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Uvodni slovo $éfredaktora

VazZeni ¢tenari,

mate pred sebou c¢islo nad plan, které jsme pfipravili
ve spolupraci s organizatory 23. rocniku konference
Technika ochrany prostredia TOP 2017. Mezinarodni
védecky vybor konference vybral z jejiho programu ty
nejlepsi prispévky, které souviseji se zamérenim tohoto
casopisu.

Mezinarodni konferenci TOP uz 23 roku organizuje
Ustav vyrobnych systémov, environmentalnej techniky
a manazZmentu kvality Strojnickej fakulty STU
v Bratislave v uzké spolupraci s Ministerstvom
Zivotného prostredia SR a dalsimi partnery. Odbornym garantem 23. ro¢niku bylo
Zdruzenie automobilového priemyslu SR. Konference se za dobu své existence stala
vyznamnym diskusnim férem, mistem vymény nazorid odbornikii v odpadovém
hospodarstvi SR a Sifeni nejnovéjsich informaci a poznatka.

Dékuji touto cestou prof. Ing. Lubomiru Soosovi, PhD., pfedsedovi védeckého vyboru
a doc. Ing. Ludovitu Kollathovi, PhD., organizacnimu garantovi konference za spolupraci
pri pripravé tohoto cCisla i za moznost osobné se mnohokrat ucastnit jejich konference.

Ondfrej Prochazka

Editorial
Dear readers,

You have before you the issue we have prepared in conjunction with the organizers of
the 23" annual conference of the Technical Protection of the Environment, TOP 2017.
The international scientific committee chose from its program the best papers having to
do with the focus of this journal.

The TOP international conference has been prepared by the Institute of Manufacturing
Systems, Environmental Technology and Management of Quality of the Mechanical
Engineering Faculty, Slovak University of Technology in Bratislava in close cooperation
with the Ministry of the Environment SR and other partners. The professional guarantor
of the 23" anniversary is the Automobile Industry Association SR. Over its existence the
conference has become an outstanding discussion forum, the site of the exchange of
opinions by experts in the waste economy of the SR and the dissemination of the newest
information and ideas.

In this manner | thank prof. Ing. Lubomir Soo$, PhD., Chair of the Scientific Committee,
and doc. Ing. Ludovit Kollath, PhD., the organizational guarantor of the conference, for
their cooperation in preparing this issue and for the opportunity to once again participate
personally in this conference.

Ondrej Prochazka
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Pro autory

Casopis WASTE FORUM je ¢asopis uréeny pro publikovani puvodnich védeckych praci
souvisejicich s primyslovou a komunalni ekologii. Tj. nejen z vyzkumu v oblasti odpadld a
recyklace, jak by mohl naznaCovat nazev Casopisu, ale i odpadnich vod, emisi, sanaci
ekologickych zatézi atd. Vychazi pouze v elektronické podobé a Cisla jsou zvefejfiovana na volné
pristupnych internetovych strankach www.WasteForum.cz.

Do redakce se pfispévky zasilaji v kompletné zalomené podobé i se zabudovanymi obrazky
a tabulkami, tak zvané ,,printer-ready”. Pokyny k obsahovému Clenéni a grafické upravé prispévku
spolu s pfimo pouzitelnou Sablonou grafické upravy ve WORDu jsou uvedeny na www-strankach
Casopisu v sekci Pro autory. Ve snaze dale rozSifovat okruh moznych recenzenti zadame autory, aby
soucasné s prispévkem napsali tfi tipy na mozné recenzenty, samoziejmé z jinych pracovist nez je autor
Ci spoluautory. Je vzdy dobré mit rezervu.

Publika¢ni jazyk je Cestina, slovenstina a anglictina. Preferovana je angli¢tina a v tom pfipadé je
nezbytnou soucasti ¢lanku na konci nazev, kontakty a abstrakt v ¢eském ¢&i slovenském jazyce, pficemz
rozsah souhrnu neni shora nijak omezen.

Vydavani Casopisu neni nikym dotované. Proto, abychom pfijmové pokryli naklady spojené
s vydavanim &asopisu, vybirame publikaéni poplatek ve vysi 200 K& za kazdou stranku u pfispévku
v anglickém jazyce, u ostatnich je 500 K& za stranku. Uvedené &astky jsou bez DPH. V pfipadé
nepublikovani pfispévku v disledku negativniho vysledku recenzniho fizeni je tato ¢astka poloviéni.

Uzavérka nejblizsiho cisla ¢asopisu WASTE FORUM je 8. dubna 2018, dalsi pak
8. ¢ervence 2018.

For authors

WASTE FORUM is an electronic peer-reviewed journal that primarily publishes original scientific
papers from scientific fields focusing on all forms of solid, liquid and gas waste. Topics include waste
prevention, waste management and utilization and waste disposal. Other topics of interest are the
ecological remediation of old contaminated sites and topics of industrial and municipal ecology.

WASTE FORUM publishes papers in English, Czech or Slovak. Articles submitted must
include a abstract in Czech (Slovak) or English language, respectively.

