the initial
value on the temperature meter without rotating the rotors. Then, using the rotary
potentiometer, | set the speed to 40%. The mill remained at this value for thirty

seconds, after which | read the current value of the electric current and temperature.

Subsequently, | increased the speed to 60% and measured the same way.
In this way the measurements continued up to 80% and then to the maximum speed
at level 100%. After reading the last values, | switched off the mill. Due to rising
temperatures during this measurement, the mill had to be cooled. For this purpose,

| increased the Ventilator frequency to the maximum of 50 Hz.

After reaching a temperature close to the initial value, test was started again,
this time to 40% of total rotor speed. During five minutes, the mill reached a stabilized
temperature. After that, the screw conveyor was turned on, dosing the biomass to the
mill. Reading the temperature and the power values was repeated several times.

However, except temperature, most values were stabilized almost immediately.

Each test took 30 minutes, at the end of which | collected a sample falling from

a rotary feeder under the cyclone into a pre-prepared bowl.

In the same way | performed the test for the potentiometer for 60%, 80% and
100% of total revolutions. For each measurement there was a separate crushed

material, from which a sample of 100 g was taken.

The PSD of the input biomass, and biomass after milling was determined
by the vibrating screen, as mention before. For the initial materials, applied mesh sizes
were: 10.0 mm, 8.0 mm, 6.7 mm, 4.7 mm, 3.15 mm; 1.5 mm; 0.63 mm and the bottom
pan. For materials obtained by milling : 3.15 mm; 2.5 mm; 1.5 mm; 0.63 mm, 0.50 mm;

0.25 mm including the bottom pan were selected.
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Three tests (repetitions) were performed for each material and measurement;
a captured sample weight on each sieve was calculated as a percentage of total weight
expressed as arithmetic mean of three repetitions. Laboratory precision balance
(KERN 572-35, Kern & Sohn GmbH, Balingen, Germany) with accuracy 0.01 g was used

for weighting.

Moisture content of the input biomass, and biomass after milling was
determined in accordance with EN ISO 18134-3 (2015) as mention before. The
resulting moisture content on wet basis was calculated as the mean of duplicate
determinations with respect to repeatability precision (i.e. difference between two
individual results of each material sample was not more than 0.2% absolute) and using

the following equation:

mp; — ms3

w = X 100, wt% (Eq. 2)

mp; — my

Where: m; — mass of empty crucible, g; m, — mass of crucible with sample

before drying, g; ms;— mass of crucible with sample after drying, g.

Collected raw data from all mentioned methods were organized, cleaned,
processed and statistically analyzed using Microsoft Office Excel (version 2013,

Microsoft, Redmond, WA, USA).

Power, as an important indicator for the milling process efficiency was
measured by the power meter device KEW 6305 produced by Kyoritsu Electrical

Instruments Works, Japan.

Achieved results were recorded in tables or visualized in graphs and afterward

interpreted, evaluated and discussed.

50



Results

5. Results

Tests were planed according to the High-Speed Mill type, each of H. S. Mill test
were made separately for the selected three different types of biomass. In addition,
five different modes were chosen, in accordance with the value of maximum rotor

speed, (0%, 40%, 60%, 80% and 100%) RPM. As a result, we had 30 experimental tests.

The output size of the milled biomass was classified into several grades
as mention earlier, the particle size was determined and then shown in tables and
figures. It is a key issue however, that the effort of crushing in our case, is obviously

to get the lowest values of the output material particle size.

For a better orientation in types of two different mills, we marked them with
Roman numerals, High-Speed Multilevel Single Rotor Mill LAV 400/1R was labelled
as (1). High-Speed Multilevel Double Rotor Mill LAV 300/2R as (II). For different types
of biomass, we used the description (A) — for Apple tree wood, (M) — for Miscanthus
sinensis and (P) — for Pine sawdust. So, if | describe grinding with single rotor mill,

for Apple tree wood we use the designation (1 — A).

Test results display the performance values. Power values were measured using
the power meter device KEW 6305 produced by Kyoritsu Electrical Instruments Works,

Japan.

Results of all tests were further presented. Detailed records of individual tests

and measurements are included in Annexes 4 to Annex 9 at the end of this thesis.
5.1 High-Speed Mill LAV 400/1R (1)

As a simpler mill, LAV 400/1R is suitable for a process, where the requirements
on output material are not high. Due to the fact, that it has a single rotor and single
stator, the maximum peripheral speed is, due to one side rotation is limited but
acceptable for several applications. All the three biomass materials were milled using

this mill with the results shown afterwards below.
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5.2 High speed mill LAV 300/2R (ll)

As a double rotor counter-directional High-Speed Mill, LAV 300/2R has more
advantages than single rotor — stator mill. The total speed is a sum of the peripheral
speed of both rotors, creating a bigger friction effect that has a significant influence
in surface and total breakage of the material and a significant size reduction, releasing
at the same time much more energy. Although the rotor diameter is smaller than the
previous H. S. Mill, the high peripheral speed substitute the difference and offers

a better results.
5.3 Testing process

5.3.1 Milling of Apple tree wood on LAV 400/1R (I — A)

The initial particle size measurement was the first result on which we built

further tests. It is represented in Figure 8 and Annex 1.

Our first step was to know the start point, no-load test was performed, and
during which actual temperature and power values were recorded for each speed

stage.

At the start of the screw conveyor, which means the feed to the mill, the actual
temperature was recorded for all 4 selected speed stages (40%, 60%, 80% and 100%)
RPM. Its development is shown in the Figure 26. From these figures, it's obvious that
the temperature incensement was slowly, especially at lower speeds. At stage of 80%
RPM and especially at stage of 100% RPM, a more evident development is already
significant. The temperature has major effect on the moisture content of the milled
material. Samples of the output material were tested, and the particle size data and

their distribution are shown in Table 6 and Figure 28.

