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ABSTRACT

This diploma thesis reflects on issue associatdl wsefulness of a digestate as a
by-product from biogas plant. One of the possibditof its effective utilization is the
briquetting technology. The paper presents the raxjatal results which deal with the
mechanical resistance of digestate briquettes. eTheasis used different composition of
digestate briquettes to achieve the aim of thisaieh. The separated and partially dehydrated
digestate was compressed into the form of the btiga with diameter 65 mm, various length
and mass. These briquettes were subsequently iaedieel rotary drum according to standard
CSN EN 15210-2. The resulting data were analysedsinyg statistical indicators, parametric
and non-parametric test with significance lewek 0.05. The abrasion of briquettes was
analysed and the most important result of thisishess ascertaining that the abrasion does
not depend practically on the mass of producedubtigs (i.e. on the size groups of
briquettes). It was also investigated the impactoofy-term storage of briquettes on their
quality. Also briquettes from other vegetable miater such adliscanthus x giganteuand
Miscanthus sinensisvere tested for better comparison of non-energetoaperties of the
briquettes made from digestate.

Key words: abrasion of briquettes, digestate briquettes, mechh durability,

Miscanthus x giganteuMiscanthus sinensistandards



ABSTRAKT

Diplomova préace reflektuje problematiku vyuziti éégatu jako vedlejSiho produktu
z bioplynové stanice. Jednou z moznosti jeho efelio zpracovani je briketovani. Studie
prezentuje experimentalni vysledky, které se zgbywaechanickou odolnosti briket
z digestatu. Pro dosazeni tohoto cile byly poubiikety s fiznym slozenim. Oddeny a
castén¢ dehydratovany digestat byl lisovan do formy brikgiiméru 65 mm, @izné délky a
hmotnosti. Tyto brikety byly nasledn testovany v rotnim bubnu podle normy
CSN EN 15210-2. Vysledna data byla podrobena zkoum@moci statistickych ukazatel
parametrickych a neparametrickych testr hladig vyznamnostioc = 0,05. Bi analyzovani
opotebeni briket bylo zjigho, jako nejdlezit¢jSi vysledek prace, Zze &dprakticky nezavisi
na hmotnosti vyrobenych briket (tj. na velikostnigkupinach briket). Vliv dlouhodobého
hlediska skladovani briket na jejich kvalitu bylvngZz zkouman. Pro lepSi porovnani
neenergetickych vlastnosti briket z digestatu higstovany i brikety z jinych rostlinnych

materiaf, jako jsouMiscanthus x giganteusMiscanthus sinensis

Klicovd slova: odrol briket, brikety z digestatu, mechanicka odsin

Miscanthus x giganteuMiscanthus sinensisiormy
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1. FOREWORD

Briquettes made from biomass are environmentalgnélly fuel because they are
made of natural materials which do not contribatahte pollution in the world. Briquettes
could be produced either from energy crops which tentionally cultivated on the
agricultural land or agro residues. One of the cadfral remains is digestate. It is a
by-product of biogas plant and it is traditionallyed as a mineral fertilizer. Recently, a new
form how to process digestate has been discovAtdidst, digestate is necessary to be dried
and then its solid fraction must be separated. Thehould be compressed into the form of
pellets or briquettes. Digestate can increase nessipilities of its utilization by using this
way.

Applying the dehydrated digestate as solid biofg&ms to be a promising alternative,
but it has not been investigated so far. The ptoggeof briquettes made from separated and
partially dehydrated digestate have not been gladescribed yet, because these methods are
relatively new. Therefore, this thesis is focused this issue, especially on mechanical
resistance of briquettes made from digestate wifferdnt additives, like zeolite and
dolomitic limestone.

The main objective of this diploma thesis is tafiout if the size of briquettes has an
impact on mechanical durability of briquettes. they words, whether there is a correlation
between mass and abrasion. If the dependence betwass of briquettes and their abrasion
was proved, it would be possible to produce spedimension of briquettes, because the
abrasion would be reduced.

There were used basic statistical indicators anthools to describe these properties.
Arithmetic mean, median, standard deviation, patamend non-parametric tests, and
regression and correlation analysis were convegiempplied. All the briquettes were
produced in the same way and had the same shapexpleriment was done at the laboratory
conditions by using special rotary drum, where riiechanical durability of briquettes was
tested.

The durability of briquettes in the time periodalslongs to very important qualities
of briquettes and that is why this thesis is besidther things interested in storage time.
Energy crops -Miscanthus x giganteusnd Miscanthus sinensisvere used instead of

digestate briquettes. There will be verified if #terage time has an influence on abrasion of
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briquettes. Briquettes pressed frdviiscanthus x giganteuand Miscanthus sinensigere
mixed with sawdust and wood shavings.

According to the results of determination of megbaindurability should be suggested
whether digestate from biogas station is suitablebfiquettes production and whether the
briquettes made fronMiscanthusare advisable for long time storage. In this theshe
emphasis is given on determination of mechanicaalllity of briquettes but not on their

economy and profitability.
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2. LITERATURE REVIEW

There is an exponential grow of population on earths fact depends on the growth
of civilisation needs, among which belongs the ocomstion of energy. Reliable and
accessible source of energy is considered to bmportant part of modern society (White et
al., 1981).

There were more than one per cent of world’s fdasik reserves consumed until the
end of Twentieth Century. The greenhouse effeahatiral part of earth and the living
conditions on earth, as well (Ochodek et al., 2006)

Responsible behaviour in power supply means mamiypnal and effective use of
energy and moreover also meaningful usage of remlevemurces of energy (RES) (White et
al., 1981). These sources include the primary gneggivalent of solar, wind, tide, wave,
hydro and geothermal. It also involves energy afifrom solid and liquid biofuels, biogases
and the renewable fraction of municipal waste (OE@D13). Renewables have local
character and that is why they strengthen safetiyraliability of energy supplies (White et
al., 1981).

The means of hydropower were pumped out cruciallhe Central Europe, potential
of wind energy is dependent on local conditions amdhave not been able to effectively
transform solar energy, yet. Solar energy has imemiyed possibilities of transformation into
heat. It is not easy to accumulate heating in reaide scale. People use accumulation of
heating in the winter and that belongs to the naaivantages of biomass, which is one of the
RES. It is advisable to use this advantage fullgh@lek et al., 2006).

The potential of hydropower and wind energy iseatbw in the Czech Republic. On
the other hand, the potential of biomass is gettigher because its aliquot part is more than
80% of whole amount of RES in the Czech Republibe Tusage of biomass includes
consumption of wood waste, sawdust, wood shavingstor bio fuels such as biodiesel,
biooil, bioethanol and specifically grown energgus, which are part of agricultural area that
is not in use. In the Czech Republic, the most rkaide item of biomass is its kind that is
produced from growing in the agriculture area, Whig not suitable for growing foodstuff
and from anthropogenic soils. This matter is charatic approximately for 45% of unused
land in our country (Ochodek et al., 2006). Thepbyf domestic energy and the export of
biofuels to other European countries are two mairpgses why is biomass in the Czech
Republic produced (Lewandowski et al., 2006).
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2.1 BIOMASS

There are many definitions of the word biomass, ohéhem is that this subject is
derived from the organic matter and it can be usedarious ways. It consists of plenty of
elements such as carbon, hydrogen and oxygen (Véhitd., 1981). According to OECD
(2004) “biomass is the quantity of living materddiplant or animal origin, present at a given
time within a given aréa White et al. (1981) reported that biomass couldhéeested from
grown crops that are used for food and manufactuaed materials, and through kinds of
waste (municipal and industrial).

Main advantage of biomass is that its primary sewtenergy, the sunlight, is free.
Biomass energy can be used to lower greenhouseienss It saves environment much more
than fossil fuels, because of its less emissionldfd& et al., 2008). Global warming is a
contemporary problem in the world and it is causg@ .. The global surface temperature is
going to rise up at intervals 1.1 — 6.4 °C durihg 2£' century. By using biomass we can
reduce the negative impact of global warming (IP2@)7).

Biomass production is very important part of susthle development and solves a
range of economic, social and environmental problefisociety, especially:

* reduction of CQ emissions and mitigation the greenhouse effect;

» substitution of fossil fuels with renewable enesgyrces;

» the use of surplus soil generated overproductidoad crops;

» development of rural areas and reduction the levahemployment;

» agricultural innovation and market expansion of@dtural commodities;

* increasing national energy self-sufficiency usimgligenous energy resources

(OECD, 2004).

2.1.1 Biomass Categorization
There are five main categories of biomass:

1.) Virgin wood consists not only of wood but also of other prddwsuch as bark, logs,
wood chips and sawdust that are produced withqulyeqg chemicals. Virgin wood is
suitable for a wide scale of energy. For instaitaggn be burned for creating heat.

2.) Energy cropsare kind of biomass which is used for fuel. Onéhef main advantages

of this kind of biomass is high output per hectarth low inputs.

17



3.) Agriculture residues are waste from agriculture harvesting or processinch as
straw, husks, animal manures, slurries, poultrierlitand some kinds of organic
material (i.e. grass silage).

4.) Food wasteis obtained from manufactured food (i.e. cheeskather dairy products)
and drinks (some kinds of alcoholic drinks), preyian and processing, and post-
consumer waste. Kitchen waste is mostly charatterfser households and they
usually produce more than million tonnes of it aalhu

5.) Industrial waste and co-productscan be eventually used or converted into biomass
fuel. Two types of this kind of biomass are beiagagnised. Firstly, woody materials,
that consists of damage wooden parts and wood csitepand laminates. Secondly,
non-woody materials included paper pulp and wadeesijles and sewage sludge

(Biomass Energy Centre, 2008).

2.1.2 Methods of Biomass Conversion into Energy

The way of obtaining energy is determined by phgisand chemical properties of
biomass (e.g. humidity). The amount of water ang dratter has impact on biomass
processing and also on obtaining energy. Value ifty foer cent of dry matter is
approximately a border line between wet and drggsees (Ochodek et al., 2006).
Biomass can be converted into energy in four ways:

* Dry processes- thermochemical conversion of biomass

o combustion is the thermal process at which the mahts heated under
excess air (oxygen) condition; producing of heathwihe consequent
possibility of generating electricity; it is widegad use of biomass,
nowadays;

o0 gasification — only a small amount of oxygen isdexkto decomposing the
material; the result is a gas that is usually used¢ombustion engines
either for propulsion of vehicles or for generateigctricity and heating;

0 pyrolysis — there is no oxygen needed to decomposive material,
products are: gas, carbon-rich material and pyi®lgd (Bechnik, 2009;
Ochodek et al., 2006).

* Wet processes biochemical conversion of biomass

o fermentation,
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0 anaerobic digestion — producing of biogas withdaihg possibility of it’s
modification to biomethane; it should be used & $ame cases as natural
gas (OECD, 2004; Bechnik, 2009);
* Mechanical processes
0 cutting — the waste is sawdust, which is used fodpcing wood pellets
and briquettes;
0 crushing,
0 chipping — wood chips are used for producing heat,
0 pressing pellets or briquettes (Bechnik, 2009).
* Chemical processes
0 composting,
0 wastewater treatment,
o0 producing of ethylalcohol — sugar beet, grain, {o#s, etc.,
o producing of oils and methylester — rapeseed, swaift, flax, etc.
(Ochodek et al., 2006).

2.2 ENERGY CROPS
Energy crops are plants grown especially for use laiefuel. According to the OECD
(2004) the energy crops must meet these followritgra:
“low cost, high yields;
- simple and low-input agricultural technologies;
- sowing is more preferable than planting;
- perennial crops are more preferable than annual;
- low input level of fertilising and plant protectipn
- possibilities to use common agricultural machines;
- easy request conditions for harvesting;
- sufficient quality of biomass for fuel production;
- harmless to the environment” (OECD, 2004)
Specifically grown energy crops are generally caieggd into two main groups:
a) fast growing trees - poplar, willow,
b) herbaceous - many of them are grassegikegt et al., 2006).
Herbaceous plants are often classified accordiniggwegetative period duration, namely in:

» annual — hempGannabis sativd..), mallow Malva verticillatg) etc.,
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» biennial — evening primros®©gnothera biennik.) etc.,
* multi-annual and perennial — energy sorrBuihex tianschanicus A.Lp<etc.
(Novakova, 2008).

Quantity of energy crops should be eventually gramnthe land that is not suitable
for food production to ensure feedstock for bioggernon-food products and biofuels.
Briquettes or pellets are made of plants, whichirentionally grown on farmland. Mostly is
a sorrel grown for this purpose. The other enemgps are some kinds of grass, hemp, fast
growing trees, etc. There are also other sortsefgy crops but it is necessary to try them
scientifically in use. For direct combustion areportant crops that create high amount of
mass above the ground (Fketva et al., 2006).

Most commonly grown energy crops in the Czech Rkpuare listed in this

subchapter.

2.2.1 Miscanthus

Miscanthus x giganteuss a plant that is considered as an alternativercgoof
renewable energy. By using favourable growing ciomals Miscanthuscan provide more than
30 tons of aboveground phytomass dry matter peaate¢Kahle et al, 2001). See Figure 1.
This persistent grass makes good use of solar gnegger, nutrients and it is highly resistant
to diseases and pests. However, its growing idduinby two disadvantages. The first one is
that Miscanthusis in danger of freezing in the first year. Anathdisadvantage is its

expensive seedlings (Piiova et al., 2006).

Figure 1:Miscanthusharvesting

Source: International Energy Crops, 2013
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This bioenergy grass is native to eastern Asia ianthe Czech Republic it was
introduced for research purposes for the first im&990. Botanically it belongs to the family
Poaceae Enhanced expression of elephant grass is a dytbh a plant exists, but it has
nothing to do witMiscanthugqStrasil, 2009; Purdy et al., 2013).

As for kinds, there is neither variety nor fornrrenmtly included in the list of them in
the State variety book to June 15, 2012 fetti kontrolni a zkuSebni Gstav zef#sky,
2012). There are a number of varieties bred abregdgiganteus, silberfeder, sirene, desert,
spa(Petikova, 2006)Miscanthusas a persistent plant should be based on at1&ai 25
years (Purdy et al., 2013).

For energy use can bdiscanthuscut, baled, pelleted, briquetted, etc. In Western
Europe,Miscanthusis mainly used for energy purposes mainly heah@/012). Currently,
it is possible to incorporate this plant into a lcadth which it could be burned together.
Replacement of a part of coal leads to the redanatibCG,, NOy, SQ,, because biomass
contains small amount of nitrogen and sulphur wbdenpared to the coal. The net calorific
value of the whole plant is about 19 MJ/kg, which more than of our brown coal.
Furthermore, it can be used in the building indysis material for the production of woody
boards, felts, mat, etc. Easily liquidated packggmaterials can be made from this plant. It is
excellent source of raw material for the productadrpulp. It can even be used for feeding
(Strasil, 2009).

2.2.2 Sorrel of Uteush

The hybrid sorrel of Uteush is a cross between iBngipinach Rumex patientia I
and Tien Shan sorreR(mex tianschanicus A.LpsThis robust, tall and persistent plant is
bred in Ukraine and its height is from 1.5 mete2 o meter. It can provides yields of 5-7 t/ha
(dry matter), in optimal conditions it is over 10a (Haviltkova et al, 2010). It is a perennial
energetic crop, which is characterised by very tadhptability in respect to the agricultural
methods, sowing period and soil conditions forigatton (OECD, 2004).