Manuscripts for publication in the journal WASTE FORUM should be sent only in electronic form
to the e-mail address prochazka@cemc.cz or wasteforum@seznam.cz. Manuscripts must be fully
formatted (i.e. printer-ready) in MS WORD. The file should have a name that begins with the surname of
the first author or the surname of the corresponding author.

All articles submitted for publication in WASTE FORUM undergo assessment by two independent
reviewers. The reviews are dispatched to authors anonymously, i.e. the names of the reviewers are not
disclosed to the authors.

All papers that was not subjected to a peer-review are labeled in a header of each page by the
text Not peer-reviewed and commercial papers.

Revenue to cover at least the costs associated with the issuance of the magazine, we select a
publication fee 200 CZK per each new page for articles reviewed part of issue and CZK 500 for
every new page for contributions in the second part of the issue.

The deadline of the next issue is on April 8, 2018, more on July 8, 2018.
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The analysis of reflector options evaluation from cars after
their lifetime under the conditions of the Slovak Republic

Miroslav BADIDA, Lydia SOBOTOVA, Tibor DZURO, Marek MORAVEC,
Pavol LIPTAI, Anna BADIDOVA

Department of Process and Environmental Engineering, Faculty of Mechanical
Engineering, Technical University of KoSice, Letna 9, 042 00 KoSice, Slovakia
e-mail: miroslav.badida@tuke.sk, lydia.sobotova@tuke.sk, tibor.dzuro@tuke.sk,
marek.moravec@tuke.sk, pavol.liptai@tuke.sk, anna.badidova@tuke.sk

Summary

The paper deals with the analysis of the possibility of a recovery of the reflectors (luminaires) from the
cars that have ended their life. The lamps are components that have not been addressed yet in terms of
a recovery of material used to produce them. The authors present their own research work related to the
dismantling of car lights. There are two approaches to the disassembly: a reverse assembly and
a destructive disassembly. The aim of both approaches is to get the most amount of a homogeneous
plastic and of other types of the materials used. The paper includes the results of the analysis of
components, materials, time trials disassembly headlamps, as well as the technical and economic
analysis of the different alternatives proposed disassembly. There are 3D simulations of the proposed
workplaces presented.

Keywords: cars, material composition, reverse assembly, disassembly, recycling, reflectors

Introduction

The automotive industry is today a sector that significantly influences and at the same time develops
other sectors of the national economy such as engineering, metallurgical, electrical, chemical or
construction industries. Over the past decade, the car production has been steadily rising, with the SR
not relegating. There are about a billion cars in the world, of which about 200 million cars drive on the
European roads and more than 2 million cars drive in the Slovak Republic.

The Slovak car makers produced a record number of cars in 2016, while PSA Group Slovakia
produced 315 050 vehicles, KIA Motors produced 339 500 vehicles, and Volkswagen produced 345 540
vehicles. In total 1 000 900 cars were produced®. In 2014, there was around 80 million cars produced
worldwide, with the average passenger car weight of 1,25 tons representing 100 million tons of the clean
processed material. It is clear that, in addition to 'pure material', the car production also generates waste,
which producers have to take care of and at the same time after the end of its life cycle, the car itself
becomes the hazardous waste that needs to be taken care of®. The basic legal regulation is the Directive
of the European Parliament and of the Council no. 2000/53 / EC of 18 September 2000 on end-of-life
vehicles (ELV)3. This Directive establishes the measures whose the primary objective is to prevent the
generation of waste from vehicles as well as reuse, recycling and other forms of recovery of durable
vehicles and their components in order to reduce the amount of waste disposed of and to improve the
protection of the environment by engaging all economic operators, involved in the life cycle of vehicles,
but especially those involved in the after-sales process of vehicles. The Directive includes, inter alia, the
limits on the reuse and recovery of components®.

The authors of the paper focused on the issue of the automobile reflectors dismantling over their
lifetime® % °. The reflector itself consists of several materials such as: plats, glass, metals, rubber, and so
on. Reflector structures start to dominate over plastic®®. Of the total amount of plastics in the automobile
(approximately 143,4 kg / car?), the reflectors (lighting) represent about 5,6 %? of the total amount of
used plastics.
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The analysis of components and material composition of vehicle
reflectors

For the purpose of the experimental disassembly, the authors chose the Skoda Octavia of the 2™
generation car. The experimental disassembly and decomposition of the Skoda Octavia automobile
lights was done for the following purposes?:

e the analysis of components of individual types of luminaires and their material composition,
e the detection of the mass proportions of the individual materials used in the luminaires,

e to assess the possibilities and difficulty of disassembling the lights (analysis of joints, use of
tools and tools, etc.),

e to design an optimal disassembly procedure to evaluate the effectiveness of the entire
disassembly process.

The variety of types of car lights are very large Figure 1.