In comparison with the value of the particle size distribution for initial material
before milling, we can notice a significant size reduction. The influence for rotor speed

is also clear, although LAV 400/1R is a single rotor mill.
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Table 6. Particle size distribution according to rotor speed for (1 — A)

(1- A) Particle sizes [mm]

Mesh
Sizes
mm]| 6.7 5.6 4,5 3.15 2.5 1.5 0.63 <0.63 b
7800
RPM
0.40 1.27 1.53 2.42 3.87 10.82 36.93 28.11 15.05 100
0.60 1.08 2.02 2.29 2.54 6.2 24.84 31.53 29.5 100
0.80 0.71 0.82 1.24 2.84 4.5 16.87 35.07 37.95 100
1.00 0.14 0.2 0.39 2.95 2.74 8.59 40.36 44.63 100

The temperature has major effect on the moisture content of the milled

material the results showing the data of the moisture content in relation to recorded

temperature values are clear in next figure. Figure 27 shows, that temperature

is increasing rapidly related to rotor speed, reaching the value of 56 °C in full speed

of the rotors, which was 7,800 RPM. Taking in consideration that the initial start

temperature was 22 °C. All values are recorded in Annex 4.

60

H ) 6]
(2} o (85}

Temperature [°C]
D
o

(1-A)
: 5 56 56
L 53
52 4 5‘1
C
C 46 ; %6
- g 4 = —_ 43
0

10

Timelfmin]

20

25

30

Figure 27. Temperature related to time for (1 — A)

53




Results

Proportions of fractions by weight percent [%]

(I-A)

50

44.63

N
[

N
o

w
(2}

w
o

25

20

15

[N
o
I

40%

60% 80% 100%
7800 Revolutions per minute / Seive open size [mm]

m6.7 [mm]
W56 [mm]
W45 [mm]
M 3.15 [mm]
W25 [mm]
m15 [mm]
1 0.63 [mm]
1 <0,63[mm]

Figure 28. Particle size distribution according to rotor speed for (I — A) [mm]

54



Results

The fact, that there is a direct reliance between moisture content and rotor

speed (revolutions per minute) as it is evident from Figure 29.
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Figure 29. Moisture content related to rotor speed for (1 — A)

As conclusion of the tests done for (I — A), Figure 30 shows recorded power

values and the moisture content reduction. 7.71 kW was required to reduce

the moisture content of apple tree wood from 21.76 % to 12.25 %. The standard

material flows of the screw conveyer was 380 kg.h1.
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5.3.2 Milling of Apple tree wood on LAV 300/2R (Il — A)

The initial particle size test and material parameters were the start point for the

tests don as (Il —A). Table 7 and Figure 32 show the particle size values measured and

on sieves after material’s milling.

Table 7. Particle size distribution according to rotor speed for (Il — A)

(Il — A) Particle sizes [mm]

Mesh
sizes
m]| 6.70 5.60 4.50 3.15 2.50 1.50 0.63 <0.63 2
6200
RPM
0.40 1.27 1.53 2.42 3.27 9.62 34.85 29.31 17.73 100.00
0.60 1.08 2.02 2.29 2.3 5.25 22.9 30.36 33.8 100.00
0.80 0.71 0.82 1.24 2 3.45 13.47 33.17 45.14 100.00
1.00 0.14 0.2 0.39 1.85 2.14 6.35 41.6 47.33 100.00

Double rotor mill LAV 300/2R had even better influence in temperature rise,

reaching the value of 64 °C when running the full rotor speed of 6,200 RPM, as shown

in Figure 31.
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Figure 31. Temperature related to time for (Il — A)
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As it is shown in Figure 31 and Figure 33, the temperature behaviour was

similar to (I — A), influenced by time and rotors speed.

The results of the tests and collected data are showing the amount of kW

power needed to reduce material moisture content. Both motors consumption was

15.3kW to reduce Apple tree wood moisture from 21.76 % to 9.11 %. Having two

counter-direction rotors was helpful (Figure 34). The material flow to the mill was

of 380 kg.h1.
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5.3.3 Milling of Miscanthus sinensis on LAV 400/1R (I — M)

The second biomass material tested in LAV 400/1R was Miscanthus sinensis,

a sort of perennial herbs belonging tothe Poaceae family. Initial material particle

size analysis results and material main parameters are represented in Figure 9 and

Annex 2. Table 8 and Figure 36 shows the particle size distribution after milling.

Table 8. Particle size distribution according to rotor speed for (1 — M)

(1 - M) Particle sizes [mm]

Mesh
Sizes
m]| 6.70 5.60 4.50 3.15 2.50 1.50 0.63 <0.63 2
7800
RPM
0.40 1.94 2.25 3.13 4.18 2.37 15.81 30.56 39.76 100.00
0.60 1.01 0.75 1.94 2.87 2.75 11.38 35.92 43.38 100.00
0.80 0.22 0.36 0.97 1.54 2.82 10.15 38.89 45.05 100.00
1.00 0.1 0.15 0.05 0.32 0.73 11.24 40.09 47.32 100.00
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Figure 35. Temperature related to time for (I — M)

Temperature versus time had a similar behavior as previous tests with apple

tree wood, collected values are illustrated in Figure 35, and where the value reached at

100% of 7,800 RPM after 30 minutes was 51 °C.
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Figure 37. Moisture content related to Rotor speed for (I — M)

The moisture content was reduced to 14.78 % when reaching the maximum
speed of the rotor, Figure 37. Observing the progress of moisture content reduction,
it is useful to notice the comparison between different collected power values for each
rotor speed. For comparison, a power value of 6.77 kW for (I — M) as shown in Figure

38 was measured instead of 7.71 kW for (I — A). The standard material flows of the

screw conveyer was 380 kg.h1.
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Figure 38. Power related to moisture content for (I — M)
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5.3.4 Milling of Miscanthus sinensis on LAV 300/2R (Il - M)

As shown in Figure 9 and Annex 7 for main parameters and initial particle size
distribution of this biomass, there was a significant size reduction after testing
the material as (Il — M). Particle size distribution after milling is shown in Table 9
and Figure 40. Rapid increase of moisture content was monitored in the size smaller
than 0.63 mm up to 50.87% of all the milled material. As mention in other parts of this
thesis (Methodology), each test was a subject of three times recurrence, for a better
assurance.