The sort of Sorrel of Uteush that is grown for gyepurposes belongs to one of the
most important intentionally grown energy cropshia Czech Republic. It could be cultivated
only from legal seeds that are protected by intewnal licence. This biomass has quite high
net calorific value (17.89 MJ/kg) and also othergpaeters compared to wood are favourable
(Petikova et al., 2006). Sorrel of Uteush could also haevested in raw condition for

feedstock purposes and in this condition it cowddubed for producing biogas and it is even
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possible to use it for briquettes and pellets petidn (Novakova, 2008; Hawvlkova et al,
2010). See Figure 2.

Recently dry parts of biomass made of sorrel héaxtesl to be applied for producing
building materials. Sorrel of Uteush is the bestiayp for these products because in the
process of producing it is stable and not gettingmp as other kind of plants (Pibova, et
al., 2006).

Figure 2:Sorrel of Uteush before harvesting on a dry matter

Source: Pétkova, 2011

2.2.3 Hemp

Hemp Cannabis sativd..) is one of the oldest crops in the world gromainly for
fibre (Finnan et al., 2013). It is an ideal ecobajicrop that is suitable for both industry and
agriculture, for alternative production of eledtycand heat production from renewable
sources, as well (Siroka, 2009). It can also tee dsr medical and spiritual purposes (Finnan
et al., 2013).

It is a thermophilic crop demanding on water, soutrients and agrotechnology. It
belongs to the family oCannabaceaeawith height from 2 to 6 meters (Siroka, 2009). It
inhibits the growth of weeds and has reclamatiott erosion control, draws from the soil
contaminants, toxic substances and heavy metataphi@proves soil structure because it has
extensive root system (Finnan et al., 2013). Md#mts are taller and slimmer, they have
green-gray top and ripen 4 or 6 weeks earlier feamle plants. Hemp contains about 23%
fiber and about 75% of the woody matter - so catlesl shives. The growing season lasts
from 100 to 120 days and per one hectare of ctéidszarea during this period will grow at
least two and half more woody material (mass),erathan one hectare of forest that grows

several years (Siroka, 2009).
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According to Act No. 167/1998 Collection of Lawdjoait addictive substances, it is
allowed to grow varieties of hemp with the amouhtoxic substance THC up to 0.3%. The
grower is bounded to announce growing of hemp lavaat customs office according to
place of growing{esko, 1998).

Hemp products consist of three parts: fiber thaised both in textil and automotive
industry, seed that is rich in food and cosmetitsud shives that is suitable for producing
paper, building materials and green energy. Shive@gste product that remains when plant
stem is manufactured to fiber. Plant stems are aréchlly destroyed during this process and
shives is from the fiber subsequently separate@t{?2004).

Hemp has good combustion properties and it couldubed to produce either
briquettes or pellets as a solid fuel for privatai$eholds (Rice, 2008; Prade et al., 2011).
Wood chips are pressed into briquettes and pellgts net calorific value from 16.5 to
18 MJ/kg. They are suitable especially for usinggasification wood boilers, stoves and
fireplaces. These briquettes are pressed withoytbarding and other harmful substances.
The pressure is high and briquettes shapes anedogial with diameter of 6.5 centimetres
(see Figure 3). They are also very good usableéhardind of boilers. The amount of ash in
them is very low and they are convenient for gamttgas an ecological fertilizer (Rice 2008;
Siroka, 2009).

Figure 3:Kinds of ecological fuel from hemp

N, 1 %, &

Source: Siroka, 2009
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2.3 DIGESTATE

Digestate is the material which remains after thaeaobic digestion (AD). It arises
during a biogas production in biogas plant. Biogksts usually process vegetable material,
cattle manure, pig slurry or other remains of ahioragin (Marada et al., 2008). Currently,
there are approximately 400 biogas plants in thec@Republic (Energeticky regutd trad,
2013).

Digestate consists of two main parts: separatefagate. Separate is a solid fraction
of digestate whereas fugate is a liquid part (Mareidal., 2008).

The way of using digestate could be different. Bigee could be either used as
fertilizer or for compost production (Marada et, &008). The recycling of digestate in
agricultural systems has positive effects on smldgical properties (Alburquerque et al.,
2012). Another alternative is its separation arying of solid part with following utilization
for solid biofuel production (Marada et al., 2008frna (2013) published that compressed
digestate in the form of briquettes can be usedgniculture, in particular for targeted
treatment of soil mechanical properties and theewatgime in soil. Rusin et al. (2011)
concluded that energetic use of digestate is agikconly in its solid part (separate).
Unnecessary water is removed during drying or pi@sg. Net calorific value is mainly
dependent on feedstock and moisture content. Wathices net calorific value because
feedstock must be dried beforehand. Subsequentistaits to burn and releases needed
amount of heat (Kuzel, 2010).

Net calorific value of briquettes is from 12 to WM/kg thus they can be used as an
alternative to coal and firewood (Panwar, 2011eBebiomasa, 2013). Physical properties
and chemical composition of digestate fuel bricpgetiepend on the mixture of substrates
used as feedstock for biogas production (Kratzeeteal., 2010). Separate could be mixed
with other kinds of biomass (for instance straw aaddust) or it could be complemented

with other substances, such as mineral fertiligeria 2013; Pelety biomasa, 2013).

2.4  BIOMASS BRIQUETTES

Wood chips or straw are mainly used in large fabfr heating instead of other
biomass. On the other hand, in households it i€ssry to modify biomass into suitable
shape that allows manipulating with biomass brigaseturing lighting a fire. Intentional
cultivating of energy crops is an interesting andraordinary material from which it is

possible to create fuel for heating of various dinis (Patikova, 2007).
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The briquette is a fuel that is artificially adaghtiey pressing of bulk material without
binding Cesko, 2006). P&kova (2007) describes it as a solely natural nalter

Briquettes must have suitable shape for burninger@hare two major kinds of
briquettes: long and small. The advantage of sovadls is in their easier manipulation. It is
allowed to use them in the same way as coati@esta, 2007).

Briguettes have to fulfil demands of valid techhicafety, health, hygienic and trade
standards. Environmental standards are also actdyptausing briquettes (Malak et al.,
2008).

During briquetting is a standard form of fuel fas ifollowing use in combustion
chamber achieved. Due to manufacturing the volurmhérmuettes material is crucially
reduced and its bulk density and potential of epeage increased. Bulk density and
mechanical resistance (durability) are both verpanant. These properties depend on the
material used and material structure, level of watel compacting pressure. We can apply
Austrian norm ONORM M 7135 from the year 2000 aretr@an norm DIN 51735 (Mafak
et al., 2008). Czech rule of law that is commonsgdi is standard No. 14 — 2009 MZR
(Cesko, 2009).

2.4.1 Characteristic of Briquettes

Briquettes have cylindrical, hexagonal, rectangwarother shapes. Furthermore,
briquettes can be divided into the types withoetltbre hole and the other types with internal
hole, which support better combustion (Plistil, 200rhe forms of briquettes are shown in
Figure 4 and 5.

Figure 4:Forms of briquettes

Source: Havrland et al., 2011
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Briquettes typical length is from 30 to 300 mm ahdmeter is bigger than 25 mm

(mostly about 50 - 75 mm). Following characteristice typical for them:

e “low-sulphur content fuel — less than 0.07%

» typical range of net calorific value is 15 — 19 kijJ/

* required moisture content up to 12%

« density 800 — 1000 kgfin

» ash content — less than 1.2%

» capable for economic storage with a relative hutyidf up to 80% for virtually

unlimited periods.” (Havrland et al., 2011).

The content of moisture in briquette should be Kegitveen 4 - 10%. Higher level of
moisture may result bursting of briquette (Havrlaal., 2011). On the other hand, density is
essential factor for briquettes. Furthermore, dgnbias direct impact on their quality.
According to Havrland et al. (2011)The denser the briquette the higher is it qualitye
lower the briquette density the lower is its ndbaéc value.”

Figure 5Briquettes and pellets

Source: International Energy Crop<,20

There are listed most important properties of leitps according to
CSN EN 14961-1 in Table 1.

Table 1: Properties of briquettes

Properties Value

diameter from 40 mm to 125 mm
length from 50 mm to 400 mm
moisture from 10% to 15%

ash from 0.5% to 10%
particle density from 0.8 g/cmito 1.2 g/cm
mechanical durability only if traded in bulk

SourceCSN EN 14961-1, 2010
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2.4.2 Use of Briquettes

Briquettes should be burned in all kinds of wooddrs. It is possible to use them in
large scale of combustion equipment, for instast®ues, tile stoves, hearthstones and central
heating. They are ecological substitution of coadl @an alternative for municipalities that
struggle with smoke from combustion of coal. Woagk doilers maximize the effect of
briquettes combustion. All in all, biomass brigaestare pure and renewable source of energy
(Stupavsky et al., 2010).

Briquettes are most suitable for using in gasifaraboilers due to their low moisture.
During full combustion are colourless carbon di@idvater vapour and low harmful
substances produced. Through burning, there idtla hmount of ash generated. It fits
approximately to one per cent of burning fuel tisatien kilograms per one ton of briquettes.
This ash also consists of phosphorus - P, potassikntalcium - Ca, magnesium - Mg and
other important elements. All of them are possiblaise as a fertilizer for garden or lawn
(Stupavsky et al., 2010).

2.4.3 Production of Briquettes

Briquettes are produced from wood or plant residyestrong pressing that is named
briquetting. New kind of solid biofuel come up framiquetting. Briquettes have almost the
same net calorific value as brown and black coal is 12 - 18 MJ/kg. So as these both types
of coal, briquettes should be manipulated, storetiteansported (Stupavsky et al., 2010).

Pressuring is factor that has an impact on prodnctCompacting at low pressures
helps some materials (such as corn stover grinButo more efficiently. On the other hand,
compacting at high pressures is required by otheernals such as wheat and barley-straw
are (Mani et al., 2004).

Briquettes are produced by pressing entering daadmaterial in special briquetting
presses without using any added mixtures, bindirgjues (Stupavsky et al., 2010).

Different press technologies can be applied. Greval. (1996) published: “A piston
press is used to create solid briquettes for a ardey of purposes. Screw extrusion is used to
compact biomass into loose, homogeneous briquisiéésre substituted for coal in co firing.
This technology creates a toroidal, or doughnwg;liriquette. The hole in the centre of the
briquette allows for a larger surface area, crgagiinigher combustion rate.”

Through briquetting of waste is its volume redutectight times. The waste is also
cheaper transported and stored. One of the greatntajes of briquette machines is the

valuation of waste (Briklis, 2011).
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The distribution of briquettes is made either inksathat weight mostly ten kilograms
or in folded pallets weighing up to one thousandddams (Stupavsky et al., 2010).

The prices of briquettes should crucially differden the influence of season. They are
the lowest in summer and it is advised to buy tlienthe whole heating season because the

prices are rising up to approximately 40% in wir{tupavsky et al., 2010).

2.4.4 Advantages of Production Briquettes

Briquettes have many advantages. The most impartahem are:

» they belong to renewable source of materials aey thn be used as a fuel,

e briquettes can be easily insert into the combustilamber and they differ from non-
briquetted wastes,

» there is very low quantity of ashes from briquettedoes not go over 0.5 - 1% of the
used fuel overall quantity,

* net calorific value of briquettes according to aslgy is 4.5 — 5 kwWh.kgwhich is 1.5
times more than wood and it is comparable to coal,

* briguettes do not consist of chemical additives gluihg substances and that is why
they are environmentally friendly,

» they save environment, because,G©released into the air through burning and it is
fully absorbed by plants during photosynthesis,

» thanks to their size, that is compressed by 4-fredi in volume, they should be
effectively transported and storaged,

« finally, the briquettes can well flare up, haveoad burning without sparing and their
warmth is allowed as more pleasant than the healuged from coal, light fuel oil or
natural gas (Havrland et al., 2011).

2.4.5 Equipment for the Briquettes Production

In the past, there have been developed two diffeddrections in the biomass
briquetting technology. The reciprocating ram/pistaress was invented and perfected in
Europe and the United States, while in Japan watoeed and developed the screw press
technology. Although both technologies have thelvamtages and disadvantages, it is well
known that the screw pressed briquettes are migierbthan ram pressed solid briquettes
because of their excellent storability and comlmilgly (Grover et al., 1996).

Piston, matrix with the closed and open chambetkerr ring, screw and mouthpiece,
all of these types of presses are used for brigqgetHavriand et al., 2011).
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Following equipment is used to make fuel briquettes
» dryer machine,
» crusher,
e conveyor,
e biomass briquettes machine,
* packing machine (AGICO, 2012).

Inhabitants have started to generate briquettdwmie. While the first machines in
households able to create briquettes were made dompressed sawdust, modern machines
that are used for producing briquettes can utdiag sort of dried biomass (AGICO, 2012).

Haverland et al. (2011) reported: “The briquettesgrBrickStar, or hydraulic pressing
system (HPS) allows to produce briquettes of diaméb mm and length 30 -50 mm. The
raw material for briquette production contains mading agent and the effect of hardening is
achieved only by means of pressure in a cylindmgatrix, thanks to counteracts their own

material.” See Figure 6.

Figure 6:Briquette press BrikStar CS 25, 50

Source: Briklis, 2011

2.5 QUALITY CONTROL OF BIOFUELS

There are different standards of producing woodefeland other solid biofuels,
recently. The absence of common (European) stasdad negative impact on export and
import and understanding among producers of bodadsfuels, as well. That is why the rise
of promising industry of RES slowed down. Firsthew European standards have positive
effect on high and comparable quality of biofuesecondly, these standards help customers
to better orientation in the market. Finally, thegucers of combustion equipment should

specify demands on suitable fuel by using previpogntioned standards (Kotlanova, 2012).
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European Committee for Standardization (CEN) desigiechnical specifications for
testing and prompts. Consequently, there were tsirdsrds EN 14961 released. General
standard from 2010 EN 14961-1 defines the clasdifino of solid biofuels according to
origin: woody, herbal and fruit biomass. There wetker standards for non-industrial use
published in 2011: wood pellets (-2), wood brigegtt-3), wood chips (-4), firewood (-5) and
non-woody pellets (-6), see Table 2. While genesandard has rather informative
parameters, other parts of standard are striC@®N(EN 14961-1, 2010; Kotlanova, 2012).

Members of CEN are required to fulfil EN 14961. Mmsrs of CEN are National
Standards Bodies of these countries: Belgium, Bidgahe Czech Republic, Denmark,
Estonia, Finland, France, Croatia, Ireland, Islantly, Cyprus, Lithuania, Latvia,
Luxembourg, Hungary, Malta, Germany, Nederland, vi&y, Poland, Portugal, Austria,
Romania, Greece, Slovakia, Slovenia, UK, Spain, d&we and Switzerland
(CSN EN 14961-1, 2010).