Front lights Rear group lights | Front fog lights Sl Gl

AQ
I
P

Branding light
TP

Figure 1: Types of headlamps

For the purpose of disassembly and decomposition, the following external lights were selected from
the Skoda Octavia of the 2™ generation (Figure 2):

¢ front lights,

e rear group lights,

o front fog lights,

¢ side direction lights,

e Dbranding light.
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Rear group light
- brake light

- parking light

| - contour light

- fog light

- directional light

Directional lights

Front reflectors
- remote light
- dipped beam
- parking light

- directional light License plate light

Front fog lights

Figure 2: Exterior car lighting

The authors of the post performed consistent decomposition of the selected lighting an example is the
decomposition of the front light Skoda Octavia of the 2™ generation (Figure 3).

Figure 3: Decomposition of the front light of the Skoda Octavia of the 2nd generation

Table 1 below includes the material and weight composition of the Skoda Octavia of the 2™
generation car headlamp.

Table 1: Material and mass composition of the headlamp components

Labellng of | Weight
to. | component | wmerd MR M

1. Front cover polycarbonate 565
2. Back cover polypropylene PP 1025
3. Frame high temperature polycarbonate PC-HT 560
4. Reflector unsteamed polystyrene with glass fibers UP-GF 125
5. Electror(;oor:wop:g?keents e copper, rubber, plastic - 130
6. Frame of lens polybutylen terephtalat PBT 80
7. Lens glass G 145
8. Body of the lens Fe metal Fe 210
9. Plastic handles Plastic mix - 40
10. Screws Fe metal
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Analogously, there was the decomposition of other lamps carried out®. Based on this analysis, the
weight of the materials in the lights of one Skoda Octavia of 2™ generation was determined (Table 2).

Table 2: Mass weight of materials in the lights of Skoda Octavia of 2" generation car

Material Labelm_g of | Weight
material kg
PP

1. Polypropylene 1,025
2. Polypropylene + 20 % filled with talc PP+TD 20 0,105
3. Polycarbonate PC 0,855
4. Acrylonitrile Butadiene Styrene - Polycarbonate ABS-PC 0,480
5. Acrylonitrile Butadiene Styrene - Polycarbonate ABS-PC 0,480
6. Acrylonitrile Butadiene Styrene ABS 0,016
7. Acrylonitrile Styrene Acrylate ASA 0,025
8. Polymethyl methacrylate PMNA 0,295
9. Polybutylen terephtalat PBT 0,08
10. Unsaturated polyester with glass fibers UP-GF 0,125
11. Polyamide with fiberglass PAG6-GT14 0,025
12. Polyamide with fiberglass PAG66-GF30 0,002
13. Mixed plastic 0,04
14. Glass 0,145
15. Electrocomponents 0,13
16. Gum 0,028
17. Ferrous meta 0,022
Total 4,008

The time study of the automobile reflectors removal

The following part of the paper deals with the time studies, which include the time consumption of two
options of the automobile reflectors disassembly:

¢ the time study of the automobile reflectors disassembly (a reversed assembly),
¢ the time study of the automobile reflectors disassembly (by so-called destructive disassembly).

The example of the time study of the front reflector by the reversed assembly is shown in Table 3.

Table 3: The timing of the reversible disassembly of the front reflector

Removal of the front light

Removal the outer cover manually 00:12,2

Removal of seals manually 00:10,5

Breaking the body of light screwdriver 00:17,5

Light bulb manually 00:15,5

Separation of the metal plate and small parts manua!ly, 00:28,6
screwdriver

Removal of cables manually 01:24,6

Dismantling the motorcycle manua!ly, 00:24,5
screwdriver

> 02:24,4
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The example of the time study of the destructive disassembly of the front reflector is given in Table 4.

Table 4: The timing of the destructive disassembly of the front reflector

Removal front reflector - destructive

Light bulb fitting as needed manually 00:12,2
Fragmentation by dividing lines breaker 00:10,5
Split front cover manually 00:11,3
Fold the rear cover manually 00:12,4
Frame separation clamp, screwdriver 00:07,3
Removal of the reflector manually 00:08,3
Unscrew the motorbike manually, screwdriver 00:11,2
Removal of the cables tool 3 00:10,0
Removal of the Body of Lenses and Lenses tool 1 00:05,3
Removal of the handles pliers 00:04,7
Friction of screws tool 2 00:10,0
> 01:43,2

On the basis of the time analyzes®® that have been carried out, the time required for the reserve
installation and disassembly of the car lights (front reflector, rear group light, fog light, side direction light
and state license plate light) per a vehicle was determined below (Table 5).

Table 5: The reverse assembly and disassembly comparison

Reverse assembly Disruptive dismantling

Front reflectors (2 pcs 4,82 min/ vehicle 3,44 min/ vehicle
Rear group lights (2 pcs) 6,47 min/ vehicle 4,56 min/ vehicle
Fog Lights (2 pcs) 4,02 min/ vehicle 3,58 min/ vehicle
Side direction lights (2 pcs) 4,84 min/ vehicle 2,24 min/ vehicle
Shields (2 pcs) 2,48 min/ vehicle 2,48 min/ vehicle
Crush 2,68 min/ vehicle

Total 22,63 min/ vehicle 18,98 min/ vehicle

The material and mass composition of the lamps (only external) of the analyzed car are shown in
Table 6.