Table 9. Particle size distribution according to rotor speed for (Il — M)

(11 — M) Particle sizes [mm]

Mesh
sizes

m] | 6.70 5.60 4.50 3.15 2.50 1.50 0.63 <0.63 b3

6200
RPM

0.40 151 1.97 3.43 3.18 2.27 10.61 | 35.54 | 41.49 100.00

0.60 0.83 0.9 1.25 2.88 2.15 9.43 37.75 | 44.81 100.00

0.80 0.5 0.42 0.95 1.45 1.82 7.55 40.69 | 46.62 100.00

1.00 0.08 0.4 0.88 0.42 0.76 4.54 42.05 | 50.87 100.00

This size reduction was accompanied with temperature increase. Figure 39
shows the recorded data from the several partial tests, where the temperature
increases from initially 30°C after first five minutes to 44°C after 30 minutes, when

testing in 40% rotors speed.
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Figure 39. Temperature related to time for (Il — M)
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Figure 41 shows the moisture content reduction due to different partial tests

related to rotors speed during each partial test.

Moisture content related to rotor speed in Figure 41 shows a major decrease

in moisture content from initial 24.43% to 13.10% after testing with full 6,200 RPM
(100%) rotor speeds.
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Figure 41. Moisture content related to Rotor speed for (Il — M)

A value of 15.9 kW was measured for full speed rotors required (Figure 42)

for the reduction of moisture content from 24.43% to 13.10%. The standard material

flows was 380 kg.h.
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Figure 42. Power related to moisture content for (Il — M)
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5.3.5 Milling Pine wood sawdust on LAV 400/1R (I - P)

The third material tested by LAV 400/1R was pine wood sawdust. Initial particle
size distribution and main parameters are represented in Figure 10 and Annex 8.

Measured data are recorded and could be seed in Table 10 and Figure 44.

Table 10. Particle size distribution according to rotor speed for (I - P)

(1 - P) Particle sizes [mm)]

esh sizes
[mm]

7300 6.70 5.60 4.50 3.15 2.50 1.50 0.63 | <0.63 z
RPM

0.40 0.87 1.13 0.98 5.18 10.56 | 22.54 |30.82 | 27.92 100.00

0.60 0.52 0.3 0.7 4.09 3.11 11.67 | 32.89 | 46.72 100.00

0.80 0.21 1.02 0.08 0.9 2.21 10.16 | 37.45 | 47.97 100.00

1.00 0.12 0.09 0.07 0.31 2.87 8.57 | 38.78 | 49.19 100.00

The effect of temperature increase in related with time is clear from Figure 43.
It is interesting to watch the style of the diagram of the temperature value after 10th
minute, specialy with full (100%) 7,800 RPM rotor speed. After 20 minutes the increase
of the temperature was almost tiny, so the stabilization of the milling conditions was

faster than in other both materials tested before.
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Figure 43. Temperature related to time for (I — P)
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Moisture content related to rotor speed was measured and Figure 45 shows its

clear progress. At full (100%) of 7,800 RPM, the moisture content reduction was more

than 13.21%.
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Figure 45. Moisture content related to rotor speed for (I - P)

Moisture content data related to power value were measured, where we can
find their expression in Figure 46. Power value amount needed to achieve the goal
can be observed well at the same Figure (Figure 46). Still we are in low consumption
level as in the previous tests done for both other materials in the same machine.

It was 7.71 kW for (I — A), 6.77 kW for (I — M) and 7.1 kW for (I — P), and material flows
of 380 kg.hL.
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Figure 46. Power related to moisture content for (I — P)
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5.3.6 Milling Pine wood sawdust on LAV 300/2R (Il - P)

In Table 11 we can find the results of the collected data measured and can be
compared with the initial data from Annex 9 and Figure 10. Then a clear idea can be
made after comparing the mention Figure (Figure 10) with Figure 48 of the milled

material.

Table 11. Particle size distribution according to rotor speed for (Il — P)

(Il - P) Particle sizes [mm]

Mesh
sizes

m]| 6.70 5.60 4.50 3.15 2.50 1.50 0.63 <0.63 b3

6200
RPM

0.40 0.56 0.98 0.34 4.12 9.18 25.16 | 40.27 | 19.39 100.00

0.60 0.3 0.49 0.2 3 7.85 22.96 | 38.47 | 26.73 100.00

0.80 0.09 0.2 0.24 2.61 5.17 20.13 | 34.88 | 36.68 100.00

1.00 0.09 0.1 0.07 1.89 5.02 19.87 | 31.52 | 41.44 100.00

In comparison with the previous partial tests on LAV 400/1R, we can notice that
after the 20" minute, there was a kind of stabilization in temperature increase
Figure 47. Only an increase of 4°C in comparison with 17°C during the first 20 minutes,

all when testing with maximum rotor speed of 6,200 RPM.
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Figure 47. Temperature related to time for (I — P)
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Although the increase in temperature was low during the last 20 minutes,

the moisture content reduction gave a good result (Figure 49).
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Figure 49. Moisture content related to rotor speed for (Il — P)

Also, during this test, still we can notice low power consumption level as in the
previous tests done for both other materials using LAV 300/2R, i.e. 15.30 kW
for (Il = A), 15.90 kW for (Il = M) and 15.20 kW for (Il = P). Low power consumption was
with stable material flow of 380 kg.h-t. We will discuss about the obtained dada in the

following chapter.
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6. Discussion and conclusions

The main challenge we are facing during discussion and comparisons with other
researches and authors, is the fact that this thesis is dedicated a new and untraditional
way of biomass drying by using energy as by-product from the milling process when
using High-Speed Mills. Number of authors have committed to the knowledge gained
and confirmed from our tests, even when using other devices. The common is that
grinding of biomass with higher moisture content is a challenge, which should be

solved for an enhanced process of biomass treatment.