Table 2: National standards of the Czech Republic - Soladuls - Fuel specifications and classes

Name of standard Specification (\éﬂ:ﬂg;sgr)
Solid biofuels — Fuel specifications and classes — CSN EN 14961-1 07/2010
Part 1: General requirements

Solid biofuels — Fuel specifications and classes — SN EN 14961-2 12/2011
Part 2: Wood pellets for non-industrial use

Solid biofuels — Fuel specifications and classes — SN EN 14961-3 12/2011
Part 3: Wood briquettes for non-industrial use

Solid biofuels — Fuel specification and classes — SN EN 14961-4 12/2011
Part 4: Wood chips for non-industrial use

Solid biofuels — Fuel specification and classes — SN EN 14961-5 09/2011
Part 5: Firewood for non-industrial use

Solid biofuels — Fuel specifications and classes — SN EN 14961-6 09/2012

Part 6: Non-woody pellets for non-industrial use
Source: Author

It is necessary to know the quality and composibbbiomass and biomass products
(wood pellets and briquettes) which are intendedctambustion and define it in terms for
long term preservations quality and based on thpseifications is important to make quality
controls. The control of quality could be made rawon the basis of specifications, which
give values of individual physical and chemicalgedies (Kotlanova, 2009).

Testing of biomass should be practised by expeegraboratory. Correct sampling
procedure is the primary thing. This activity shibbe performed by specialists and also the
storage and transport of samples may effect omesdts of analysis. Samples must be kept
so that the moisture do not change and they muptéyeented from contamination. Sampling
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is made according to general standard for samptihgolid biofuelsCSN EN 14778
(Kotldnova, 2009).

Samples of solid biofuels such as woodchips, griax, rape straw, pellets and

briquettes are usually analyzed in terms of follogyparameters:

determination of moisture content,

determination of ash content,

determination of major elements,

determination of content of volatile matter,

determination of calorific value,

determination of bulk density,

determination of total content of sulfur and clhe;
determination of total content of carbon, hydroged nitrogen,
determination of particle density,

determination of mechanical durability of pelletaldriquettes (Kotlanova, 2009).

Each of previously mentioned parameters is impoffianthe quality of solid biofuels

either in terms of the quality of the fuel for comstion or from the perspective of

environmental protection.

One of the most important parameters is deternanaif moisture content that affects

fuel efficiency. It is also consequential paramdterproducing pellets from biomass. It is

almost impossible to produce quality pellets fronatenial with high level of moisture

content. Determination of moisture content is pied by standard SN EN 14774-1 to 3

(Kotlanova, 2009). National standards of the CzBdpublic regarding solid biofuels are

listed in Table 3. Determination of ash contentlso essential. It is provided by standard
CSN 14775. Metals and other elements could penetimtie solid biofuels through

preservative chemicals (contamination of As, B, @i, Cu, F, P, Zn), colours (Cd, Pb, Ti),

used mineral oils and greases, soil, transportd usels and machines (Fe, Cr, Ni) or
additives. Determination of major elements in b@guis provided by’SN EN 15290. The

other parameter is determination of content of ¥elanatter. Its high portion could affect

emissions. This parameter is specifiedd8N EN 15148. Determination of calorific value is

necessary for finding the utilization of the fuel the combustion process. It proceed

according toCSN EN 14918. It is carried out in calorimeter. Detmation of bulk density

allows the assessment of required storage or sgeperements during transport. This is
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provided byCSN EN 15103 and made by pouring biofuel into stathdeontainer and
weighed. It is advisable to know concentration wfus and chlorine. They are parts of solid
biofuels and during combustion could convert inemgerous sulfur oxides and chlorides.
Determination of total content of sulfur and chheriis implemented bg'SN EN 15289.
Determination of total content of carbon, hydrogand nitrogen is made by using
instrumental methods according@®N EN 15104. For pellets and briquettes are typests

of their size, volume, density and abrasion. Theymovided byCSN EN 15150 when the
pellet or briquette is fixed to the test tripod animersed in a container with water and the
buoyancy is calculated density of pellets or britpge Determination of mechanical durability
of pellets and briquettes is important mainly fetlgts dosed into the combustion machine. It
is provided byCSN EN 15210-1 (pellets) an@éiSN EN 15210-2 (briquettes). Samples rotate

in drum where they collide with partition and thesult is abrasion (Kotlanova, 2009).

Most usually used standards in the Czech Repubtarding the solid biofuels are

shown in Table 3.

Table 3: National standards of the Czech Republic - Solidugls - Sampling

Name of standard Specification Valid from
(month/year)

Solid biofuels — Sampling CSN EN 14778 01/2012

Solid biofuels - Determination of moisture conterbvendry  ~gN EN 14774-1 05/2010

method — Part 1: Total moisture — Reference method

Solid biofuels - Determination of moisture conterbvendry  ~gN EN 14774-2 05/2010

method — Part 2: Total moisture — Simplified method

Solid biofuels - Determination of moisture conter®vendry  ~gN EN 14774-3 05/2010

method — Part 3: Moisture in general analysis sampl

Solid biofuels — Determination of ash content CSN EN 14775 06/2010

Solid biofuels - Determination of major elements -Ca, Fe, SN EN 15290 08/2011

Mg, P, K, Si, Na and Ti

Solid biofuels — Determination of the content ofatite matter ~ CSN EN 15148 06/2010

Solid biofuels — Determination of calorific value CSN EN 14918 07/2010

Solid biofuels — Determination of bulk density CSN EN 15103 06/2010

Solid biofuels — Determination of total contentsoffur and SN EN 15289 07/2011

chlorine

Solid biofuels — Determination of total contentcafbon, SN EN 15104 09/2011

hydrogen and nitrogen — Instrumental methods

Solid biofuels — Determination of particle density CSN EN 15150 06/2012

Solid biofuels — Determination of mechanical duligbof SN EN 15210-1 06/2010

pellets and briquettes — Part 1: Pellets

Solid biofuels — Determination of mechanical dulipof SN EN 15210-2 06/2011

pellets and briquettes — Part 2: Briquettes

Source: Author
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From the above list of tests implies that solid$ueom biomass must have specified
properties, which can affect previously mentionests. From the perspective of producers
and consumers is essential that the quality ofdsbiofuels must be monitored and also

declared on the products (Kotlanova, 2009).
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3. OBJECTIVES

One of the possible types of waste biomass, wbald be used as solid fuel, is a
digestate. The aim of this diploma thesis is tafyexhether digestate from biogas plant is
suitable for briquettes production. The emphas@ven on abrasion resistance of briquettes
from the point of view of used materials. This pedy is important for evaluation suitability
of digestate products. The diploma thesis dedls f@llowing sub-goals.

The first of the objective is to find out and toawate whether the abrasion depends
on the composition of briquettes. Digestate britpgetare mixed with mineral fertilizer,
especially zeolite and dolomitic limestone.

Another goal is to conclude if the size of brigastthas an impact on mechanical
durability of briquettes. In other words, whethiere is a correlation between mass and
abrasion. If the dependence between mass of breguand their abrasion was proved, it
would be possible to produce specific dimensiobrajuettes, because the abrasion would be
reduced.

The durability of briquettes in the time period dreds to very important qualities of
briquettes and that is the third aim of the theS$isis last research ascertains whether the
storage time has an influence on the abrasioniqtibttes. There are also used energy crops,
like Miscanthus x giganteuand Miscanthus sinensisThese kinds of crops are mixed with
sawdust and wood shavings.

If some previously mentioned dependence is proaedther aim is to determine
regression function and the tightness of dependence

The other objective is to express the abrasionach ériquette and to determine the
mechanical durability of the research samples aitgito standard SN EN 15210-2.
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4. MATERIALS AND METHODS

4.1 USED MATERIAL CHARACTERISTICS

The material used for research purposes - digesteobtained from the biogas plant
which is located in agriculture cooperative in KrasHora nad Vitavou. There was following
composition of feedstock: 60% of beef manure fromfarm, 20% corn silage and 20% grass
silage. Nutrient values of digestate are shownabld@ 4. This material was processed in the
dryer in the CULS to the finally content of 85-9Q@%dry matter and then was solid part of
digestate separated.

Table 4: Nutrient values of digestate, expressed b

material ash nitrogen fats fibre organic nitrogen-
matter free extract
6% dry matter 1.02 0.78 0.02 1.86 4.95 2.28
100% dry matter 17.12 13.08 0.38 31.18 82.88 38.23

Source: doc. Ing. Josef Pecen, CS.c

The briquettes were pressed dhBecember 2012 and they had cylindrical shape with
diameter 65 mm, length approximately from 30 to h@@ and their mass was from 27.4 g to
257.1 g. All of the briquettes were produced on bbhiguetting press type BrikStar CS 50,
which is available at Technical Faculty of CULS.

The briquettes were stored for four months in thbofatory with an average
temperature 23 °C and relative air humidity betwddn— 60%. Each of briquettes were
weighed separately. Three different types of bripsewere used: first type contained the
pure digestate only, the second one contained tdigewith zeolite added in ratio 6:1 and the
third one was digestate with dolomitic limestoneledi in ratio 6:1. See Figure 7, Table 5.
The briquettes were made from the stated matewdlsout other additives, like binding.

Properties of digestate are listed in Appendix 2d 25.

Figure 7: Digestate briquettes and mineral fertilzers

Source: Author
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Table 5: Types of produced briquettes

Date of abrasion

Type of briquette Date of press
. I, m V.
8 kg digestate 03.12.2012 _ 04.12.2012 09.01.2013 05.02.2013 0%03.2
3 kg digestate + 0.5 kg zeolite 03.12.2012 12122012 23.01.2013 05.02.2013 0%03.2
ﬁ’rﬁgs‘f(')%e;tate +0.5kgdolomiic 3155012 12122012  23.01.2013 05.02.2013 0503.2

Source: Author

Briquettes made frorMiscanthus x giganteusndMiscanthus sinensiwere used for
determination long time period of storage time.Bspecies were grown on land of CULS.
The material was harvested in April 2011 and wasddunder natural conditions in the sun.
At first, dry stems ofMiscanthus x giganteuand Miscanthus sinensigere crushed using
hammer crusher with 8 mm diameter sieve and themidterial was mixed with sawdust and
wood shavings in ratio 1:1. Finally, it was pro@sdy briquetting press. Totally, it was
produced six types of briquettes. The first one ewdriquettes made from pure
Miscanthus x giganteufMG), next MG mixed with sawdust and the last wa& Mith
addition of wood shavings. The same procedure epsated witiMiscanthus sinensisThe
initial diameter of briquettes was 65 mm and lerfigbm 30 to 50 mm. These briquettes were
stored for 16 months in the laboratory of CULS wéh average temperature 23 °C and
relative air humidity from 45 to 60%. All the brigties were produced in the same way and
had the same shape.

| used partially results of laboratory measuremédram Hojna (2012), which were
supplemented by new finding. Briquettes were alitagi/en times in the rotary drum. See
Table 6. Compared to previous research, these ditepiwere weighed as a sample of the
total mass 2 0.1 kg. See Appendix 23 and 24.

Table 6: Data of abrasion of briquettes made fronMiscanthus x giganteus and Miscanthus sinensis

Date of abrasion

l. Il [l V. V. VI. VII.
15.11.2011 15.12.2011 17.01.2012 20.03.2012 19009.2 09.01.2013 27.02.2013

Source: Author
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4.2 METHODS

Microsoft Office Excel was used to organize datatawmted from laboratory
measurements in this thesis. Software STATISTICA ¥@ was used for processing of data.

The obtained data were firstly characterized bydetve statistics and then tested for
normality and homogeneity by using following tesith significance levek = 0.05:

* Shapiro — Wilk’s test,
» Bartlett’s test,
* Levene’s test.

Secondly, according to the results of normalitymlgeneity and character of data,
there was interaction of parameters tested witlviddal factors. These tests were applied to
evaluate the dependency:

* ANOVA (analysis of variance),
* Kruskall-Wallis test,

» Scheffé’s method,

* Friedman test.

With the help of regression and correlation aredysegression estimates were
determined.

Furthermore, abrasion (i.e. mass, which is sepérdtem the briquettes) and
mechanical durability of briquettes (i.e. how laigethe sample that remains after the test)

were calculated.

4.2.1 Descriptive Statistics
Descriptive statistics identifies and summarizdsrmation, processes it in the form

of graphs and tables and calculates their numestaaiacteristics such as:

» arithmetic mean,

* median,

* lower quatrtile,

e upper quartile,

* variance,

» coefficient of variation,

+ standard deviation.
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Arithmetic Mean

o X X, X,
X = ,
n

n = number of observation

Confidence Limits for the Mean
P=(X-A<u<x+A)=1-a,
1-a = confidence coefficient

A= delta, standard error

Median or middle value also known as 50% quartile dividke statistical sample
(population) into two equally numerous half. In tase, where the sample exist considerably
outlier or extreme values, median better charamerstatistic sample than arithmetic mean
(Diggle et al., 2011).

Quartiles are values that divide the statistic sample iotar fparts, each part contains about

25% units. There are three quartiles: lower glearki,,; separates the lowest quarter of
character values. The middle quartile - mediardivides the field of character values into
two equal parts, each of them contains 50% of ubiigper quartilex,,, separates 75% of the

lowest character values from remaining 25% of ottaravalues (Hawkins, 2009; SvatoSova
et al., 2009).

Variance is defined as the average squared divergenceabf éaaracter values from their

arithmetic mean (Hindls et al., 2006).

g = 2a% %’
§ n

Coefficient of Variation is defined as the ratio of the standard deviasind the mean. The
coefficient of variation is a dimensionless quantits centuple shows variability in per cent.
According to very rough rule is coefficient of valion greater than 50% a sign of disparity of
statistical sample (SvatoSova et al., 2009, Kalzd. £2012).

V. =

X

I |,
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Standard Deviationis square root of the variance and it is expregséide same units as the
examined statistical character (Hindls et al., 3006

S, =S,

Box Plot (also known as a whiskers plot) shows considerabllier and extreme value. It
displays graphically depicting groups of numeridata through their five parameters: the
smallest observation (sample minimum), lower glegrtnedian, upper quartile and largest
observation (sample maximum). Box Plot may alsoks#éne observations that are supposed
to be outliers (Diggle et al., 2011; Kaba et a)12).

Quantile - Quantile Plot (also known as a Q-Q plot) is a simple visualizatiool for
tentative assessment of normality. If the analyzieda are not in contradiction with
hypothesis of normality of distribution, points graph are approximately arranged in a
straight line(Hindls et al., 2006; SvatoSova et al., 2009; Kébal., 2012).

4.2.2 Statistical Hypothesis Testing

Statistical induction methods play an importanerol statistics. They are a set of
processes that by researching a random samplesamgl the apparatus of probability theory
allow to formulate conclusions about the populatiiom which was this random sample
taken (SvatoSova et al., 2007).

There are two important terms. One of them is assizdl hypothesis - a statement
about the parameters describing a population (resnaple). The second one is a statistical
test that is a procedure by which it is verifiedetter there is a relationship between the
variables (dependence or difference). If, basethertest is determined that a survey result is
statistically significant it is very unlikely thahis result was due to a mere coincidence
(Lehmann et al., 2005).

It is necessary to distinguish between parametrit reon-parametric tests. Parametric
tests require the fulfilment of many conditionsg(enormal distribution of random variables
tested) to justified their use. On the contraryp4parametric tests are more versatile, but their
smaller force (smaller ability to reject an incatrenull hypothesis) is their disadvantage
(Jindrova et al., 2008; Diggle et al. 2011).