Table 6: The material and mass composition of the lamps

Skoda Octavia
of the 2"

Material Representation
generation vehicle (%]

Plastics

Car Lighting Glass 3,6
components Electro 3,2
(exterior) Gum 0,7

Fe metals
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The resulting calculations of the total amount of the waste generated from the automobile lamps were
based on the statistical data the includes the number of processed vehicles in Slovakia (Table 7 -

Source: Recycling Fund). For the calculations, we considered data for 2015. We have not been able to
get any new data.

Table 7: The vehicle processing statistics for 2004 to 20152
2006 2008 __| 2009

723 3929 19449 28413 37209 72508 37889 34915 32795 34408 28052 26642

800
700
600
5001
400
300
200
100

37209 37889 34915 35795 34408

28413 28052 26642
19449
723 3929 -

2004 2005 2006 2007 2008 2009 2010 2011 2012 2013 2014 2015

Year

PCS
c 88888888

Figure: 4 Vehicle processing developments for 2004 to 2015

Based on information about the type of material, the available quantity of material and the available
purchase prices of the material obtained, it was possible to complete the data in Table 8.

Table 8: The amount of waste of the lanterns and revenue from sale processing of 26 642 pcs old
vehicles (2015)*

Material Weight | Representation Pieces Pugfitise A uszlféom S
0
[ka] %] [ka/year] [€/kg] [€lyear]

7,366 91 9 196 245 0,1-05 196 24,5 - 98 122,5
0,29 7726,18 - -
0,26 3,2 6 926,92 0,53 - 0,87 3 671,27 - 6 026,42
0,056 0,7 1491,95 - =

0,044 0,6 1172,25 0,10-0,15 117,23 - 175,84

Copper cables — the price of 1 kg

Cu content from 20 % (D below 1 MM) ....oooiiiiiiiiiie e 0,1-0,3€

Cu content 21 % — 30 % (D below 1 Mmm) ... 04-10¢€

Cu content from 31 % — 40 % (D below 1 mm) ......coooiiiiiiiiiiiiiee, 1,10-130€
2 0,53 - 0,87 €
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The largest percentage of the materials in the automobile luminaire are plastics, up to about 91,9 % of
the weight of the lamp. There are very diverse types of plastics®*® °. It should also be borne in mind that
plastics used to produce automobile reflectors account for only about 5,6 % of the mass of the plastics
used in the automobile (Table 9) of the total material.

Table 9: The plastics in an automobile

~ Bumpers PP 10,4
ISseats T PUR, PP, PA, PVC, ABS 18,4
" nteriorofacar " PP, SMA, ABS, PC, PVC, PUR 21,3
~ Fuelsystem PE, POM, PA 8,6
- Components under the hood PA, PP, PBT 13,8
" nteriortrim " PP, ABS, POM, PVC, PUR 31
| Externalcladding ABS, PA, PP, PBT, ASA 5,1
T lighting T PP, PC, ABS, PMMA, UP 5,6
- Upholstery PUR, PP, PVC 6,8
- Otherreservoirs PP, PE, PA 1,5
~ Totaa . 1434

The composition of the car is shown in Table 10.

Table 10: The material composition of cars

Materials used in the automotive industry
41 %
18 %
8 %
6,4 %
2%
5,6 %
9,3%
9,7 %

A high percentage of use of plastic materials (or components) is also expected in the future due to the
growing demand from consumers, therefore the both, a weight reduction and, low consumption vice
versa is important® ®.

The design of a layout solution for the disassembly of reflectors

The authors of the paper suggest two options of the reflectors dismantling from vehicles after their
lifetime:

e reverse mounting (Figure 5),

e destructive disassembly (Figure 6).
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Figure: 6 A dispositional layout (3D - view) of the destructive dismantling

The goal of both solutions for light disassembly is to obtain the most efficient individual types of
plastics and other types of materials that can be subsequently evaluated. A detailed design of the
workplaces is mentioned in the report®.

Conclusion

The research team, in solving the partial role of the project, ,, Integrated research platform for the
recovery of individual waste streams, especially from the automotive industry ”, focused on the
component of the automobile - a reflector (exterior car lights). The lamps from cars are, at present, the
waste that can be labeled problematic. Recycling companies and services dispose of this waste in a
variety of ways (landfill, incinerator, etc.). The authors solved the problem of a valorization of automobile
luminaires in two ways: by retrofitting and destructive disassembly in the study? * ° capacitive
conversions related to the disassembly process were performed. It came to the following conclusions:

According to the preliminary experience of disassembly of different types of reflectors by the method
of reversing assembly, it is reasonable to establish in the conditions of the Slovak Republic 4 dislocated
workplaces in the recycling centers of cars in two-shift operation of 2 + 2 workers.