We can find several attempts to mention similar subjects by other authors and
researchers, such as Kratky & Jirout (2015). Where the use of a disintegrator (H. S. Mill)
was for the biomass of high moisture content, without a focus in the moisture content
reduction as an aim of the process. In our case, both H.S. Mills fulfilled this assumption
and the high energy and heat inside the H.S. Mill during the process helped
to circumvent this challenge. This is in line with the statement of Mohsenin (1986),
who concluded that almost all of the energy in the grinding process is wasted as heat,

and that from 0.06 to 1% of the input energy actually disintegrated the material.

As it was seen during the experiments, there are three factors which affect the
treated material. First factor was the gap between milling discs, which has impact
on the final size of the output material. Second factor was confirmed by Kratky & Jirout
(2015), that milling course temperature as a result of friction forces inside the
machine, affects the material moisture. Third factor of high importance is about
a rotor speed, where by increasing of rotor speed, the output material size was smaller
and the temperature was higher. These factors related to the operating conditions
of the high-speed mills were all confirmed by our tests, recorded data from

measurements and results.

Kratky & Jirout (2015) mentioned that mechanical disintegration is an effective
preliminary step resulting in an increase in biogas yield and in the biodegradability
of lignocellulosic biomass. But expressed that grinders and crushers, presently

operating at biofuel plants, in an economical and effective manner, do not achieve that
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target with various types of biomass, mainly lignocellulosic biomass. | do believe that,
depending on the results achieved during tests and measurements, that using of H. S.

Mills could be one of the prospective solutions in this direction.

Dey et al. (2013) also wrote about similar result, reached by using an impact
hammer mill. The quantum of specific energy expenditure plays an important role
in determining the reduction ratio and therefore, has a definite relationship with the
latter. Although the author was focusing on size reduction, but it is obvious and
confirmed by our results, that the moisture content was surely affected by the

mentioned process.

The experimental tests done by researches Voicu et al. (2016) showed that
smaller is the particle size, higher is the energy consumption. | can confirm this

statement, as the results were obviously in that direction.

Manlu et al. (2003) came to an opinion that the effects of biomass tensile and
shear properties, moisture content, and biomass density were noted in size reduction
processes. Using hammer mills to reduce particle size through hammer impact and
that were classified as straight hammer mill, pre breaker-hammer mill and pre
breaker-sieve-hammer mill. Many variables affect hammer mill performance and
grinding efficiency. | can only identify with authors statement, as all our tests and
results are showing similar conclusion. Mainly shear and friction forces inside the mill

had the biggest effect, in combination of high speed, on energy

Heimann (1983) indicted that roller mills were 16% more energy effective than
hammer mills in reducing grain to a small particle size (approximately 400 microns).
By using of HS Mills, we reached similar or even better results, regarding to the final

particle size as an output of the milled material (see Annexes 4 to 9).

Usrey et al. (1992) studied internal shear (tensile test) and shear strengths, and
the pressure-density relationships of rice straw during compression. In the process
of H. S. Milling, several forces affect the material inside the mill, like crushing, tearing,
shearing, breaking, wiping, breaking and peeling, thus it is expected that the milled

material will have a better behavior later on during the compression.
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Austin (1971) mathematically described grinding processes generally used
for homogenous brittle materials. This was used for ball mills, and | couldn’t find
any mathematical or physical models done for HS Mills, as this type of technology is
very recent. Without doubt, this could help us to understand more the process of HS
Milling, where knowledge about it is rare. For several years, LAVARIS is cooperating
with CTU in Prague in several researches, showing that H. S. Mill could be alternative

of ball mills for minerals and hard materials powdering.

Lopo (2002) compared three kinds of equipment (hammer mill, roll mill and
vertical hammer mill). All these three mills leaded to a similar result such as size
reduction, but they did not solve a material with higher moisture content, where HS

Mills did.

Henkel (2016) published that "Drying" is the process in which the product is
dried until the "safe-moisture" is reached, by removing water content from the
materials. This was our aim and philosophy, to reach acceptable level of moisture

content for further better application of the material. This target was achieved.

According to Guo et al. (2016) drying is the utmost commonly used method for
protection of agricultural products or food. Further use of biomass in food or fodder
production requires attention in choosing drying temperature, high temperature
depredated all nutrients in the material. This is one of the advantages of H. S. Mills,
where we are able to adjust the milling temperature by controlling air flow of the

ventilator and the gap size between milling elements.

By Papiewski (2018) drying of biomass is a crucial operation from technological
point of view; thanks to drying the material which would destruct in its natural state
very quickly can be stored for a long time. So, this is another advantage of HS Mill,
where the two in one process minimizes the milling and drying costs in shorter

operation.

Yorgun (2015) wrote that drying often involves high energy consumption that is
why it is essential to find/select an optimal drying equipment. That is why, this is the

main motivation of using such technology, to optimize and reduce energy
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consumption and thus coverall cost. There are many indicators in our results, that such

objective could be achieved.

Ivanova et al. (2012) reported that the speed of drying is affected by size, shape
and type of the used material. We fully identify with this statement. Each of the three
tested materials has different output particle sizes and drying speed. Smaller material
has bigger specific surface, which, as | suppose, was effected with an energy released

from the milling process.

It can be also mentioned that generally the drying methods are variable and
can be classified as natural convention, electrical and mechanical methods
(Veerakumar et al. 2014). The oldest and the simples method is drying in open
atmospheric space, known as Open Yard Sun Drying Method. Oven dryer is a simple
electric method with no need for extra special equipment, but it can be used only
on asmall scale (Veerakumar et al. 2014). Spotlight drying method was shown
by Manjula et al. (2014) in a laboratory experiment. Mechanical drying methods can be
divided into two categories, direct and indirect, depending if the heat is in direct

contact with the material or if a heat exchange surface is used (Wade A. Amos 1998).