Statistical hypothesis that is tested is namedntiie hypothesis and is denotét.
Each task of testing hypotheses is formulated sbith@onfronts two hypotheses: the null
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hypothesiHy and alternative hypothediy, that rejects the null hypothesis and we accept
it when we refuse the null hypothesls (Hawkins, 2009; Kaba et al., 2012).

Testing is done on a random basis. Every statistlealsion that is based on this
selection has the probabilistic character and fbezecan lead into certain errors: The
probability of type | error and the probability type Il error. The probability of type I error is
named significance level and is denoted by the IGmenbol a (alpha). It indicates the
amount of risk with which thély is rejected, even if it is true. The rate of thpetyl error is
denoted by the Greek lettgr(beta) and related to the power of a test (whighaés 1)
(Hawkins, 2009; Kéba et al., 2012).

ANOVA (Analysis of variance) represents a geneadion of two-sided t-test to the
case of more than two selections. This method id ugeen the influence of one or several
factors on researched quantitave statistical ckherrads studied. In the first stage is by using
this analysis the null hypothesis tested. If tHisis not rejected, our research ends. If this
Is rejected, in the second stage is tested whiek &re significantly different from each other
(Hindls et al., 2006; Kaba et al., 2012).

Friedman test is similar to the non-parametric ysialof variance for samples that are
interdependent. It tests the null hypothedisthat all selections originate from the same
distribution. In case of thg@<0.05 is the null hypothesis rejected and the altereativ
hypothesisH; accepted. Thél; means that the observed values of at least twqlsanare
significantly different from each othefor subsequent multiple comparison is used Neményi
method for dependent samples. The procedure consistenparing differences |Ti — Tj| with
critical value N ). These values are tabulated fox25 and k< 10, wherek is the number
of classes being compared ard is the number of repetitions in each class. If
ITi — Tj| > Nu,ny, iS the hypothesis rejected, theh andj-th selection come from the same
distribution (Jindrova et al., 2008).

4.2.3 Regression and Correlation Analysis

These analyses enable to solve two main taskdyfitst find a form of dependence
and express it by mathematical (regression) functidhis is called a regression task.
Secondly, to determine the degree of force, itoicalled correlation task (SvatoSova et al.,
2009).

Basic case of statistical dependence is a simpkati regression, which means the
dependence only between two random variaklaadY. Observed values are shown by using

scatter plot. Set of points in this scatter plotdmecorrelation field and give tentative
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information on the study of dependence. If the {®in scatter plot are arranged in such a
way, that the course of the correlation field cooédcaptured by a straight line, there is linear
relationship indicating between variabMggrouping variable) an¥ (dependent variable). In
other cases, the process of correlation field shbalcaptured by some non-linear function, in
this case it is non-linear dependence. Linear ssgpa function is in the following form:
i=a+p +s,
where alpha and beta are parameters of the equatemthat represent the absolute term of
alpha and beta the regression coefficient. The pateare is the residue. The regression
coefficientr? characterizes the average change of the depemdeable, which corresponds
to a change of the independent variable on theobiie unit. If this coefficient is positive, the
growth of values of the independent varialiles on average accompanied by the growth of
the dependent variabMé This dependence is called a positive correlatibthe regression
coefficient is negative, growth occurs when theueal of the independent variables are in a
decrease in average values of the dependent variéiblthis case, it is called negative
dependence (Kaba et al., 2012).

The second basic task of the statistical analysihefrelationships between random
variables is to determinate the correlation (deteenthe degree of force or determine the
tightness of dependence). While regression analimisises on the form between the
observed variables, correlation analysis shows ktvang this relationship is. Dependence
between variableX andY characterizes the correlation coefficienFor rating of tightness of
linear relationship betweexandyY are following approximate scale used:

0 < |rk 0.3 weak dependence
0.3 < |rk 0.8 moderate (medium) dependence
0.8<|rk1 strong dependence (SvatoSova et al., 2009).
The coefficient of determination’ is another important measure of tightness of linea
dependence?r* 100 indicates how many per cent of changes efdependent variable are

explained by the selected linear regression funst{&aba et al., 2012).

4.2.4 Mechanical Durability

Mechanical durability of briquettes belongs to @fi¢he most important tests of their
mechanical resistance. It represents the abilitydersified fuels to remain intact during
handling and delivery (Carone et al., 2011). Medatandurability is necessary for the
evaluation of physical quality of solid biofuelspecially for briquettes and pellets. Both of
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them are inclinable to damage, especially duriagdport and storage. Test of mechanical
durability was performed in special rotating drurithva partition CSN EN 15210-2, 2011).
Figure 8 shown specific rotating abrasion drum ediogy toCSN EN 15210-2. It is a
steel cylindrical drum with a volume of 160 litreith following dimensions:
* inner length or depth: 598 + 8 mm,
e inner diameter: 598 + 8 mm.
The drum must be constructed of steel sheet withinmuim thickness of 1 mm. The inner
surface of drum must be smooth and free of anyasasf imperfections such as scratches or
bumps are. Drum for mechanical resistance featare®ctangular steel partition with
following parameters:
* length: 598 + 8 mm,
* height: 200 = 2 mm,
« thickness: 1 mm{SN EN 15210-2, 2011).
Minimum test portion of the sample must be 2 kgpared test portion of the sample
with a minimum mass of (2 + 0.1) kg is put into ttheim and rotates approximately for 5
minutes or when 105 turns are madSK EN 15210-2, 2011). See Figure 9.

Figure 8: Rotary drum according t6SN EN 15210-2 Figure 9: Rotary drum at Faculty of
Notes: 1 — Drum, 2 — Patrtition, 3 — Motor Engineering, CULS
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SourceCSN EN 15210-2, 2011 Source: author

Mechanical durability of briquettes made from bi@®as calculated by using the
following formula:
DU =" 100
mE
where: DU= the mechanical durability in %,
me = the mass of pre-sieved briquettes before thendreatment in grams

(before abrasion),
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ma = the mass of sieved briquettes after the drumtrirent in grams (after abrasion)
(CSN EN 15210-2, 2011).

There are no standard criteria for mechanical taast® of acceptance levels, but high
durability means high quality briquettes (Kaliyanat., 2009). Low mechanical durability
leads to high dust emissions or it is responsibteah increased risk of fire and explosions
during briguettes handling, transport and storag®ther problem can also appear during
feeding boilers (Temmerman et al., 2006).

Minimum storage time for briquettes is 9 monthsribg this period, briquettes must
not change their size, density and moisture cortemhore than 10%{esko, 2009).
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5. RESULTS

5.1 DESCRIPTIVE STATISTICS

5.1.1 Mass of Briquettes

There was a Box Plot constructed from 90 measuaftes. The graph in Appendix 1
shows that two outliers appear there (27.4 g and)33 hese outliers were excluded from
observation because their inclusion could disteetresults.

The measures of central tendency and dispersiamabifsty) were calculated of the
remaining 88 values. See Appendix 3. The averagesroé briquette before abrasion was
162.2 g. Further, the confidence limit for the meeas calculated on the significance level
a = 0.05. It is possible to say with 95% confidenicat the average briquettes mass before
abrasion is between 153.1 g and 171.3 g. Standadl/&= 9.1. Since the arithmetic mean
can distort the results, there was also medianulzdéd and Box Plot constructed. See
Graph 1.

Graph 1: Box Plot of mass of briquettes before abrsion
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Source: Author
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Box Plot allows assessment of the robust estimfateedian, then the symmetry of the
data set and assessment of outlying or extremesaMeasured values (individual mass of
briquettes before abrasion) are shown on Y- ax@nFGraph 1 is evident that data does not
make any outliers or extremes. From the shape of Blot is possible to determine the
symmetry of the layout. Graph is represented by d@m the normal distribution and not
only because of its symmetry, but also due to tb&tjpn of the median, that is situated
almost in the total centre of a rectangle. For fication the value of arithmetic mean
X = 162.2 g is very close to the mediarr 164.65 g. There are 25% of the samples (data)
with a value that is less than or equal to 136 @) Z%6 of the values is smaller than or equal
to 192 g. Non-outlier range is in the interval &57.1 g).

In a Quantile-Quantile Plot of briquettes mass tefbrasion (Appendix 2) there are
compared structured values (by size) analyzed blasawith theoretical quantile. Points in
graph are arranged approximately in a straight, larel therefore it is possible to conclude
that this could be a normal distribution. This tesginecessary to be confirmed by using the
statistical test, Shapiro-Wilk test.

Ho: Examined data come from a population with a normédistribution.

P-Value is in this casep = 0.6149 and this value is greater than signifteatevel
a = 0.05. That means that the null hypothesis igpied.
p-value >a; Hpis accepted

5.1.2 Abrasion of Briquettes

From Graph 2 is apparent that the abrasion is dkgp#non the number of
manipulations with briquettes, otherwise it is degent on the number of abrasion in the
rotating drum. The greater the number of manipotativith briquettes, the smaller is the
abrasion of briquettes. Therefore, it is a downwaedd. The worst (extreme) or the largest
average abrasion of briquettes was observed insidige mixed with zeolite followed by
digestate mixed with dolomitic limestone in thesfimanipulation with briquettes. In the
second, third and fourth manipulation was the w(ggtreme) average of abrasion measured
at the digestate with dolomitic limestone followleg digestate with zeolite. The best result,
so the smallest average abrasion was achieved igydigestate. There are calculated mean,
minimum and maximum values and standard deviation®\ppendix 4. The values of
standard deviation are quite high, which means tthatdistribution around average is more

dispersed.
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Graph 2: Average abrasion of briquettes accordingd composition
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Briquettes made from digestate, digestate mixel néblite and digestate mixed with
dolomitic limestone were divided into these fouresgroups according to their mass:

* small (S) <130g
e middle (M) from 130 g tol74.5g
* large (L) from 174.6 to 190 g

*  maximal (MAX) > 190 g.

Appendix 5 shows description of these groups. fusthhere was calculated an
average abrasion of briquettes, which is expresseédr cent. For briquettes made from pure
digestate is evident, that abrasion slightly insesawith the mass of briquettes. See Graph 3.
There are maximum values of abrasion expressedricgnt in the Appendix 6. It is obvious
from the maximum values that in the briquettes bgilog to the mass group above 190 grams
also occur the largest abrasion.
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Graph 3: Average abrasion of briquettes made from @jestate according to size groups
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In the briquettes that are produced from digestatie the addition of zeolite is evident
a similar trend as in previous briquettes. See BrapTrhe abrasion increases with a mass of
briquettes. The maximum value was observed indhgebt size group. The most noticeable
difference is at the first manipulation with briqigs. The difference in the second, third and

fourth manipulation in a rotary drum is almost grsficant. See Appendix 7.

Graph 4: Average abrasion of briquettes made from wWestate mixed with zeolite according to
size groups
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The briquettes made from digestate with additiondofomitic limestone had the
largest abrasion in small groups, followed by threximum, large and medium size groups (in
the first manipulation). See Graph 5 and Appendix 8

Graph 5: Average abrasion of briquettes made from @jestate mixed with dolomitic limestone

according to size groups

6.00

5.00

4.00

3.00 +—

2.00 +— _I _l

0.00

I. II. M. IV.
Number of manipulation with briquettes

Abrasion [%]

Osmall @ middle @large B maximum ‘

Source: Author

In the next part of this diploma thesis, there Wwél statistically verified the hypothesis
that the abrasion depends on mass (size) of bteyueind researched whether is this
difference statistically significant.

5.2  STATISTICAL HYPOTHESIS TESTING
5.2.1 Comparing Composition of Briquettes
The aim of this part of the thesis is to determaieether there is dependence between
the abrasion and composition of briquettes. From @gnaph ANOVA results for effect
“briquettes made from” (Appendix 9) is evident ththere will be differences between
briquettes with different composition and their abon. It is also true that at
first, second, third and fourth manipulation withqoettes isp < a, Hpis rejected and the
alternative hypothesis is accepted: at least bypameof the composition of the briquettes is
significant difference in the abrasion.
* Ho: in the composition of briquettes is not significdifference in the abrasion;
* Hj: at least in one pair of the compared compositdrbriquettes is significant
difference in the abrasion.

p <a; Hois rejected
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Test continues with the detailed evaluation bdirst it is necessary to find out the normality
and homogeneity of data by using Bartlett's testl &evene’s test. It is obvious from
Appendix 10, that I., Il. and lll. manipulation wWwitbriquettes must be solved by using
nonparametric tests (Kruskall-Wallis test), becaps€ a. The result wasp > « in IV.
manipulation, i.e. null hypothesis is accepted anlll be solved by using the Scheffe’'s
method. See Appendix 11. There are shown detadsesaments, among which variables are
statistically significant differences in Appendix2 land 13. In the first and second
manipulation was proved statistically significanffetence in the abrasion of briquettes with
the composition 1 and 2, 1 and 3. There was gtatilst significant difference proven in the
abrasion of the third and fourth manipulation boltyan briquettes with structure 1 and 3.

1 = digestate; 2 = digestate + zeolite; 3 = digetta+r dolomitic limestone
From the results of analysis it could be with 95%6b@ability concluded that the factor of
structure of briquettes has an important effecth@nabrasion.

5.2.2 Comparing Size Groups
The aim is to find out if there are any dependenbietween the mass of briquette and
its total abrasion (the sum of four manipulationf)ere are graphs of effective hypothesis
decomposition including-valuedisplayed in the Appendix 1®-valuewas tested by the use
of analysis of variance. There were null and algue hypothesis for briquettes that are made
from digestate worded:
 Ho between size groups of briquettes made from th¢gesis not statistically
significant difference in the abrasion;
* Hj: at least in one pair of the size groups exissistically significant difference in
the abrasion.
p >a; Hois accepted
Further, there were also null and alternative hlgpsés for briquettes made from digestate
mixed with zeolite determined:
e Ho: between size groups of briquettes made from thtgesnixed with zeolite is not
significant difference in the abrasion;
* Hj: at least in one pair of the size groups exigiicant difference in the abrasion.
p <a; Hois rejected
Continues with more detailed evaluation, but atfitr is necessary to find out homogeneity of
data by using Bartlett's test. After the testing hmdmogeneity of variances is the result
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p < a, that means, that the task is consequently sddyagsing non-parametric tests. There is
statistically significant difference in the smalhda maximal size group determined by
application of Kruskal-Wallis test. Statisticalligsificant difference is evident in the abrasion
of briquettes with the mass up to 130 grams and b®@ grams. See Appendix 15.
The last null and alternative hypotheses were ftaitad for briquettes made from digestate
mixed with dolomitic limestone:

e Ho: between size groups of briquettes made from thgeanixed with dolomitic

limestone is not significant difference in the aboa;
* Hj: at least in one pair of the size groups exigificant difference in the abrasion.
p > a; Hois accepted

Only in briquettes pressed of digestate with additof zeolite was proved statistically

significant difference between the size groupsthedabrasion, as well.