According to the time studies of destructive disassembly of individual species, it is rational, under the
conditions of the Slovak Republic, to establish 3 dislocated workplaces in the recycling centers of cars in
a one-shift operation with 3 + (1) workers (temporary worker). The workshop could be additionally
equipped with a plastic shredder and the plastic shredder, which reduces the transport costs and
reaches the higher purchase unit price of the plastic crush.
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Receiving workstations from disassembled reflectors is assumed as follows:

Reception from one vehicle 3,04 EUR / vehicle (reversed assembly).

Intake from one vehicle (separate pulp) 3,12 EUR / vehicle (destructive dismantling)
Capacity 4 work places 7 360 Nh / year (Reverse Mounting).

Capacity of workplace 3 + (1) 6 440 Nh / year (destructive dismantling)
Required standard vehicle hours 22,63 min/vehicle = 0,3772 h/vehicle (installation).
The necessary man-hours for the vehicle 18,98 min / 0,3162 h = vehicle / vehicle (d. Rep.)
Number of vehicles dismounted 19,512 vehicles / year (reversed assembly).
Number of dismantled vehicles 20,363 vehicles / year (destructive dismantling)

The payback period of the reversing assembly is assumed to be 3 years, and the recovery time of the
disassembly plant is assumed to be 2,63 years. In connection with the concept of a closed loop
economy, according to Duflou et al**. Still, it is not clear in academic and industrial circles whether
systematic disassembly of the product in the context of used products is viable to its achievement and it
seems that the contradiction of economic and environmental priorities results in a downward trend in
non-destructive disassembly as a target scenario for in-use products. This is also the opinion of the
authors.
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Suhrn

Prispevok sa zaobera analyzou moZnosti zhodnocovania reflektorov (svietidiel) z automobilov po
dobe ich Zzivotnosti. Svietidla predstavuju komponenty, ktorym sa doteraz nevenovala pozornost
Z hladiska zhodnocovania pouzitého materialu na ich vyrobu. Autori prezentuju vlastnu vyskumnu pracu
suvisiacu s demontazou svietidiel automobilov. Prezentuju sa dva pristupy k demontaZi a to: reverzna
montaz a destrukéna demontaz. Cielom obidvoch pristupov je ziskat ¢o najviac mnozstva homogénneho
plastu a dalSich druhov pouzitych materialov. Prezentuju sa vysledky analyzy komponentov, materialov,
Casovych $tudii demontaze svetlometov, ako aj technicko-ekonomickéa analyza réznych navrhovanych
variantov demontaze. Uvadzaju sa 3D simulacie navrhnutych pracovisk.

Kracové slova: vozidla, materialové zloZenie, reverzna montaz, demontaz, recyklacia, reflektory
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Summary

Research and analysis of the gasification process must pay special attention to all operating parameters
which affect quality and amount of the producer gas that is the efficiency of the conversion itself.
Composition of the producer gas, calorific value, and content and composition of impurities are especially
observed as these are the basic characteristics directly affecting subsequent application of the gas. Steam
addition has a significant impact on gas composition. Steam decomposition into hydrogen and oxygen, and
their subsequent reactions increases amount of combustibles, hydrogen, methane and other
hydrocarbons. Steam addition in the gasification also affects amount and composition of tar and has a
negative impact on heat balance. Energy Institute at the Brno University of Technology has a long tradition
in research of biomass gasification in atmospheric fluidized bed reactors. Air was used as a gasification
medium. This paper describes our experience with gasification using a mixture of air and steam. We
analysed the whole process and in this paper we wish to describe the impact of temperature on outputs of
the process, especially temperature of leaving steam and temperature of gasification reactions.

Keywords: biomass, steam gasification, Biofluid, temperature

Introduction

Biomass gasification is a method of energy recovery from biomass, a renewable energy source.
Biomass is one of the few renewable energy sources with a great potential in the Czech Republic.
Importance of the energy use of biomass for Central Europe illustrate other publications [1,2,3]. Biomass
is renewable, available and produces zero CO, emissions (CO, commonly released during combustion
of the fuel has already been consumed in photosynthesis during growth of the biomass).

The principle of gasification has been described before [4,5]. Fuel is reacted with a gaseous medium.
The process produces synthetic gas consisting of carbon monoxide, hydrogen, methane and other
hydrocarbons. The gas also consists of non-combustible components (nitrogen and carbon dioxide) and
impurities [6,7]. Actual composition of the syngas relies on many factors, especially on equipment
design, type of gaseous medium, fuel quality and others. We may conclude that the following physical
and chemical parameters have a major impact on the gasification process results [8]: temperature of the
reactions, temperature of chemical equilibrium, pressure of the reactions, H,O, CO, and H,
concentrations, reaction time and subsequent equilibrium.

Gasification process may be simplified into three phases:

Combustion phase - This phase requires oxygen and does not take place in the so called allothermal
gasification (heat is supplied from an external heat source). Fuel is heated and water evaporates. Volatile
combustibles are released and later react with oxygen (first exothermal reactions). Released heat sharply
raises fuel temperature, which also sharply raises production of gaseous combustibles. Char enters the
burning reactions (and remains in solid form in the degased fuel). Char reacts with oxygen, producing large
amounts of heat, until the original fuel consists of no more combustibles and only minerals in the form of
ashes remain. CO, and H,O are the products of the combustion process and may be described in equations.