With respect to all convention methods mentioned by the esteemed authors,
| think that H. S. Mills can be suitable alternative to many of these methods. Taking
in consideration the simplicity and uncomplicatedness of the process for the operators

and the low energy consumption.

As mentioned before, the main motivations for this thesis was to introduce
a possible, innovative and eco-friendly way of biomass processing before further
operations, not only in the energy sector, but also in other sectors, offering a different
and cheaper way, to crush and dry biomass materials, like a source for the production

of many further products.

Based on the research results it can be concluded that the disintegration tests
done in the framework of this dissertation Thesis — milling of three different biomass
material showed that the use of high speed milling had a positive effect on significant

of particle size reduction of all materials. Summarizing the main results, in case
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of apple tree wood, the output was a size reduction, especially for the initial fraction
bigger than 1.5 mm from 55% to 15% using LAV 400/1R. For miscanthus, it was
a reduction from 61% to 13% and from 49% to 12% for pine wood sawdust. When
using LAV 300/2R the size reduction in apple tree wood was to 11%, for miscanthus

to 7% and for pine wood sawdust to 27%.

As a result of the process, size reduction wasn’t the only obtained advantage,
but also a significant moisture content reduction was achieved which brought the
fulfilment of the main objective. Testing on LAV 400/ 1R on full rotor speed shows
a reduction of moisture content in apple tree wood from 21.76% t012.25%.
Miscanthus sinensis from 24.43% to 14.78% and from 37.08% to 23.87% in pine wood
sawdust. For (Il — A) it reaches 9.11%, for (Il — M) 13.10% and for (Il — P) 20.95%.

Energy consumption was part of the main objective of this thesis and also is
a very important parameter determining the effectiveness of the milling process, size
reduction and moisture content decrease. To sum up, test (I — A) showed that 7.71 kW
was needed to reduce the moisture content from 21.76% to 12.25%. (I — M) needed
6.77 kW to reduce the moisture from 24.43% to 14.78%. (I — P) took 7.10 kW to
achieve the moisture drop from 37.08 % to 23.87%. For the second mill, (Il — A)
reached 9.11% from the origin 21.76% by using 15.30 kW, for (Il — M) it was needed
also about 15.90 kW to obtain 13.10% from 24.43% and almost the same power
of 15.20 kW for (Il — P) was required to reduce the material’s moisture from 37.07%

to 20.95%.

All the Hypotheses of the thesis and all the specific objectives were fulfilled.
As biomass drying is usually a time consuming process, that’s why utilization
of High-Speed Mills for coincident biomass drying provides a good solution to the
operating time as well, hence the experimental tests showed that application of the
manufactured High-Speed Mills with a special construction is a promising technological
solution for improved biomass pre-treatment, combining both effects, drying and
grinding processes, which are typically very expensive and energy demanding

operations, Karra’a et al. (2019).
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Finally, it is feasible to do a simple comparison between the tested High-Speed
Milling technologies and the conventional systems of milling and drying in relation
to the energy consumption. By Deines & Pei (2010), the engine power of commonly
applied biomass crushers is about 22 kW and the production output varies, between
400 to 1 000 kg. The engine power of typical drum dryer is 12-14 kW.h-1 and hot air
boiler 300-400 kW.h1, Gigler et al. (2010); Li et al. (2012). So, both systems will need
approximately 34-36 kW of electric engine power plus the energy for hot air boiler.
Tested high-speed mill LAV 400/1R has maximum electric engine consumption
of 7.71 kW.h! for 380 kg, and the second high-speed mill LAV 300/2R has maximum
electric consumption of 15.90 kW.h for 380 kg material. This comparison also shows
the advantages of tested systems above the conventional ones. And it confirms, that
the use of on rotor mill offers the advantage of lower power consumption for the same

material.

Another advantage, which could motivate farmers and agro companies to use
this system is its ability to be integrated into already existing and running systems.
This is of high importance, since there is no need for extra investment to prepare
the system installation. This could be, beside the law running cost, a key issue to make

this solution more attractive and encourage investors to decide for it easily.

The system could be integrated to a briquetting or to pelletizing line.
The material could be supplied directly from primary shredder to the HS Mill, with no
need to pre-dry. It is a significant advantage to use the surplus surface and excess
space for storage or operating and logistic purposes, since the installation space

for this system does not exceed 50 m2.
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7. Recommendations for further research

For further research we highly recommend to concentrate on the following:

- To study the effect of drying biomass using High-Speed Mills on other biomass
materials from developing countries, also ways of proper implementation
of such a technology for the target of sustainable development in agrarian and

rural sectors;

- To study the mass air flow, controlled by the frequency inverter of the
ventilator to optimize moisture reduction as a result of the milling process.
The amount of air effects the temperature of all the procedure. This fact was
used to cool the mill after each test, to reset the initial temperature as a start

point;

- To study in deep, the effect of gap variation, which is possible in all H. S. Mills
designed and produced by LAVARIS. The smaller the gap between H. S. Mill
rotors, the greater friction is and higher temperature as a result of proper

milling and energy release;

- To study the possibility of input material flow regulation by the screw conveyor,
to achieve a better control on the stability of temperature level and to increase

the safety of the process;

- To study the effect of thermal insulation of the hoses and cyclone,
to minimalize water condensation in the system, before material separation

from the air with a significant percentage of humidity (moisture content);

- To develop an automated controlling system, that will integrate all variables
of the line, to improve functionality of key parts of the milling and drying

process, taking in consideration safety regulations.
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Annex 1. Apple tree wood

10.Annexes

Annex 1. Apple tree wood

Vyzkumny ustav zemédélské techniky, v. v. i.