5.2.3 Comparing Time Period
There was in sample of 88 briquettes examined wenestorage time affects the
abrasion. Briquettes were stored for four monthialratory conditions and were abraded in
rotary drum. See Appendix 16. Null and alternatiypothesis is as follows:
» Ho: all selections come from the same distributiom, $torage time is independent on
the abrasion;
* Hj: storage time is dependent on the abrasion.
As it is observation of the multiple dependent skspthe Friedman test was used. The
results of this test can be seen in Table 7.
p <a; Hois rejected
Alternative hypothesis is accepted and thereforeendetailed assessment by using Neményi
method for dependent samples will be made. Theaedi$ference in totals of serial numbers
|Ti — Tj| calculated in Table 7. In the tables oitical values of Neményi method for
depended choices can be found éo= 0.05, Nos (4:88723.5. In the Table 8 where are
differences between sums of serial numbers are weith colour marked differences that
outweigh or coincide number 23.5 at the level ghsicancea = 0.05. It is apparent with the

95% confidence that each month of storage affbéetgbrasion.
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Table 7: Friedman test

Friedman ANOVA and Kendall Coeff. of
Variable Concordance (Time Period)
ANOVA Chi Sqr. (N = 88, df = 3) = 120.9255

p =0.00000
Coeff. of Concordance = 0.45805 Aver. rank
r=0.45182
Average  Sum of Mean Std.Dev.

Rank Ranks
December  3.460227 304.5000 4.080682 7.070822
January 2.931818 258.0000 2.285000 1.945518
February 2.085227 183.5000 1.743182 1.323770
March 1.522727 134.0000 1.619318 1.685834
Source: Author

Table 8: Neményi method

i/] 2 3 4

1 304.5 -258.0 =46.5 304.5-1835221.0 304.5-134.0270.5
2 258.0 - 183.5=74.5 258.0 - 134.0224.0
3 134.0 — 258.0 424.0 183.5 - 134.0 =49.5

Source: Author

5.3 REGRESSION AND CORRELATION ANALYSIS

Statistically significant difference was observedhriquettes made from digestate,
digestate mixed with zeolite and digestate mixedhwdolomitic limestone. Regression
function was calculated for three kinds of brigast{not for size groups). There are observed
values of these briquettes illustrated by usingtt8c#lots in Appendix 17, 18 and 19. The
mass of briquettes before abrasion expressed mgyra displayed on th¥ axis and the
abrasion in grams is shown on thaxis.

There are results of regression analysis for bttggemade from digestate listed in
Table 9. The regression coefficient — 0.0121 detmmthe slope of the line and its sign
(minus) shows a negative dependence of the matiseasbrasion. The abrasion is explained
by the linear function of 66%. The correlation dméént is lower than 0.3, i.e. this implies
weak dependence. Regression function has the form3y0587 — 0.0121x. If the size of
independent variable changes by one unit, the vafuthe dependent variable would be
changed on average by regression coefficient. friteans, if the mass of briquette increases

to 100 grams, the abrasion would reduce on averbj grams.
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Table 9: Regression summary for briquettes made fnm digestate

Regression Summary for Dependent Variable: abradianch (digestate)

n=47 R=0.25691070 R2= 0.06600311 Adjusted R2=0.0452476
F(1.45)=3.1800 p<0.08129 Std.Error of estimate9867
b* Std.Err. b Std.Err. t(45) p-value
of b* ofb
Intercept 3.058695 1.057393 2.89268 0.005867
mass before abrasion, March -0.256910.144068 -0.012067 0.006767 -1.78326 0.081289

Source: Author

The briquettes pressed from digestate mixed withliteehave regression coefficient
r = 0.0325 this implies positive dependence. SddeT®0. Regression function is in the form
y = - 3.2110 + 0.0325x. The correlation coefficiest0.75 and therefore it is a medium
dependence. The abrasion is explained by the liiueation of 57%. If the mass of briquette

increases of 100 grams, the abrasion would increasererage of 3.3 grams.

Table 10: Regression summary for briquettes made ém digestate mixed with zeolite

Regression Summary for Dependent Variable: abrasibtarch
n=18 (digestate+zeolite)

R=0.75198024 R2= 0.56547429 Adjusted R2= 0.5383164

F(1.16)=20.822 p<0.00032 Std.Error of estimate053%

b* Std.Etrr. b Std.Etrr. t(16) p-value
of b* of b
Intercept -3.21102 1.079676 -2.97406 0.008951

mass before abrasion, March  0.751980 0.164796 0.03250 0.007122 4.56309 0.000319

Source: Author

The briquettes made from digestate with the additibdolomitic limestone have the
regression coefficient of 0.0131, i.e. this impl@ssitive dependence. Regression function
has the form y = 0.4651 + 0.0131x. See Table 1&.cddwrelation coefficient is 0.46 and that
is a medium dependence. The abrasion is explainedhbe linear function only of
22%. If the mass of briquette increases of 100 grahe abrasion would increase on average
of 1.3 grams.

Table 11: Regression summary for briquettes made &m digestate mixed with dolomitic limestone

Regression Summary for Dependent Variable: abrasibtarch
n=23 (digestate+dol.limestone)

R=0.46393758 R2= 0.21523808 Adjusted R2=0.1778684

F(1.21)=5.7597 p<0.02575 Std.Error of estimate2433

b* Std.Err. b Std.Err. t(21) p-value
of b* of b
Intercept 0.465052 0.850511 0.546792 0.590285

mass before abrasion, March  0.463938 0.193312 0.013089 0.005454 2.399939 0.025752

Source: Author
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54 MECHANICAL DURABILITY

The best result in terms of mechanical durabilDyjJf was achieved for briquettes
pressed from pure digestate and its DU was closa¢chundred per cent. The worst DU was
reflected on briquettes made from digestate mixeth \dolomitic limestone. Briquettes
prepared from digestate with zeolite had DU ovefo09th the first manipulation with
briquettes. Abrasion resistance was around 99%theromanipulations. See Graph 6 or
Appendix 20, 21 and 22. It is evident from the pahview of DU that briquettes pressed

from pure digestate are the best ones.

Graph 6: Mechanical durability of briquettes
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5.5 LONG-TERM ASPECT STORAGE OF BRIQUETTES

In this part of the thesis the partially results laboratory measurements from
Hojné (2012) were used and they were additionalpptemented by new finding. Briquettes
made fromMiscanthus x giganteusndMiscanthus sinensiaere stored for 16 months in the
laboratory of CULS. They were abraded for severesinm a rotary drum.

Average abrasion for each sample Miscanthus x giganteuss displayed in the
Graph 7. Briquettes pressed from pMiscanthus x giganteusere marked as the least solid
briquettes. On the other hand, briquettes made Mignanthus x giganteusixed with wood
shavings were identified as briquettes with thd beeschanical durability. They were the most
solid. See Graph 8. The highest abrasion was asthiaypon first manipulation with

brigquettes.
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Explanatory Notes:
* MG —Miscanthus x giganteu#S —Miscanthus sinensis
e 1 - pureMiscanthus
* 2 —Miscanthugnixed with sawdust

e 3 —Miscanthuamixed with wood shavings

Graph 7: Average abrasion -Miscanthus x giganteus
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Total abrasion of briquettes makes almost a quaftdre mass of the sample. See Graph 8.

Graph 8: Pie Charts —Miscanthus x giganteus
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Average abrasion of briquettes produced frévilscanthus sinensignixed with
sawdust andVliscanthus sinensisnixed with wood shavings is shown in Graph 9. Pure
Miscanthus sinensis missing in the results because these briqubttdse up after the first
manipulation. The highest abrasion was also acHieppen first manipulation with briquettes.
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It was further found out that by the fourth mangdidn there is a downward trend. Significant
increase of the abrasion was observed in the fifmipulation with sample of briquettes.
That is caused by six-month break between manipuaktwith briquettes. Until the fourth

manipulation, each sample of briquettes was abradede month frequency.

Graph 9: Average abrasion -Miscanthus sinensis
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The highest mechanical durability was observedha $ample briquettes pressed from
Miscanthus sinensiwith sawdust. See Graph 10. These briquettes leadotvest abrasion.

They lost 20% of its original weight.

Graph 10: Pie Charts —Miscanthus sinensis
Miscanthus sinensimixed with sawdust Miscanthus sinensimixed with wood shavings
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6. DISCUSSION

The resulting briquettes had very high qualityeathe mechanical durability test was
done. Briquettes made from three materials (digestdigastate mixed with zeolite and
digestate with addition of dolomitic limestone) htae highest grade of mechanical durability
(all of them DU> 95%). Kratzeisen et al. (2010) point out that digees pellets and their
mechanical durability also fulfilled the requirenterof standards for pellets. BroZzek et al.
(2012) did research which was focused on qualigiuation of briquettes made from wood
waste and they draw a conclusion that briquettedenfieom shavings, sawdust and poplar
chips had the same value of mechanical durabititgigestate briquettes. Therefore digestate
briquettesafter dryingseem to be a convenient alternative fuel for waguettes.

Briquettes pressed from digestate with the additbmineral fertilizers were dried in
dryer which was located in other place than biqgast. Kratzeisen et al. (2010) recommend
digestate to dry close to the biogas plant in otdereduce costs for transport, drying and
storage. “The waste heat of the power station eanded to dry digestate up to a dry matter
content of around 80-90%” (Kratzeisen et al., 2010)

The research shows that in the first manipulatiath Wriquettes there is the bigger
abrasion than in the fourth manipulation of themojrtd (2012) summarizes that the biggest
abrasion occurs immediately after the processingrigluettes. The abrasion could be related
to the shape of briquettes. Previous graph 6 shuechanical durability of briquettes with
which were handled four times. It is apparent thahe first manipulation occurs the largest
abrasion. This was caused by the fact that at fimahipulation the sharp edges were
destroyed. This opinion is also confirmed by Hjp@12).

Cerna (2013) published in the thesis about propedigartially dehydrated digestate
from biogas plants that the addition of mineratilizers like zeolite and dolomitic limestone
does not have significant effect on the mechampoaperties of the obtained briquettes. In my
opinion there exist differences because the acdshga analysis of variance determines that
the factor of composition of briquettes has witk 85% probability statistically significant
impact on the abrasion. Karunanithy et al. (201#)lighed that “the differences in durability
between briquettes might be due to chemical contipasiincluding lignin, extractive,
cellulose and hemicellulose.” The lowest DU hadjbettes made from digestate mixed with
dolomitic limestone. Granules of dolomitic limestoare not mechanically durable (fixed).
Granules that are added into admixture with digestauld break during pressing in the
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briquetting press. Briquettes that results frons fimocess are more susceptible to mechanical
violation, i.e. in a rotation drum is bigger piemiebriquettes broken off than in the briquettes
made from pure digestate. Karunanithy et al. (2Gi2hmarize that mechanical durability
depends also on compressibility. Increasing pressuresponsible for increasing the quality
of biomass briquettes, namely abrasive resistatakyan et al., 2009).

Further formulated hypothesis claims tttegre is no statistically significant difference
in the abrasion between four size groups of briggeiThe hypothesis was accepted in case of
briquettes made from pure digestate and digest#iteagdition of dolomitic limestone. It was
discovered that the size groups of briquettes admtsdepend practically on the briquettes
abrasion. Temmerman et al. (2006) made researcisédcon comparative study of durability
test methods for pellets and briquettes. They foondl that there does not exist any
relationship between the density and the durabditghe biomass briquettes. Brozek et al.
(2012) carried out part of the test of briquetteaden from wood waste where both the
briquettes dimensions (diameter and length) and thass were measured. They discovered
also that “the rupture force does not depend mraltyi on the briquettes density.” Briquettes
with specific dimension are not suitable to be picet! from this reason.

In the case of briquettes pressed from digestaxeanwith zeolite it was proved that
statistically significant difference in a small anmdhximum group size of abrasion exists. The
smallest abrasion was connected with briquettesiwhiere divided into small size groups
(mass of briquettes less than 130 grams). On therdtand, the biggest abrasion was
recorded by the maximal size groups (mass of btigsemore than 190 grams). Larger
abrasion in the bigger briquettes may be causdatiéfact that heavier briquettes have higher
kinetic energy in a rotary drum. According to Tiega al. (2011) this kind of energy is
dependent on the speed and mass of moving bodyhigher is the mass of briquette, the
higher is its kinetic energy. This energy is in ta# of briquette on the bottom of the rotary
drum converted into mechanical work. More use ofvg@ocauses larger abrasion, on the
contrary, less power has an effect on the lightigyulettes and it results in lower abrasion.

Digestate briquettes can be used either for condsusdr in agriculture as an
amendment material for lightening of heavy claylsdKuzel, 2010). These types of
briquettes have quite good properties of watertsmCerna, 2013). Fertilizer nutrients such
as phosphor, potassium and calcium remain in theafter combustion of digestate fuel
briquettes. This ash which includes high conceiatnabf nutrients would be used as a

valuable fertilizer (Karunanithy et al., 2012). time case of adding a mineral fertilizer into
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soil, the soil properties will be positively chandg€erna, 2013). For instance, zeolite affects
levels of biogenic elements in the soil (BIOCLEAN)13).

It was also discovered that the storage time dependthe abrasion of the biomass
briquettes. According to Technical Directive Nd. ftom the year 2009, which the Ministry
of the Environment of the Czech Republic issuedjuattes must not change their size,
density and moisture content during 9 months byentban 10% (esko, 2009). Briquettes
made fromMiscanthusare not decomposed after 9 months (even after dthm) but they
changed their size by more than 10%. These briegietere stored in the dry place in the
laboratory. In comparison with the literature (Hajn2012) where the author measured
mechanical durability of briquettes stored bothsalég and inside | can judge that storage
conditions of briquettes have also an influenceabrasion. Hojna (2012) published that all
briquettes made fronMiscanthusthat were stored in the laboratory had in the enhd
manipulation larger mass and larger mechanicaktaste in comparison with briquettes
stored outside. Despite this fabtiscanthudriquettes are not suitable for long time storage.
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7. CONCLUSION AND RECOMMENDATIONS

The objective of this thesis was to find out andaleate whether there exists
dependence between the abrasion and compositiongofettes, the abrasion and the mass of
briquettes and between the abrasion and the stdmrage Further aims were to determine
regression function with the tightness of dependeara test the mechanical durability of the
research samples. Microsoft Office Excel and sakw&TATISTICA version 10 were used to
process and evaluate experimental data. The mogdtypbthesis were tested by using
non-parametric tests. Analysis of variance, KrusWédllis test, Scheffé’'s method and
Friedman test were applied to evaluate the depeydas well.

From the results of the Kruskall-Wallis test andh&fte’s method, it is apparent with
the 95% probability that the factor of compositiohbriquettes has statistically significant
difference on the abrasion. A difference betweerasibn of briquettes made from pure
digestate, digestate mixed with zeolite and digestath addition of dolomitic limestone was
detected. The best mechanical durability was etddbby briquettes pressed from pure
digestate. On the contrary, the largest abrasios wlaserved in briquettes made from
digestate with addition of dolomitic limestone. Thoemulated null hypothesis expressed, that
between size groups of briquettes there is nostitally significant difference in the abrasion
that was accepted only in case of briquettes meala pure digestate and digestate with
addition of dolomitic limestone. In the case ofguettes pressed from digestate mixed with
zeolite it was proven that statistically signifitadifference in a small and maximum group
size of abrasion exists. With the 95% confidences ipossible to say that each month of
storage affects the abrasion of briquettes. Thmothesis was tested by using Friedman test
for samples that are interdependent.