Pyrolysis phase - Pyrolysis phase is a decisive stage for production of the gas for energy purposes. The
course of the phase is very similar to the combustion phase and occurs under identical temperatures.
Heterogeneous reactions of the gas and fixed char are critical and produce large amounts of gas consisting
mostly of CO. Liquid pyrolytic products consist of tar and polyaromatic hydrocarbons. Main part of the tar is
decomposed into light hydrocarbons upon passing through a high-temperature section (1,100 — 1,200 °C).
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Equilibrium phase — gasification - Gasification consists of several endothermic reactions utilizing heat
released in the combustion phase. Gaseous products from previous phases are mixed and mutually
interact. Processes are very fast and are governed by rules of chemical kinetics. Gaseous products then
enter an area with significantly decreased flow velocities. The retention phase occurs under conditions
with basically constant temperature and pressure. This environment allows the gas molecules to interact
(react together). The gas components thus reach equilibrium and final mixture of gases is produced.
Reaction of chemical equilibrium is very slow under low temperatures and starts to dominate over
pyrolytic reactions at temperatures over 800 °C. However, compared to these reactions, combustion
reactions are significantly higher (up to 10 times) in the whole temperature spectrum.

Amount and type of gaseous medium

Gaseous medium oxidises the fuel and moderates the whole gasification process. In terms of type of
the gaseous media, we distinguish allothermal gasification (no free oxygen in the medium — heat is
supplied from an external source) and autothermal gasification (medium contains free oxygen which
reacts with the fuel — partial oxidation — and provides necessary heat for the endothermic reaction).

Quality of the syngas (calorific value and produced amount) relies mostly on gasification ratio.
Research literature provides gasification ratio range 0.2 — 0.4.

Following are used as gasification media: air, oxygen, steam and their combinations. Gasification
processes using CO, and hydrogen as gasification media are also currently researched.

Air is the most common media used as it is the most readily available one. It is also the cheapest and
it presents no operational problems. However, produced gas contains a large share of nitrogen (50 —
60 %), which decreases its calorific value: 4 — 7 MJ.m,. Some facilities use oxygen-enriched air.

Use of pure oxygen generates high costs and risks related to production of the oxygen and
subsequent use in the gasification process (oxygen is applied either in pure form or as part of the
oxygen-enriched air). Produced gas contains low amounts of nitrogen and has medium calorific value
(ca. 10 MJ.m,®). Process occurs under high temperatures and the produced gas consists of very small
amounts of tar. Oxygen is more commonly used in pressurized gasification.

Nowadays, carbon dioxide has become commonly used as a medium. Carbon dioxide provides
bound oxygen in the process. On the other hand, it is an inert gas, such as nitrogen. Supply of carbon
dioxide causes higher conversion of carbon and lower production of impurities (especially tar) [9].
Gasification with hydrogen under high pressure produces more methane and increases calorific value of
the gas.

Gasification using steam is a highly endothermic process. Therefore, mixture of steam with oxygen
(calorific value of the gas ca. 14 MJ.m,, high share of hydrogen in the gas) or steam with air (calorific
value of the gas ca. 8 MJ.m,”) is the most commonly commercially used media [10].

Efficiency of gasification process using steam is highly affected by equivalence ratio (ER) and steam
to biomass ratio (SB). According to existing research, increase in ER has a positive impact on amount of
produce gas but decreases amount of combustibles (H,, CO and CHy,), which in turns reduces calorific
value of the gas and overall efficiency if the process [11]. Increase in SB results in a slight increase in
gas yield, H, concentrations in the gas; on the other hand, CO concentrations decrease (reactions of the
water gas) as well as CH, and other hydrocarbons. Overall calorific value along with efficiency of the
process slightly declines [12].

Supply of steam in gasification systems without external heat sources decreases operational
temperature and this may have negative impact on tar formation [13]. On the other hand, higher partial
pressure of H,O in reactor will lead to faster tar reduction reactions (steam reforming and dry
dealkylation) and it decreases tar content in generated gas [9]. Literature states that tar composition
produced in the process of steam supply is of such a nature that it may be easily eliminated by industrial
catalysts (e.g. nickel) or natural catalysts (dolomite, olivine).
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Experimental

Research was performed at Biofluid 100 stand (see Figure 1) which is equipment with stationary
fluidized bed. Fuel is supplied from fuel storage tank equipped with shovel and is introduced via dosing
screw with frequency convertor into reactor. Primary supply of blower compressed air is lead into reactor
under the bed, secondary and tertiary supplies are located at two high-rise levels. Produced energogas
is stripped of its solid particulate matter in cyclone. Output gas is combusted in burner equipped with
stabilization burner for natural gas and individual air supply. Ashes from reactor can be removed from
tank located beneath bed. Power based heater for primary air supply is placed behind blower so that
impact of air preheating may be monitored. In recent years, filters for research of efficiency of various
methods of gas cleaning were attached to basic part of stand.