Drnovska 507, P.O. Box 54, 161 01 Praha 6 -Ruzyné
zapsana v rejsliiiku v.vi., vedeném u l\‘I§MT, spis.zn. 17 023/2006-34/VUZT
IC: 00027031; DIC: CZ00027031

CONFIRMATION
No. 112-2016

For the material: apple tree wood

Customer: LAVARIS s.r.o.
Areal Sroubdren 43
252 66 Lib¢ice nad Vitavou

Vyzkumny tstav zemédélské techniky, v.v.i.
(Research Institute of Agricultural Engineering, p.r.i.)
Prague 6 - Ruzyné, Czech Republic

does approve that the sample of concerned product was analyzed
in accordance with EN ISO 17225-1 with the following results:

Analytical characteristic Unit As received Dry
Total water % 47,58 -
Volatile matter % 42,02 80,16
Non volatile matter % 9,62 18,35
Ash % 0,78 1,49
Gross calorific value Ml/kg 10,48 20,00
Net calorific value Ml/kg 8,63 18,67
Al mg/kg 350,37 668,39
P mg/kg 142,28 27142
Vv mg/kg <DL <DL
Cr mg/kg 0,83 1,59
Mn mg/kg 270,91 516,81
Fe mg/kg 1132,04 2159,55
Co mg/kg 0,25 0,47
Ni mg/kg 0,11 0,21
Cu mg/kg 322 6,14
Zn mg/kg 15,57 29,70
As mg/kg 0,04 0,07
Se mg/kg 0,02 0,04
Cd mg/kg 0,25 0,47
Hg mg/kg 0,04 0,07
Pb mg/kg 045 0,86

The sampling was carried out by the customer. The confirmation becomes ineffective if any technical
specification is changed.

Prague, July 10, 2016

Responsible worker: Ing. Michel Kolafikova

The test results mentioned above refer to the tested specimen only.
Research Institute of Agriculture Engineering, p.r.i., Drnovskd 507, Praha 6 - Ruzyné, 161 01,

Czech Republic
Phone: +420 233022238, Fax: +420 233312507, e-mail: petr.hutla@vuzt.cz, www.vuzt.cz

C.j. VUZT/527/2016
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Annex 2. Miscanthus sinensis

Annex 2. Miscanthus sinensis

Vyzkumny ustav zemédélské techniky, v. v. i.
Drnovska 507, P.O. Box 54, 161 01 Praha 6 -Ruzyné
Zapsana v rl.‘jslf_’iku v.v.i., vedeném u MSMT, spis.zn. 17 023/2006-34/VUZT
1C: 00027031; DIC: CZ00027031

CONFIRMATION
No. 111-2016

For the material: IVMliscanthus sinensis

Customer: LAVARIS s.r.o.
Areal §roubaren 43
252 66 Lib¢ice nad Vltavou

Vyzkumny ustav zemédélské techniky, v.v.i.
(Research Institute of Agricultural Engineering, p.r.i.)
Prague 6 - Ruzyné, Czech Republic

does approve that the sample of concerned product was analyzed
in accordance with EN ISO 17225-1 with the following results:

Analytical characteristic Unit As received Dry
Total water % 59,28 -
Volatile matter Yo 29,57 72,63
Non volatile matter %o 9,13 22,42
Ash % 2,02 4,95
C % 20,15 49.49
H % 245 6,02
N %o 1,14 2,81
Gross calorific value Ml/kg 7,78 19,11
Net calorific value MJ/kg - 17,80
Al mg/kg 675,96 1660,01
P mg/kg 527,53 1295,50
\4 mg/kg 0,09 0,22
Cr mg/kg 0,32 0,79
Mn mg/kg 187,61 460,72
Fe mg/kg 50,26 123,42
Co mg/kg 0,05 0,12
Ni mg/kg 0,10 0,24
Cu mg/kg 3,69 9,07
Zn mg/kg 4,61 11,31
As mg/kg 0,01 0.03
Se mg/kg 0,02 0,06
Cd mg/kg 0,08 0,19
Hg mg/kg 0 0,01
Pb mg/kg 0,11 0,26

The sampling was carried out by the customer. The confirmation becomes ineffective if any technical

specification is changed.

Prague, July10, 2016

Responsible worker: Ing. Michel Kolafikova

The test results mentioned above refer to the tested specimen only.
Research Institute of Agriculture Engineering, p.r.i., Drovské 507, Praha 6 - Ruzyné, 161 01,

Czech Republic
Phone: +420 233022238, Fax: +420 233312507, e-mail: petr.hutla@vuzt.cz, www.vuzt.cz

C,j. VUZT/526/2016
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Annex 3. Pine Wood sawdust

Annex 3. Pine Wood sawdust

Vyzkumny ustav zemédélské techniky, v. v. i.

Drnovské 507, P.O. Box 54, 161 01 Praha 6 -Ruzyné
Zapsana v rejsli_iku v.v.i., vedeném u MSMT, spis.zn. 17 023/2006-34/VUZT

IC: 00027031; DIC: CZ00027031

CONFIRMATION
No. 105-2016

For the material: woody sawdust

Customer: LAVARIS s.r.o.
Areal Sroubaren 43
252 66 Libéice nad Vltavou

Vyzkumny ustav zemédélské techniky, v.v.i.
(Research Institute of Agricultural Engineering, p.r.i.)
Prague 6 - Ruzyné, Czech Republic

does approve that the sample of concerned product was analyzed
in accordance with EN ISO 17225-1 with the following results:

Analytical characteristic Unit As received Dry
Total water % 43,1 -
Volatile matter % 46,54 81,80
Non volatile matter % 10,12 17,78
Ash % 0,24 0,42
C % 28,43 49,97
H % 348 6,11
N % 0,07 0,13
Gross calorific value MJ/kg 11,47 20,16
Net calorific value Ml/kg 9,67 18,83
Al mg/kg 64,14 112,73
P mg/kg 37,62 66,12
A mg/kg 0.29 0,51
Cr mg/kg 0,30 0,52
Mn mg/kg 4047 71,12
Fe mg/kg 39,33 69,12
Co mg/kg 0,06 0,11
Ni mg/kg 0,04 0,07
Cu mg/kg 0,57 1,00
Zn mg/kg 483 8,50
As mg/kg 0,001 0,002
Se mg/kg 0,02 0,03
Cd mg/kg 0,07 0,12
Hg mg/kg 0,003 0,006
Pb mg/kg 0,26 0,46

The sampling was carried out by the customer. The confirmation becomes ineffective if any technical

specification is changed.