Regression function was calculated for three kindlsbiomass briquettes. As a
dependent variable abrasion of briquettes and a@admpendent variable mass of briquettes
were used. For briquettes pressed from digestateetression function was determined in
the form of y = 3.0587 — 0.0121x. This implies negaand weak dependence, because the
correlation coefficient had value 0.25. The abnasi@s explained by the linear function of
66%. For briquettes made from digestate with additf zeolite regression function in the
form of y = - 3.2110 + 0.0325x was calculated. Theelation coefficient of 0.75 determines
medium dependence. The abrasion of briquettes waaieed by the linear function of 57%.
Regression function for the briquettes producednfrdigestate mixed with dolomitic
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limestone had the form of y = 0.4651 + 0.0131x. iesgion coefficient of 0.0131 implies
positive dependence and correlation coefficien0df6 implies medium dependence. The
abrasion was explained by the linear function @il22%.

According to the results of determination of medbaindurability can be concluded
that digestate from biogas station is suitablebiiquettes production and that the briquettes
pressed fronMiscanthusare not advisable for long time storage.

There were 88 biomass briquettes used for the n@sqaurposes. Briquettes were
classified by composition and size groups. Thissedulow number of observation (the
sample size). The results may be distorted by wistances. It would be remarkable to
compare these results with a new research withgimsamples. Next experiment could be
concerned to study of properties digestate briggetthich are long time stored (i.e. 9 and
more months). The different storage conditions @also be very interesting for research.
Although, this diploma thesis is not focused onnernic profitability of digestate briquettes,
| recommend that this part of the issue shouldubéhér investigated.
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Appendix 1: Box Plot of mass of briquettes, 90 vaks
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Appendix 2: Quantile — Quantile Plot of mass of biquettes
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Appendix 3: Descriptive Statistics — mass of briquées

Descriptive Statistics|[g]

: . Confidence Confidence . - , Lower Upper .
Variable
Validn Mean -95.000%  95.000% Median Minimum Maximum Quartile Quartile Variance Std.Dev. Coef.Var.
Mass of briquettes 88 162.2102 153.0837 171.3368 164.6500 56.900(r.12B0 135.9500 191.4500 1855.377 43.07408 26.55448
Digestate 47 158.8957 146.9852 170.8062 157.5000 56.900(7.12B0  136.4000 179.4000 1645.567 40.56559 25.52969
Digestate + zeolite 18 167.1556 151.2827 183.0284 168.2000 111.0000.70@6  148.1000 188.3000 1018.810 31.91880 19.09527
Digestate + 23 165.1130 141.2042 189.0219 178.2000 73.600(5.0200 109.4000  207.6000 3056.888 55.28914 33.48563
dolomitic limestone
Source: Author
Appendix 4: Descriptive Statistics — manipulation vith briquettes
I. manipulation with briquettes Il. manipulation with briquettes
. Descriptive Statistics[g] . Descriptive Statistics[g]

Variabl Variabl

anaple Validn Mean Minimum Maximum  Std.Dev anaple Validn Mean Minimum Maximum  Std.Dev
Digestate 47 1.92 0.50 12.4 2.25 Digestate 47 1.46 0.60 3.00 0.58
Digestate + zeolite 18 6.62 1.60 53.6 11.85 Digestate + zeolite 18 2.46 0.40 9.10 1.92
Digestate + 23 6.51 0.80 38.0 7.57 Digestate + 23 3.84 0.20 11.20 2.72
dolomitic limestone dolomitic limestone
Source: Author Source: Author
I1l. manipulation with briquettes IV. manipulation with briquettes
Variable Despnpnve Staustlcs[g]. . . Variable Despnpnve Staustlcs[g]. . .

Validn Mean Minimum Maximum  Std.Dev Validn Mean Minimum Maximum  Std.Dev

Digestate 47 1.16 0.40 2.60 0.44 Digestate 47 1.23 0.40 12.30 1.84
Digestate + zeolite 18 1.87 0.50 5.30 121 Digestate + zeolite 18 1.64 0.70 5.60 1.19
Digestate + 23 2.84 0.60 7.10 1.83 Digestate + 23 2.40 0.50 5.40 1.46

dolomitic limestone

Source: Author

dolomitic limestone

Source: Author



Appendix 5: Size groups overview

Number of observation in each category

Composition of Total
briquettes S M L MAX ota

Digestate 8 25 5 9 a7
DGST + zeolite 3 8 4 3 18
DGST + dol. lim. 7 3 3 10 23
Total 18 36 12 22 88
Source: Author
Appendix 6: Descriptive Statistics - size groups,igestate
I. manipulation Il. manipulation
Variable — size Descriptive Statistics[%] Variable — size Descriptive Statistics[%]
groups Validn Mean Minimum  Maximum  Std.Dev groups Validn Mean Minimum  Maximum  Std.Dev
S 8 1.40 0.53 5.75 1.79 S 8 0.87 0.35 1.41 0.38
M 25 0.91 0.51 2.64 0.46 M 25 0.95 0.46 2.45 0.43
L 5 2.52 0.54 9.89 4.12 L 5 0.88 0.68 1.52 0.36
MAX 9 2.19 0.34 12.13 3.77 MAX 9 1.44 0.57 4.63 1.26
Source: Author Source: Author
I1l. manipulation IV. manipulation
Variable — size Descriptive Statistics[%] Variable — size Descriptive Statistics[%]
groups Validn Mean Minimum  Maximum  Std.Dev groups Validn Mean Minimum  Maximum  Std.Dev
S 8 0.75 0.53 1.36 0.27 S 8 0.73 0.50 1.07 0.20
M 25 0.73 0.23 1.98 0.32 M 25 0.56 0.30 1.27 0.26
L 5 0.84 0.61 1.37 0.33 L 5 2.69 0.32 11.44 4.90
MAX 9 1.31 0.51 5.46 1.60 MAX 9 2.00 0.35 13.22 4.21

Source: Author

Source: Author



Appendix 7: Descriptive Statistics - size groups,igestate mixed with zeolite,

I. manipulation

[I. manipulation

Variable — size

Descriptive Statistics[%]

Variable — size

Descriptive Statistics[%]

groups Validn Mean Minimum  Maximum  Std.Dev groups Validn  Mean Minimum  Maximum  Std.Dev
S 3 1.46 1.44 1.48 0.02 S 3 1.48 1.13 1.67 0.31
M 8 2.26 1.62 2.59 0.29 M 8 1.23 0.66 1.95 0.45

L 4 2.69 1.59 3.45 0.86 L 4 1.84 1.26 2.57 0.57

MAX 3 10.87 1.74 27.42 14.36 MAX 3 1.69 0.29 3.89 1.93

Source: Author Source: Author

I1l. manipulation IV. manipulation

Variable — size Descriptive Statistics[%] Variable — size Descriptive Statistics[%]

groups Valid n Mean Minimum  Maximum  Std.Dev groups Valid n Mean Minimum  Maximum  Std.Dev
S 3 0.92 0.76 1.02 0.14 S 3 0.87 0.61 1.01 0.23
M 8 1.01 0.60 1.71 0.39 M 8 0.88 0.57 1.15 0.20
L 4 1.55 0.73 2.04 0.61 L 4 1.35 0.63 1.73 0.49
MAX 3 1.27 0.36 2.37 1.02 MAX 3 1.25 0.52 2.59 1.18

Source: Author Source: Author

Appendix 8: Descriptive Statistics - size groups,idestate mixed with dol. lim.

I. manipulation Il. manipulation

Variable — size Descriptive Statistics[%] Variable — size Descriptive Statistics[%]

groups Validn Mean Minimum  Maximum  Std.Dev groups Valid n Mean Minimum  Maximum  Std.Dev
S 7 4.83 1.04 17.93 6.32 S 7 4.31 0.27 12.66 4.84
M 3 1.73 1.36 2.18 0.42 M 3 3.25 1.11 7.25 3.47
L 3 2.21 1.20 3.70 1.32 L 3 1.66 0.83 2.53 0.85
MAX 10 4.81 241 18.91 4.98 MAX 10 2.02 0.87 2.94 0.68

Source: Author Source: Author

I1l. manipulation IV. manipulation

Variable — size Descriptive Statistics[%] Variable — size Descriptive Statistics[%]

groups Valid n Mean Minimum  Maximum  Std.Dev groups Valid n Mean Minimum  Maximum  Std.Dev
S 7 2.59 0.54 8.99 3.08 S 7 2.53 0.64 9.94 3.34
M 3 1.32 1.04 1.48 0.24 M 3 1.17 0.87 1.64 0.41
L 3 1.54 0.66 2.37 0.86 L 3 1.11 0.67 1.76 0.57
MAX 10 1.93 0.78 3.11 0.77 MAX 10 1.72 0.75 2.62 0.58

Source: Author

Source: Author



Appendix 9: ANOVA results for effect “briquettes made from”

briguette made from; LS Means
Current effect: F(2, 85)=5.1778, p=0.00755
Effective hypothesis decomposition
Vertical bars denote 0.95 confidence intervals
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briguette made from; LS Means
Current effect: F(2, 85)=15.646, p=0.00000
Effective hypothesis decomposition
Vertical bars denote 0.95 confidence intervals

5,0
45 |
4,0 |
35 |
30|

25+t

II. manipulation

20+
157+

10}

0,5

digestate DGST + dolomitic limestone
digestate + zeolite

briquettes made from

Source: Author

Vi



briguette made from; LS Means
Current effect: F(2, 85)=17.377, p=0.00000
Effective hypothesis decomposition
Vertical bars denote 0.95 confidence intervals
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briquette made from; LS Means
Current effect: F(2, 85)=3.9288, p=0.02334
Effective hypothesis decomposition
Vertical bars denote 0.95 confidence intervals
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Appendix 10: Tests of Homogeneity of Variances

Tests of Homogeneity of Variances (Data.sta)
Effect: "briquette made from"

Hartley = Cochran Bartlett df p
F-max C Chi-Sqr.
I. abrasion 27.76585 0.692572 75.6650 2 0.000000
IIl. abrasion  21.80896 0.646958 70.7859 2 0.000000
lll. abrasion 17.19157 0.666588 61.0255 2 0.000000
IV. abrasion  2.406570 0.488646 4.67567 2 0.096536

Source: Author

Appendix 11: Tests of Homogeneity of Variances - ene's Test

Levene's Test for Homogeneity of Variances
(Data.sta)

Effect: "briquette made from"

Degrees of freedom for all F's: 2. 85

MS MS F p
Effect Error
IV. abrasion 1.772705 1.794154 0.988045 0.376538

Source: Author

Appendix 12: Kruskal-Wallis test

I. manipulation
Depend.: Multiple Comparisons p values (2-
I. abrasion tailed); . abrasion (Data.sta)
Independent (grouping) variable:
briquette made from
Kruskal-Wallis test: H ( 2, N= 88)
=34.84312 p =0.0000
digestate digestate + DGST +
R:29.489 zeolite dolomitic
R:61.778 limestone
R:61.652
digestate 0.000015 0.000002
digestate + zeolite 0.000015 1.000000
DGST + dolomitic limestone 0.000002 1.000000
Source: Author
Il. manipulation
Depend.: Multiple Comparisons p values (2-
Il. abrasion tailed); Il. abrasion (Data.sta)
Independent (grouping) variable:
briquette made from
Kruskal-Wallis test: H ( 2, N= 88)
=19.84346 p =0.0000
digestate digestate + DGST +
R:33.585 zeolite dolomitic
R:51.667 limestone
R:61.196
digestate 0.032003  0.000065
digestate + zeolite 0.032003 0.707758

DGST + dolomitic limestone 0.000065 0.707758

Source: Author
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I1l. manipulation

Depend.: Multiple Comparisons p values (2-

lll. abrasion tailed); Ill. abrasion (Data.sta)
Independent (grouping) variable:
briquette made from
Kruskal-Wallis test: H ( 2, N= 88)
=17.96592 p =0.0001
digestate  digestate + DGST +
R:34.309 zeolite dolomitic

R:50.000 limestone

R:61.022
digestate 0.080098 0.000119
digestate + zeolite 0.080098 0.511198
DGST + dolomitic limestone 0.000119 0.511198
Source: Author
Appendix 13: Scheffe test
IV. manipulation
Scheffe test; variabl®/. abrasion (Data.sta)
Cell No. Probabilities for Post Hoc Tests
Error: Between MS = 2.6628, df = 85.000
briquette made from 1 2 3
1.2319 1.6389 2.3957
1 digestate 0.6684 0.0234
2 digestate + zeolite 0.6684 0.3422
3 DGST + dolomitic limestone  0.0234 0.3422

Source: Author

Appendix 14: ANOVA results for effect “size group”

briquettes made from digestate

category; LS Means
Current effect: F(3, 43)=2.5430, p=0.06869
Effective hypothesis decomposition
Vertical bars denote 0.95 confidence intervals
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briquettes made from digestate mixed with zeolite

category; LS Means
Current effect: F(3, 14)=5.1042, p=0.01358
Effective hypothesis decomposition
Vertical bars denote 0.95 confidence intervals
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Appendix 15: Kruskal-Wallis test - “size group”, digestate mixed with zeolite

Depend.: Multiple Comparisons p values (2-tailed); total
total abrasion abrasion (digestate+zeolite)
Independent (grouping) variable: category
Kruskal-Wallis test: H ( 3, N= 18) =11.10234 p

=0.0112
small middle large maximum
R:2.6667 R:8.0000 R:13.250 R:15.333
small 0.840215 0.056652  0.021970
middle 0.840215 0.649762  0.254732
large 0.056652 0.649762 1.000000
maximum 0.021970 0.254732 1.000000

Source: Author

Appendix 16: Abrasion of briquettes [g]

l. 1. 1. V.
briquettes made from no. sample manipulation manipulation manipulation manipulation
digestate 1/1 1.0 1.3 0.9 0.9
digestate 172 2.7 0.8 1.4 1.2
digestate 1/3 10.2 2.2 2.2 1.7
digestate 1/4 1.3 0.6 0.9 1.1
digestate 1/5 0.8 1.2 0.8 0.6
digestate 1/6 1.2 1.0 1.0 1.3
digestate 17 0.8 2.1 1.1 1.2
digestate 1/8 1.0 1.6 1.0 1.0
digestate 1/9 0.8 1.9 0.9 0.8
digestate 1/10 1.1 0.8 0.8 0.6
digestate 1/11 0.9 0.8 1.2 1.7
digestate 1/12 0.7 0.9 0.5 0.4
digestate 1/13 0.5 1.0 0.8 0.7
digestate 2/1 0.9 1.0 0.6 0.7
digestate 212 2.2 2.0 1.6 1.5
digestate 213 1.2 1.0 0.9 0.6
digestate 2/4 1.3 1.4 1.1 0.8
digestate 215 1.8 1.7 1.3 1.1
digestate 216 2.0 2.7 1.8 1.4
digestate 217 1.5 1.3 1.0 0.7
digestate 2/8 1.3 1.3 1.2 0.7
digestate 2/9 2.4 1.4 0.4 0.7
digestate 2/10 1.2 1.6 0.9 0.8
digestate 2/11 0.9 1.0 1.1 0.9
digestate 2/12 0.8 1.3 1.0 0.6
digestate 3/1 1.8 1.5 1.3 1.0
digestate 3/2 2.0 1.4 1.2 0.7
digestate 3/3 1.7 1.5 1.5 0.7
digestate 3/4 1.3 1.2 1.3 0.7
digestate 3/5 1.1 1.3 0.8 0.5
digestate 3/6 3.1 2.8 2.2 1.1
digestate 3/7 2.8 2.6 1.4 0.7
digestate 3/8 1.5 1.4 1.1 0.5
digestate 3/9 0.9 0.9 0.8 1.2
digestate 3/10 0.9 1.1 1.4 0.5
digestate 3/11 0.7 0.9 0.8 0.4
digestate 3/12 12.4 1.7 1.5 12.3