Reactor parameters:

e Capacity (in produced gas) 100 kwt
e Fuel demand (consumption, requirement) 150 kWt
e Wood consumption 40 kg.h™
e Air flow rate 50 m*.h*
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Figure 1. Experimental equipment Biofluid 2

Basic characteristics of operation at fluid generator are described in following paragraphs:

e Operation of fluid generator — after ignition, fluid generator is operated in combustion mode so
that its heating is quick. After achieving required gasification temperatures, secondary and
tertiary air is supplied into generator and thus produced gas is immediately combusted and
consequently heats up the generator. Air supplies are then shut off and generator is
introduced into stable mode for specific and pre-set gasification temperature. Stable mode is
achieved when amount of dosed fuel is not altered, amount of gasified air is even and
temperature swings in middle section of gasification generator are stable within narrow range
given by gasification temperature.

o Frequency of converters of dosing screw so that mass flow rate is determined,;

e Temperature in various parts of equipment which is measured by thermocouples; position of
thermocouples is given in detail in scheme at Figure 1. There are 3 thermocouples along
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generator top, 1 thermocouple in cyclone and 2 thermocouples in semi-coke pipe,
1 thermocouple in output gas pipe and 1 thermocouple measures temperature of air-steam

supply.
e Pressure difference between upper and lower sections of fluid generator (fluid bed).
o Pressure of the generated gas at the generator outlet and at the fuel storage tank.

Aim of the research was to determine concentrations of tar eliminated from the generated gas. Tar
samples were collected using a methodology of Tar Protocol [6] and evaluated by weight spectrometer
of a gas chromatograph.

Results and Discussion

Many experiments were performed in order to verify findings from the literary searches. Experiments
tested dependency of the gas composition and its calorific value on temperature of the fluid bed (T101),
on temperature of the freeboard where the chemical equilibrium reactions take place (T103) and on inlet
temperature of the steam-air mixture (TF1). Parameters were constant throughout analysis of a specific
parameter.

Measurement range:

e S/Bratio: 0-0.77
e T101:800-835°C
e T103:798-860 °C
e TF1:153-253°C
22 17
20 16
g 18 g 15
T 16 9 14
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S/B 0.00 5/B0.21 S/B 0.47 S/B 0.69 S/B 0.00 5/B0.21 S/B 0.47 S/B0.69
Figure 2: Dependence of H2 on the air- Figure 3: Dependence of CO on the air-
steam temperature steam temperature

Analysis of dependency of gas composition and its calorific value on T101 temperature proved that
the composition and calorific value react more to changes in the temperature than to SB ratio, despite
arather small temperature interval (AT101=30°C) and large difference of SB ratios. Both
dependencies have a similar course for other temperatures.

Content of H, and CO, rises in dependence with increase in T101, other gas components drop, and
the calorific value of the gas also decreases. Changes in temperatures in the freeboard result in an
increase in CO, CH, and calorific value. The higher the SB ratio (with a constant T103), the higher the H,
and CO content; calorific value also rises.

Patronem tohoto ¢isla je Tyden vyzkumu a inovaci pro praxi a Zivotni prostfedi TVIP 2018, 6. — 8. 3. 2018, Hustopece

WASTE FORUM 2017, &islo 5, strana 3 7 D



Marek BALAS, Martin LISY, Pavel MILCAK, Jiti POSPISIL: Influence of steam temperature on biomass gasification
process

20 3,50
_ 18 3,00
£ <
~ 16 =) = 2,50 Bs
3 win) S =1
14 2,00 m]
12 1,50
0 100 200 300 0 100 200 300
Temperature air+steam mixture [°C] Temperature air+steam mixture [°C]
OS/B0.00 ©S/B0.21 XS/B0.47 *S/B0.69 0OS/B0.00 #5/B0.21 XS/B0.47 * S/B0.69
Figure 4: Dependence of CO; on the air- Figure 5: Dependence of CH, on the air-
steam temperature steam temperature

Analysis of dependency of gas composition and calorific value on temperature of inlet steam and air
mixture (see Figure 2 through Figure 5) also provides interesting results. Increase in the temperature
causes decrease in the share of hydrogen and methane, and the overall calorific value of the gas also
drops (see Figure 6), despite expectations. On the other hand, constant TF1 temperature and increase
in SB ratio means increase in the share of hydrogen, which has a positive impact on its calorific value.
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Figure 8: Dependence of CGE on the air-steam temperature
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From the graph on Figure 7 and Figure 8 shows that the gas and CGE vyields are not dependent on
the SB ratio but only on the temperature of the incoming mixture.