Prague, July 10, 2016

Responsible worker: Ing. Michel Kolafikova

The test results mentioned above refer to the tested specimen only.
Research Institute of Agriculture Engineering, p.r.i., Drnovskd 507, Praha 6 - Ruzyné, 161 01,

Czech Republic
Phone: +420 233022238, Fax: +420 233312507, e-mail: petr.hutla@vuzt.cz, www.vuzt.cz

C,j. VUZT/520/2016
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Annex 4. (1 - A)

Annex 4. (1 - A)

LAV 400/1R

Datum 09.08.2016
7800 RPM
40 % revolutions

initial temperature
no material no-load power
temperature rise [°C]

with material power crushing

time [min]
temperature rise [°C]
Moisture content at entry
(%) at exit
60 % revolutions
initial temperature
no material no-load power

temperature rise [°C]

with material power crushing
time [min]
temperature rise [°C]
Moisture content at entry
(%) at exit
80 % revolutions
initial temperature
no material no-load power

temperature rise [°C]

with material power crushing
time [min]
temperature rise [°C]
Moisture content at entry
(%) at exit
100 % revolutions
initial temperature
no material no-load power
temperature rise [°C]

with material power crushing

time [min]
temperature rise [°C]
Moisture content at entry
(%) at exit

22 |°C

2.27 | kW

25|°C

25| 28| 30 34| 36| 40| 42

21.76

18.20

22 |°C

3.5 | kW

27 |°C

4.46 | kW

27| 31| 35 38| 42| 43| 46

21.76

16.52

22 |°C

4.8 | kW

34|°C

6.21 | kW

34| 38| 44| 46| 48| 50| 51

21.76

13.70

23|°C

5.25 | kW

40| °C

7.71 | kW

40| 45| 52 53| 55| 56| 56

21.76

12.50
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Annex 4. (1 - A)

(1- A) Particle sizes [mm]

Mesh
Sizes
mm] 6.7 5.6 4.5 3.15 2.5 15 0.63 <0.63 b3
7800
RPM
0.40 1.27 1.53 2.42 3.87 10.82 36.93 28.11 | 15.05 100
0.60 1.08 2.02 2.29 2.54 6.2 24.84 31.53 29.5 100
0.80 0.71 0.82 1.24 2.84 4.5 16.87 35.07 | 37.95 100
1.00 0.14 0.2 0.39 2.95 2.74 8.59 40.36 | 44.63 100
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Annex 5. (Il - A)

Annex 5. (I1 - A)

LAV 300/2R

Date

6200 RPM

40 % revolutions

Material

Material feeding

60 % revolutions

no material

with material

80 % revolutions

no material

with material

100 % revolutions

no material

with material

16.08.2016

Initial temperature
no-load power
temperature rise [°C]

power crushing
time [min]
temperature rise [°C]
input

Moisture content (%)
output

initial temperature
no-load power
temperature rise [°C]

power crushing
time [min]
temperature rise [°C]

Input
Moisture content (%) P

output

initial temperature
no-load power
temperature rise [°C]

power crushing
time [min]
temperature rise [°C]

input
Moisture content (%) P
output

initial temperature
no-load power

temperature rise [°C]

power crushing
time [min]
temperature rise [°C]
input

Moisture content (%)
output

22

3.98

28

4.35

°C
kw
°C

kw

10

15

20

25

30

28

32

37

39

42

46

49

21.76

17.98

22

6.1

32

7.8

°C
kw
°C

kw

10

15

20

25

30

32

36

38

40

43

46

50

21.76

15.17

23

8.85

36

11.35

°C
kw
°C

kw

10

15

20

25

30

36

40

42

44

47

50

53

21.76

12.43

23

12.35

46

15.9

°C
kw
°C

kw

10

15

20

25

30

46

50

52

56

59

61

64

21.76

9.11
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Annex 5. (Il - A)

(Il — A) Particle sizes [mm]

Mesh
sizes
m]| 6.70 5.60 4.50 3.15 2.50 1.50 0.63 <0.63 b3
6200
RPM
0.40 1.27 1.53 2.42 3.27 9.62 34.85 29.31 17.73 100.00
0.60 1.08 2.02 2.29 2.3 5.25 22.9 30.36 33.8 100.00
0.80 0.71 0.82 1.24 2 3.45 13.47 33.17 45.14 100.00
1.00 0.14 0.2 0.39 1.85 2.14 6.35 41.6 47.33 100.00
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Annex 6. (I — M)

Annex 6. (I — M)

LAV 400/1R

Datum
7800 RPM
40 % revolutions

10.08.2016

initial temperature
no-load power
temperature rise [°C]

no material

with material power crushing
time [min]
temperature rise [°C]
Moisture content atentry
(%) at exit
60 % revolutions
initial temperature

no material no-load power

temperature rise [°C]

with material power crushing

time [min]
temperature rise [°C]
Moisture content atentry
(%) at exit
80 % revolutions
initial temperature
no material no-load power
temperature rise [°C]
with material power crushing
time [min]
temperature rise [°C]
Moisture content at entry
(%) at exit
100 % revolutions
initial temperature
no material no-load power
temperature rise [°C]

with material power crushing

time [min]
temperature rise [°C]
Moisture content at entry
(%) at exit

23

2.27

26

2.9

°C
kw
°C

kw

30

26

27| 28 28| 30| 31

32

24.43

21.18

23

3.5

26

4.4

°C
kw
°C

kw

30

26

27| 28| 28| 29| 31

32

24.43

19.68

23

4.74

30

°C
kw
°C

kw

30

30

31| 32 32| 34| 35

36

24.43

16.09

23

5.3

40

6.77

kw
°C

kw

30

40

42| 46 50| 48| 50

51

24.43

14.78
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Annex 6. (I — M)

(1 = M) Particle sizes [mm)]