Xi



I Il II. \A

briguettes made from no. sample manipulation manipulation manipulation manipulation

digestate 3/13 1.3 1.1 0.9 0.6
digestate 4/1 2.0 3.0 1.9 1.8
digestate 4/2 1.8 1.1 1.0 0.8
digestate 4/3 1.2 1.8 1.0 1.0
digestate 4/4 0.5 1.0 0.8 0.5
digestate 4/5 1.9 2.3 1.5 1.4
digestate 4/6 1.4 1.7 1.2 0.7
digestate 4l7 0.9 0.8 0.7 0.6
digestate 4/8 1.5 1.2 1.1 0.6
digestate 4/9 6.9 2.3 2.6 5.9
digestate + zeolite 1/1 1.6 1.8 0.8 1.0
digestate + zeolite 1/2 3.0 2.3 1.3 1.1
digestate + zeolite 1/3 4.6 3.6 2.6 3.0
digestate + zeolite 1/4 3.9 3.2 2.3 1.8
digestate + zeolite 1/5 1.8 2.0 1.2 0.7
digestate + zeolite 1/6 8.5 9.1 5.3 5.6
digestate + zeolite 17 3.3 1.9 0.9 1.2
digestate + zeolite 1/8 3.4 1.7 2.0 1.2
digestate + zeolite 1/9 4.2 2.6 2.6 1.7
digestate + zeolite 1/10 1.9 1.4 1.2 1.2
digestate + zeolite 1/11 6.2 4.4 3.3 2.5
digestate + zeolite 1/12 6.1 2.7 35 2.5
digestate + zeolite 1/1 4.0 1.6 1.4 1.2
digestate + zeolite 172 3.6 1.7 1.1 0.8
digestate + zeolite 1/3 53.6 0.4 0.5 0.7
digestate + zeolite 1/4 3.4 1.8 1.5 1.1
digestate + zeolite 1/5 3.3 1.0 1.2 1.2
digestate + zeolite 1/6 2.8 1.0 0.9 1.0
DGST + dolomitic limestone 1/1 1.1 11.2 0.8 1.0
DGST + dolomitic limestone 1/2 0.8 0.2 0.6 0.5
DGST + dolomitic limestone 1/3 1.5 0.8 1.1 0.8
DGST + dolomitic limestone 1/4 6.3 4.1 2.8 2.3
DGST + dolomitic limestone 1/5 38.0 1.4 1.6 1.9
DGST + dolomitic limestone 1/6 1.3 0.9 0.6 0.7
DGST + dolomitic limestone 177 2.1 1.4 1.1 1.1
DGST + dolomitic limestone 1/8 5.4 2.3 1.5 1.4
DGST + dolomitic limestone 1/9 3.8 2.3 1.7 1.6
DGST + dolomitic limestone 1/10 4.9 4.8 4.5 4.2
DGST + dolomitic limestone 111 3.1 2.8 2.7 1.5
DGST + dolomitic limestone 1/12 3.0 4.6 4.2 2.6
DGST + dolomitic limestone 1/13 13.2 5.5 4.8 4.8
DGST + dolomitic limestone 1/14 7.4 1.5 1.0 1.1
DGST + dolomitic limestone 2/1 2.2 9.3 1.7 1.9
DGST + dolomitic limestone 212 2.0 1.6 2.1 1.2
DGST + dolomitic limestone 213 8.3 6.2 6.0 4.0
DGST + dolomitic limestone 2/4 8.2 4.9 4.8 5.4
DGST + dolomitic limestone 2/5 7.8 4.7 4.2 3.4
DGST + dolomitic limestone 2/6 7.2 4.9 3.3 2.7
DGST + dolomitic limestone 2[7 9.0 6.0 7.1 4.6
DGST + dolomitic limestone 2/8 6.6 2.7 3.3 3.6
DGST + dolomitic limestone 2/9 6.6 4.3 3.9 2.8

Source: Author

Xii



Appendix 17: Scatter Plot — digestate

Scatterplot of abrasion (March) against w eight before abrasion (March)
mass digestate 10v*47c

abrasion, March = 3.0587-0.0121*x
14 r . r .
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Source: Author

Appendix 18: Scatter Plot — digestate mixed with zsite

Scatterplot of abrasion (March) against w eight before abrasion (March)
mass digestate + zeolite 10v*18c
abrasion, March =-3.211+0.0325*x

abrasion (March) [g]
w

80 100 120 140 160 180 200 220 240
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Source: Author
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Appendix 19: Scatter Plot — digestate mixed with domitic limestone

Scatterplot of abrasion (March) against w eight before abrasion (March)
mass digestate + dolomititc limestone 10v*23c
abrasion, March = 0.4651+0.0131*x

abrasion (March) [g]
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Source: Author
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Appendix 20: Digestate

sample KU-1
press 3.12.2012
I. manipulation: 4.12.2012

II. manipulation: 9.1.2013

mass of sample abrasion mass of sample abrasion
(ab.) DU (ab.) DU
sample before ab. after ab. m share sample before ab. afterab. m share
g g g % % g g g % %
1 173.9 1729 10 0.58 99.42 1 172.3 171.0 1.3 0.75 99.25
2 1739 1712 2.7 155 98.45 2 166.6 165.8 0.8 0.48 99.52
3 177.4 167.2 10.2 5.75 94.25 3 165.2 1630 2.2 1.33 98.67
4 172.8 1715 1.3 0.75 99.25 4 169.4 168.8 0.6 0.35 99.65
5 125.1 124.3 0.8 0.64 99.36 5 123.2 1220 1.2 0.97 99.03
6 1479 146.7 1.2 0.81 99.19 6 1455 1445 1.0 0.69 99.31
7 149.8 149.0 0.8 0.53 99.47 7 148.8 146.7 2.1 1.41 98.59
8 172.4 1714 1.0 0.58 99.42 8 170.6 169.0 1.6 0.94 99.06
9 135.5 134.7 0.8 0.59 9941 9 134.1 1322 1.9 1.42 98.58
10 174.0 1729 1.1 0.63 99.37 10 172.1 171.3 0.8 0.46 99.54
11 139.0 138.1 0.9 0.65 99.35 11 136.9 136.1 0.8 0.58 99.42
12 136.4 135.7 0.7 0.51 99.49 12 134.9 134.0 0.9 0.67 99.33
13 72.2 71.7 0.5 0.69 99.31 13 72.2 71.2 1.0 1.39 98.61
Source: Author Source: Author
I1l. manipulation: 5.2.2013 IV. manipulation: 5.3.2013
mass of sample abrasion mass of sample abrasion
(ab.) DU (ab.) DU
sample before ab. afterab. m share sample before ab. afterab. m  share
g g g % % g g g % %
1 170.2 169.3 0.9 0.53 99.47 1 167.7 166.8 0.9 0.54 99.46
2 165.1 163.7 1.4 0.85 99.15 2 163.1 161.9 1.2 0.74 99.26
3 161.8 159.6 2.2 1.36 98.64 3 158.7 157.0 1.7 1.07 98.93
4 168.3 167.4 0.9 0.53 99.47 4 167.1 166.0 1.1 0.66 99.34
5 122.0 121.2 0.8 0.66 99.34 5 120.4 119.8 0.6 0.50 99.50
6 143.3 1423 1.0 0.70 99.30 6 1419 140.6 1.3 0.92 99.08
7 145.6 1445 1.1 0.76 99.24 7 143.3 1421 1.2 0.84 99.16
8 168.4 167.4 1.0 0.59 99.41 8 165.7 164.7 1.0 0.60 99.40
9 132.2 131.3 0.9 0.68 99.32 9 130.6 129.8 0.8 0.61 99.39
10 170.2 169.4 0.8 0.47 99.53 10 168.5 167.9 0.6 0.36 99.64
11 135.6 1344 1.2 0.88 99.12 11 133.6 1319 1.7 1.27 98.73
12 133.5 133.0 0.5 0.37 99.63 12 132.0 1316 04 0.30 99.70
13 71.0 70.2 0.8 1.13 98.87 13 69.7 69.0 0.7 1.00 99.00

Source: Author
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sample KU-2
press 3.12.2012

I. manipulation: 4.12.2012

II. manipulation: 9.1.2013

mass of sample abrasion mass of sample abrasion
(ab.) DU (ab.) DU
sample before ab. afterab. m share sample before ab. afterab. m share
g g 49 % % g g g % %
1 100.4 99.5 0.9 0.90 99.10 1 98.8 97.8 1.0 1.01 98.99
2 156.3 154.1 2.2 1.41 98.59 2 152.5 1505 20 1.31 98.69
3 196.5 1953 1.2 0.61 99.39 3 191.8 190.8 1.0 0.52 99.48
4 165.4 164.1 1.3 0.79 99.21 4 161.8 1604 1.4 0.87 99.13
5 188.2 186.4 1.8 0.96 99.04 5 186.5 184.8 1.7 0.91 99.09
6 257.1 255.1 2.0 0.78 99.22 6 252.6 2499 2.7 1.07 98.93
7 132.2 130.7 1.5 1.13 98.87 7 131.2 1299 1.3 0.99 99.01
8 188.4 187.1 1.3 0.69 99.31 8 185.9 184.6 1.3 0.70 99.30
9 179.4 177.0 24 1.34 98.66 9 175.6 1742 1.4 0.80 99.20
10 146.4 1452 1.2 0.82 99.18 10 1443 142.7 1.6 1.11 98.89
11 176.1 175.2 0.9 0.51 99.49 11 173.8 172.8 1.0 0.58 99.42
12 1422 141.4 0.8 0.56 99.44 12 1419 1406 1.3 0.92 99.08
Source: Author Source: Author
I1l. manipulation: 5.2.2013 IV. manipulation: 5.3.2013
mass of sample abrasion mass of sample abrasion
(@ab.) DU (@ab.) DU
sample before ab. afterab. m share sample before ab. afterab. m  share
g g 9 % % g g 9 % %
1 96.8 96.2 0.6 0.62 99.38 1 95.8 95.1 0.7 0.73 99.27
2 1485 146.9 1.6 1.08 98.92 2 146.1 1446 15 1.03 98.97
3 190.7 189.8 09 0.47 99.53 3 187.5 186.9 0.6 0.32 99.68
4 159.4 158.3 1.1 0.69 99.31 4 157.4 156.6 0.8 0.51 99.49
5 183.7 1824 1.3 0.71 99.29 5 182.0 180.9 1.1 0.60 99.40
6 247.4 2456 1.8 0.73 99.27 6 2415 2401 14 0.58 99.42
7 128.6 127.6 1.0 0.78 99.22 7 126.8 126.1 0.7 0.55 99.45
8 184.3 183.1 1.2 0.65 99.35 8 181.6 180.9 0.7 0.39 99.61
9 172.1 1717 04 0.23 99.77 9 170.5 169.8 0.7 0.41 99.59
10 142.1 141.2 0.9 0.63 99.37 10 140.1 139.3 0.8 0.57 99.43
11 1735 1724 1.1 0.63 99.37 11 171.4 1705 0.9 0.53 99.47
12 139.9 1389 1.0 0.71 99.29 12 137.8 137.2 0.6 0.44 99.56

Source: Author

XVi

Source: Author



sample KU-3
press 3.12.2012
I. manipulation: 4.12.2012

[I. manipulation:; 9.1.2013

mass of sample abrasion mass of sample abrasion
(ab.) DU (ab.) DU
sample before ab. after ab. m share sample before ab. afterab. m share
g g g % % g g g % %
1 201.1 199.3 1.8 0.90 99.10 1 198.6 197.1 15 0.76 99.24
2 212.2 210.2 2.0 0.94 99.06 2 209.3 2079 14 0.67 99.33
3 211.3 209.6 1.7 0.80 99.20 3 207.1 2056 15 0.72 99.28
4 193.1 191.8 1.3 0.67 99.33 4 1915 1903 1.2 0.63 99.37
5 159.5 158.4 1.1 0.69 99.31 5 158.1 156.8 1.3 0.82 99.18
6 117.6 1145 3.1 2.64 97.36 6 114.3 1115 2.8 2.45 97.55
7 171.6 168.8 2.8 1.63 98.37 7 164.9 162.3 2.6 1.56 98.44
8 1575 156.0 1.5 0.95 99.05 8 155.7 1543 1.4 0.90 99.10
9 133.3 132.4 0.9 0.68 99.32 9 132.0 131.1 0.9 0.68 99.32
10 148.2 147.3 0.9 0.61 99.39 10 147.6 1465 1.1 0.75 99.25
11 129.8 129.1 0.7 0.54 99.46 11 128.7 127.8 0.9 0.70 99.30
12 125.4 113.0 12.4 9.89 90.11 12 1119 1102 1.7 1.52 98.48
13 147.7 1464 1.3 0.88 99.12 13 1448 1437 1.1 0.76 99.24
Source: Author Source: Author
I1l. manipulation: 5.2.2013 IV. manipulation: 5.3.2013
mass of sample abrasion mass of sample abrasion
(ab.) DU (ab.) DU
sample before ab. afterab. m share sample before ab. afterab. m  share
g g g % % g g g % %
1 196.4 195.1 1.3 0.66 99.34 1 193.3 1923 1.0 0.52 99.48
2 207.4 206.2 12 0.58 99.42 2 204.6 2039 0.7 0.34 99.66
3 204.8 203.3 15 0.73 99.27 3 202.1 2014 0.7 0.35 99.65
4 189.4 188.1 1.3 0.69 99.31 4 187.2 186.5 0.7 0.37 99.63
5 156.2 155.4 0.8 0.51 99.49 5 153.7 153.2 0.5 0.33 99.67
6 111.3 109.1 2.2 1.98 98.02 6 109.0 1079 1.1 1.01 98.99
7 161.4 160.0 1.4 0.87 99.13 7 158.6 1579 0.7 0.44 99.56
8 153.7 1526 1.1 0.72 99.28 8 150.7 150.2 0.5 0.33 99.67
9 130.2 129.4 0.8 0.61 99.39 9 128.7 1275 1.2 0.93 99.07
10 146.3 1449 1.4 0.96 99.04 10 144.4 1439 0.5 0.35 99.65
11 127.0 126.2 0.8 0.63 99.37 11 124.8 1244 0.4 0.32 99.68
12 109.6 108.1 1.5 1.37 98.63 12 107.5 95.2 12.3 11.44 88.56
13 1429 142.0 0.9 0.63 99.37 13 140.7 140.1 0.6 0.43 99.57

Source: Author
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sample KU-4
press 3.12.2012