Mesh
Sizes
m] | 6.70 5.60 4.50 3.15 2.50 1.50 0.63 <0.63 b3
7800
RPM
0.40 1.94 2.25 3.13 4.18 2.37 15.81 30.56 39.76 | 100.00
0.60 1.01 0.75 1.94 2.87 2.75 11.38 35.92 43.38 | 100.00
0.80 0.22 0.36 0.97 1.54 2.82 10.15 38.89 45.05 | 100.00
1.00 0.1 0.15 0.05 0.32 0.73 11.24 40.09 47.32 |100.00
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Annex 7. (Il — M)

Annex 7. (Il - M)

LAV 300/2R
Datum 16.08.2016
6200 RPM
40 % revolutions
initial temperature
no material no-load power
temperature rise [°C]
with material power crushing
time [min]
temperature rise [°C]
Moisture content at entry
(%) at exit
60 % revolutions
initial temperature
no material no-load power
temperature rise [°C]
with material power crushing
time [min]
temperature rise [°C]
Moisture content at entry
(%) at exit
80 % revolutions
initial temperature

no material no-load power

temperature rise [°C]
with material power crushing
time [min]
temperature rise [°C]
Moisture content at entry
(%) at exit
100 % revolutions
initial temperature
no material no-load power

temperature rise [°C]
with material power crushing
time [min]
temperature rise [°C]
Moisture content at entry
(%) at exit

23|°C

3.98 | kW

26 |°C

4.35 | kW

28| 30| 33| 35| 37| 40| 44

24.43

20.18

23|°C

6.1 | kW

26|°C

7.8 | kW

31| 35| 37| 39| 42| 45| 48

24.43

17.09

23|°C

8.85 | kW

30|°C

11.35 | kW

35| 39| 41| 44| 47| 51| 55

24.43

15.47

23|°C

12.35 | kW

40| °C

15.9 | kW

44| 48| 50| 53| 55| 58| 61

24.43

13.10
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Annex 7. (Il — M)

(Il = M) Particle sizes [mm]

Mesh
sizes
m] | 6.70 5.60 4.50 3.15 2.50 1.50 0.63 <0.63 2
6200
RPM
0.40 1.51 1.97 3.43 3.18 2.27 10.61 35.54 41.49 |100.00
0.60 0.83 0.9 1.25 2.88 2.15 9.43 37.75 44,81 | 100.00
0.80 0.5 0.42 0.95 1.45 1.82 7.55 40.69 46.62 | 100.00
1.00 0.08 04 0.88 0.42 0.76 4.54 42.05 50.87 |100.00
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Annex 8. (I - P)

Annex 8. (1 - P)

LAV 400/1R

Datum 10.08.2016
7800 RPM
40 % revolutions

initial temperature

no material no-load power

temperature rise [°C]

with material power crushing

time [min]
temperature rise [°C]
Moisture content at entry
(%) at exit
60 % revolutions
initial temperature
no material no-load power
temperature rise [°C]
with material power crushing
time [min]
temperature rise [°C]
Moisture content at entry
(%) at exit
80 % revolutions

initial temperature
no-load power
temperature rise [°C]

no material

with material power crushing
time [min]
temperature rise [°C]
Moisture content at entry
(%) at exit
100 % revolutions
initial temperature
no material no-load power

temperature rise [°C]

with material power crushing

time [min]
temperature rise [°C]
Moisture content at entry
(%) at exit

23

2.27

28

2.9

kw
°C

kw

28

30| 32 33| 35| 36| 38

37.08

31.15

23

3.5

30

4.35

°C
kw
°C

kw

30

32| 35 37| 38| 40| 41

37.08

28.53

23

4.8

35

°C
kw
°C

kw

35

38| 40 42| 44| 48| 51

37.08

26.94

23

5.25

43

°C
kw
°C

kw

43

46| 54 54| 57| 60| 60

37.08

23.87
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Annex 8. (I - P)

(1 - P) Particle sizes [mm)]

Mesh
sizes
m]| 6.70 5.60 4.50 3.15 2.50 1.50 0.63 <0.63 b3
7800
RPM
0.40 0.87 1.13 0.98 5.18 10.56 22.54 30.82 27.92 | 100.00
0.60 0.52 0.3 0.7 4.09 3.11 11.67 32.89 46.72 | 100.00
0.80 0.21 1.02 0.08 0.9 2.21 10.16 37.45 47.97 |100.00
1.00 0.12 0.09 0.07 0.31 2.87 8.57 38.78 49.19 | 100.00
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Annex 9. (Il - P)

Annex 9. (Il - P)

LAV 300/2R

Datum
6200 RPM
40 % revolutions

17.08.2016

initial temperature

no material no-load power

temperature rise [°C]
with material power crushing
time [min]
temperature rise [°C]
Moisture content at entry
(%) at exit
60 % revolutions
initial temperature
no material no-load power
temperature rise [°C]

with material power crushing

time [min]
temperature rise [°C]
Moisture content at entry
(%) at exit
80 % revolutions
initial temperature
no-load power
temperature rise [°C]

no material

with material power crushing
time [min]
temperature rise [°C]
Moisture content at entry
(%) at exit
100 % revolutions
initial temperature
no material no-load power

temperature rise [°C]

with material power crushing
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25

28
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6.1
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37.08
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25
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32

11.35

°C
kw
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37.08

24.12
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12.35

40
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15
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53

57

60

62

37.08

20.95
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Annex 9. (Il - P)

(Il = P) Particle sizes [mm]

Mesh
sizes
m]| 6.70 5.60 4.50 3.15 2.50 1.50 0.63 <0.63 b3
6200
RPM
0.40 0.56 0.98 0.34 4.12 9.18 25.16 40.27 19.39 | 100.00
0.60 0.3 0.49 0.2 3 7.85 22.96 38.47 26.73 |100.00
0.80 0.09 0.2 0.24 2.61 5.17 20.13 34.88 36.68 | 100.00
1.00 0.09 0.1 0.07 1.89 5.02 19.87 31.52 41.44 |100.00
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