I. manipulation: 4.12.2012

[I. manipulation: 9.1.2013

mass of sample abrasion mass of sample abrasion
(ab.) DU (ab.) DU
sample before ab. afterab. m share sample before ab. afterab. m share
g g g % % g g g % %
1 238.5 236.5 2.0 0.84 99.16 1 233.0 230.0 3.0 1.29 98.71
2 2015 199.7 1.8 0.89 99.11 2 1929 1918 1.1 0.57 99.43
3 160.9 159.7 1.2 0.75 99.25 3 159.5 157.7 1.8 1.13 98.87
4 147.2 146.7 05 0.34 99.66 4 147.3 146.3 1.0 0.68 99.32
5 227.3 2254 1.9 0.84 99.16 5 222.3 220.0 2.3 1.03 98.97
6 142.0 1406 1.4 0.99 99.01 6 141.8 140.1 1.7 1.20 98.80
7 140.4 139.5 0.9 0.64 99.36 7 138.4 137.6 0.8 0.58 99.42
8 66.2 64.7 1.5 2.27 97.73 8 65.5 64.3 1.2 1.83 98.17
9 56.9 50.0 6.9 12.13 87.87 9 49.7 47.4 2.3 4.63 95.37
Source: Author Source: Author
I1l. manipulation: 5.2.2013 IV. manipulation: 5.3.2013
mass of sample abrasion mass of sample abrasion
(ab.) DU (ab.) DU
sample before ab. afterab. m share sample before ab. afterab. m share
g g g % % g g g % %
1 229.1 2272 1.9 0.83 99.17 1 2256 2238 1.8 0.80 99.20
2 190.8 189.8 1.0 0.52 99.48 2 189.0 188.2 0.8 0.42 99.58
3 157.7 156.7 1.0 0.63 99.37 3 155.4 154.4 1.0 0.64 99.36
4 1454 1446 0.8 0.55 99.45 4 144.1 143.6 05 0.35 99.65
5 2169 2154 15 0.69 99.31 5 214.0 2126 1.4 0.65 99.35
6 139.5 138.3 1.2 0.86 99.14 6 137.2 136.5 0.7 0.51 99.49
7 137.7 137.0 0.7 0.51 99.49 7 136.5 135.9 0.6 0.44 99.56
8 64.0 629 1.1 1.72 98.28 8 62.4 61.8 0.6 0.96 99.04
9 47.6 450 2.6 5.46 94.54 9 44.6 38.7 5.9 13.23 86.77

Source: Author
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Source: Author



Appendix 21: Digestate mixed with zeolite

sample 1
press 3.12.2012

I. manipulation: 12.12.2012

II. manipulation: 23.1.2013

mass of sample abrasion mass of sample abrasion
(ab.) DU (ab.) DU
sample before ab. afterab. m share sample before ab. afterab. m share
g g g % % g g g % %
1 111.0 1094 1.6 1.44 98.56 1 107.9 106.1 1.8 1.67 98.33
2 188.3 185.3 3.0 1.59 98.41 2 182.3 180.0 2.3 1.26 98.74
3 189.8 185.2 4.6 2.42 97.58 3 1829 179.3 3.6 1.97 98.03
4 1725 168.6 3.9 2.26 97.74 4 1645 161.3 3.2 1.95 98.05
5 1243 1225 1.8 1.45 98.55 5 121.1 119.1 2.0 1.65 98.35
6 2457 237.2 8.5 3.46 96.54 6 2339 2248 9.1 3.89 96.11
7 139.4 136.1 3.3 2.37 97.63 7 134.7 132.8 1.9 1.41 98.59
8 1959 1925 34 1.74 98.26 8 190.0 188.3 1.7 0.89 99.11
9 162.4 158.2 4.2 2.59 97.41 9 1555 1529 2.6 1.67 98.33
10 128.3 126.4 1.9 1.48 98.52 10 1237 1223 1.4 1.13 98.87
11 179.6 1734 6.2 3.45 96.55 11 170.9 166.5 4.4 2.57 97.43
12 184.3 178.2 6.1 3.31 96.69 12 1747 172.0 2.7 1.55 98.45
Source: Author Source: Author
I1l. manipulation: 5.2.2013 IV. manipulation: 5.3.2013
mass of sample abrasion mass of sample abrasion
(ab.) DU (ab.) DU
sample hotore ab. afterab. m  share sample pofore ab. afterab. m  share
g g g % % g g 4 % %
1 105.2 104.4 0.8 0.76 99.24 1 101.3 100.3 1.0 0.99 99.01
2 178.9 177.6 1.3 0.73 99.27 2 175.4 1743 1.1 0.63 99.37
3 178.3 175.7 2.6 1.46 98.54 3 173.4 1704 3.0 1.73 98.27
4 160.4 158.1 2.3 1.43 98.57 4 156.3 1545 1.8 1.15 98.85
5 118.2 117.0 1.2 1.02 98.98 5 115.4 114.7 0.7 0.61 99.39
6 2239 218.6 5.3 2.37 97.63 6 216.3 210.7 5.6 2.59 97.41
7 131.5 130.6 0.9 0.68 99.32 7 128.9 127.7 1.2 0.93 99.07
8 187.2 185.2 2.0 1.07 98.93 8 181.8 180.6 1.2 0.66 99.34
9 152.4 149.8 2.6 1.71 98.29 9 1479 146.2 1.7 1.15 98.85
10 122.0 120.8 1.2 0.98 99.02 10 119.4 118.2 1.2 1.01 98.99
11 165.4 162.1 3.3 2.00 98.00 11 160.2 157.7 2.5 1.56 98.44
12 171.7 168.2 3.5 2.04 97.96 12 166.5 164.0 2.5 1.50 98.50

Source: Author

XiX

Source: Author



sample 2

press 3.12.2012
I. manipulation: 12.12.2012

II. manipulation: 23.1.2013

mass of sample abrasion mass of sample abrasion
(ab.) DU (ab.) DU
sample before ab. after ab. m share sample before ab. afterab. m share
g g g % % g g g % %
1 163.9 1599 4.0 2.44 97.56 1 159.1 1575 1.6 1.01 98.99
2 150.2 146.6 3.6 2.40 97.60 2 145.6 1439 1.7 1.17 98.83
3 1955 141.9 53.6 27.42 72.58 3 140.0 139.6 0.4 0.29 99.71
4 148.1 1447 3.4 2.30 97.70 4 137.8 136.0 1.8 1.31 98.69
5 157.1 153.8 3.3 2.10 97.90 5 143.4 1424 1.0 0.70 99.30
6 1725 169.7 2.8 1.62 98.38 6 152.4 1514 1.0 0.66 99.34
Source: Author Source: Author
I1l. manipulation: 5.2.2013 IV. manipulation: 5.3.2013
mass of sample abrasion mass of sample abrasion
(@ab.) DU (@ab.) DU
sample before ab. afterab. m share sample before ab. afterab. m  share
g g g % % g g dg % %
1 155.3 1539 14 0.90 99.10 1 152.1 1509 1.2 0.79 99.21
2 142.0 1409 11 0.77 99.23 2 139.7 138.9 0.8 0.57 99.43
3 137.2 136.7 05 0.36 99.64 3 135.8 135.1 0.7 0.52 99.48
4 134.4 1329 15 1.12 98.88 4 131.6 1305 1.1 0.84 99.16
5 139.7 1385 1.2 0.86 99.14 5 137.1 1359 1.2 0.88 99.12
6 149.7 148.8 0.9 0.60 99.40 6 147.0 146.0 1.0 0.68 99.32

Source: Author
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Source: Author



Appendix 22: Digestate mixed with dolomitic limestae

sample 1

press 3.12.2012
I. manipulation: 12.12.2012

II. manipulation: 23.1.2013

mass of sample abrasion mass of sample abrasion
(ab.) DU (ab.) DU
sample before ab. after ab. m share sample before ab. after ab. m share
g g g % % g g g % %
1 91.7 90.6 1.1 1.20 98.80 1 88.5 77.3 11.2 12.66 87.34
2 76.8 76.0 0.8 1.04 98.96 2 74.0 73.8 0.2 0.27 99.73
3 94.6 93.1 15 1.59 98.41 3 91.5 90.7 0.8 0.87 99.13
4 227.3 221.0 6.3 277 97.23 4 218.8 214.7 4.1 1.87 98.13
5 201.0 163.0 38.0 18.91 81.09 5 160.2 158.8 1.4 0.87 99.13
6 1165 1152 1.3 1.12 98.88 6 113.0 112.1 0.9 0.80 99.20
7 1747 172.6 2.1 1.20 98.80 7 168.0 166.6 1.4 0.83 99.17
8 202.3 1969 54 2.67 97.33 8 1947 1924 2.3 1.18 98.82
9 174.1 170.3 3.8 2.18 97.82 9 166.1 163.8 2.3 1.38 98.62
10 203.5 1986 4.9 2.41 97.59 10 195.3 1905 4.8 2.46 97.54
11 179.0 1759 3.1 1.73 98.27 11 1739 1711 2.8 1.61 98.39
12 109.4 106.4 3.0 2.74 97.26 12 104.0 99.4 4.6 4.42 95.58
13 73.6 60.4 13.2 17.93 82.07 13 59.4 53.9 55 9.26 90.74
14 90.1 827 7.4 8.21 91.79 14 79.8 78.3 1.5 1.88 98.12
Source: Author Source: Author
I1l. manipulation: 5.2.2013 IV. manipulation: 5.3.2013
mass of sample abrasion mass of sample abrasion
(ab.) DU (ab.) DU
sample pofore ab. afterab. m  share sample pefore ab. afterab. m  share
g g g % % g g g % %
1 76.2 75.4 0.8 1.05 98.95 1 74.1 73.1 1.0 1.35 98.65
2 73.0 72.4 0.6 0.82 99.18 2 71.7 71.2 0.5 0.70 99.30
3 90.3 89.2 1.1 1.22 98.78 3 88.6 87.8 0.8 0.90 99.10
4 213.7 2109 2.8 1.31 98.69 4 209.4 207.1 2.3 1.10 98.90
5 157.2 1556 1.6 1.02 98.98 5 153.8 151.9 1.9 1.24 98.76
6 111.0 110.4 0.6 0.54 99.46 6 109.3 108.6 0.7 0.64 99.36
7 166.4 1653 1.1 0.66 99.34 7 164.2 163.1 1.1 0.67 99.33
8 191.1 189.6 15 0.78 99.22 8 187.7 186.3 1.4 0.75 99.25
9 163.4 161.7 1.7 1.04 98.96 9 160.6 159.0 1.6 1.00 99.00
10 189.9 185.4 45 2.37 97.63 10 184.5 180.3 4.2 2.28 97.72
11 169.5 166.8 2.7 1.59 98.41 11 165.0 1635 15 0.91 99.09
12 98.9 94.7 4.2 4.25 95.75 12 94.2 91.6 2.6 2.76 97.24
13 53.4 48.6 4.8 8.99 91.01 13 48.3 435 4.8 9.94 90.06
14 78.3 77.3 1.0 1.28 98.72 14 76.8 75.7 1.1 1.43 98.57

Source: Author
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sample 2

press 3.12.2012
I. manipulation: 12.12.2012

II. manipulation: 23.1.2013

mass of sample abrasion mass of sample abrasion
(ab.) DU (ab.) DU
sample before ab. afterab. m share sample before ab. afterab. m share
g g g % % g g g % %
1 132.7 1305 2.2 1.66 98.34 1 128.3 119.0 9.3 7.25 92.75
2 147.6 1456 2.0 1.36 98.64 2 144.0 1424 1.6 1.11 98.89
3 221.4 213.1 8.3 3.75 96.25 3 211.1 2049 6.2 2.94 97.06
4 228.3 220.1 8.2 3.59 96.41 4 217.7 2128 4.9 2.25 97.75
5 216.5 208.7 7.8 3.60 96.40 5 206.7 202.0 4.7 2.27 97.73
6 204.7 1975 7.2 3.52 96.48 6 195.2 190.3 4.9 2.51 97.49
7 246.0 237.0 9.0 3.66 96.34 7 2344 228.4 6.0 2.56 97.44
8 207.6 201.0 6.6 3.18 96.82 8 198.0 1953 2.7 1.36 98.64
9 178.2 171.6 6.6 3.70 96.30 9 170.1 165.8 4.3 2.53 97.47
Source: Author Source: Author
I1l. manipulation: 5.2.2013 IV. manipulation: 5.3.2013
abrasion abrasion
mass of sample (ab.) DU mass of sample (ab.) DU
sample before ab. afterab. m share sample before ab. afterab. m share
g g 9 % % g 9 9 % %
1 1185 116.8 1.7 1.43 98.57 1 116.1 1142 1.9 1.64 98.36
2 141.6 1395 21 1.48 98.52 2 138.1 136.9 1.2 0.87 99.13
3 204.1 198.1 6.0 2.94 97.06 3 196.9 1929 4.0 2.03 97.97
4 211.8 207.0 4.8 2.27 97.73 4 206.0 200.6 5.4 2.62 97.38
5 200.9 196.7 4.2 2.09 97.91 5 195.4 192.0 3.4 1.74 98.26
6 188.5 185.2 3.3 1.75 98.25 6 183.7 181.0 2.7 1.47 98.53
7 228.0 2209 7.1 3.11 96.89 7 2195 2149 4.6 2.10 97.90
8 194.0 190.7 3.3 1.70 98.30 8 189.2 185.6 3.6 1.90 98.10
9 164.3 160.4 3.9 2.37 97.63 9 159.4 156.6 2.8 1.76 98.24

Source: Author
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Appendix 23: Miscanthus x giganteus and Miscanthus sinensis

Sample Abrasion [g] total abrasion befor:lelght [0] —
. 1. 1. \Y2 V. VI, VL. (0] . ;

abrasion abrasion
DK-MG81-2 167 106 59.9 52.3 70.4 100.1 35.8 591.5 2038 1446.5
DK-MG81-1 140 113 79.1 152.3 71.0 60.8 50.9 667.1 2082 1414.9
DK-MG82-3 97 100 50.2 39.2 56.5 41.0 41.9 425.8 1988 1562.2
DK-MG82-2 86 82 53.8 41.8 59.7 41.7 35.1 400.1 2022 1621.9
DK-MG82-1 77 96 74.2 68.9 79.6 85.2 99.0 579.9 2042 1462.1
DK-MG83-5 107 98 44.7 48.2 50.7 59.9 41.4 449.9 2005 1555.1
DK-MG83-4 100 68 97.1 44.4 43.2 37.8 31.6 422.1 2003 1580.9
DK-MS82-1 83 75 33.6 30.7 69.5 46.9 26.2 364.9 2010 1645.1
DK-MS82-3 118 67 52.0 38.6 60.0 53.9 55.6 445.1 1987 1541.9
Source: Author
Appendix 24: Properties of materials
material gross calorific value [MJ/kg] net calorific value MJ/kg]
pure digestate 18.55 17.02
pureMiscanthus x giganteus 20.36 18.80
Miscanthus x giganteusixed with sawdust 20.39 19.02
Miscanthus x giganteusixed with wood shavings 20.28 19.15
pureMiscanthus sinensis 20.86 20.04
Miscanthus sinensisixed with sawdust 21.10 19.43
Miscanthus sinensisiixed with wood shavings 20.56 19.38
Source: doc. Ing. Josef Pecen, CSc.
Appendix 25: Nutrient content of digestate [%0]
material dry matter ash N x 6.25 fat fibre organicmatter nitrogen-free extract
output from the 5.9665 1.02129 0.78055 0.023098 1.86063 5194 2.28091
biogas plant
material for the
production of 91.79198 15.71217 12.00843 0.355349 28.62505 781079 35.09098
briquettes
100 % dry matter 100.00000 17.11715 13.08222 .381.24 31.18470 82.88285 38.22881

Source: doc. Ing. Josef Pecen, CSc.
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