Conclusion

Gasification with water steam is a very promising process in utilization of biomass. Current results
prove that addition of water steam causes major changes in the gas composition and its calorific value.
Researchers are only beginning to analyse the process of biomass gasification in the fluidized bed. More
research will hopefully result in optimization and better understanding of the whole process.
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Vliv teploty pridavané pary na zplynovaci proces
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Souhrn

Energeticky mix za posledni obdobi doznal znaénych zmén nejen v Ceské republice, ale i v Evropé
ave svété. Od vyuZivani uhli, které jeSté prfed koncem minulého stoleti bylo dominantnim palivem,
prechazeji vyrobci elektrické a tepelné energie k masivnéj§imu vyuZivani zemniho plynu a k plynnym
palivim viabec. Jsou zde ekonomické aspekty, ale i fada provoznich divodu, které toto palivo posunuji
do popredi zajmu. Dal§im trendem je priklon k vyuZivani obnovitelnych zdroji energie, ze kterych ma
v Ceské republice velky potenciél pro rozvoj biomasa.

Zplyriovani je jednou z moznych technologii pro vyuziti biomasy. Jedna se o transformacni
technologii, kdy z tuhého paliva vyrobime palivo plynné. Toto pak muzeme vyuZit v dalSich technologiich
se v8emi vyhodami, které z vyuZivani plynnych paliv plynou. Princip zplyriovani biomasy spocéiva
v termickém rozkladu paliva za pfitomnosti zplyriovaciho media. Kvalita, slozeni a mnoZstvi
generovaného plynu zavisi na celé fadé faktor(. Predev§im jsou to typ zplyriovaciho generatoru,
provozni teplota a tlak, viastnosti paliva (vihkost) a v neposledni fadé typ a mnoZstvi zplyriovaciho
média. Jako zplyriovaciho média se vyuziva vzduchu, vodni pary a kysliku, nejCastéji v rdznych
kombinacich. Kazdy druh &i kazda smés maji své podstatné vyhody i nevyhody.

Pri zkoumani zplyriovaciho procesu klademe velky ddraz na dopady vSech provoznich parametri na
kvalitu a mnozstvi generovaného plynu, kterymi je viastné vyjadrena Gcinnosti celého transformacniho
procesu. Je zkoumano predevsim sloZeni plynu a z néj vyplyvajici vyhievnost a obsah a sloZeni
necistot. Tyto zakladni viastnosti maji pfimy vliv na dal§i vyuZiti plynu. Pridavani vodni pary ma na
sloZeni plynu podstatny vliv. Rozklad vodni pary na vodik a kyslik a jejich nasledné reakce vedou
k navyseni hoflavych slozek, vodiku, metanu a dalSich uhlovodikt. Pridavek vodni pary ma téz vliv na
mnoZstvi a sloZeni dehtu. Negativné se pak projevuje na energetické bilanci.

Na pracovisti Energetického tstavu VUT v Brné se dlouhodobé zabyvame tematikou atmosférického
fluidniho zplyriovani biomasy. Jako zplyriovaci médium byl vyuzivan vzduch. Clanek pojednava
0 zkuSenostech se zplyriovacim procesem, pfi kterém bylo jako zplyriovaciho média vyuZito smési
vzduchu a vodni pary. Byl zkouman komplexni proces, zde je popsan Vvliv teplot na vystupy, a to
pfedevsim teploty vstupujici pary a teploty zplyriovacich reakci.

Kli¢ova slova: biomasa, zplyriovani s vodni parou, Biofluid, teplota
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Experimentalne zistovanie efektivity spracovania drevného
materialu pre vyrobu peliet
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Slovenska technicka univerzita v Bratislave, Strojnicka fakulta, Nam. slobody 17,
812 31 Bratislava, Slovenska republika, e-mail: juraj.beniak@stuba.sk

Suhrn

Priprava materialu pre vyrobu brikiet a peliet je velmi dbleZitym stupriom a ma velKy vplyv na proces
vyroby ale rovnako aj na kvalitu finalneho produktu. Tu existuje velké mnoZstvo faktorov, ktoré moézu
ovplyvriovat kone¢nu kvalitu brikiet a peliet vyrobenych z biomasy. Rovnako vefa procesov a nastaveni
pouZzitych strojov a zariadeni méze viest k zmene kvality. Tak ako je nam zname z predchadzajuceho
vyskumu, medzi vyznamné aspekty patri napriklad velkost ¢astic biomasy, z ktorych sa brikety a pelety
vyrabaju. Dezintegracné stroje vyuZivané na spracovanie biomasy maju priamy vplyv na tento faktor.
V podstate méZzeme povedat, Ze vhodny vyber spravneho zariadenia pre dezintegraciu, jeho princip
prace, vyuZivanie napriklad sita pre presnejSie Specifikovanie velkosti vystupnej frakcie, ale i dalSie
parametre maju priamy vplyv na kvalitu biomasy a kvalitu finalnych brikiet alebo peliet. VSetky tieto
spomenuté parametre maju za nasledok aj rozdielnu spotrebu energie vyvinutej k spracovaniu biomasy,
¢o ma za nasledok zvySenie alebo zniZenie nakladov na vyrobu peliet alebo brikiet a efektivitu procesu
ich vyroby.

Predkladany ¢lanok obsahuje namerané uUdaje ziskané v procese pripravy drevnej biomasy a jej
spracovania na pelety. Namerané Gdaje st nasledne S$tatisticky vyhodnotené a porovnané s kvalitou
vyrobenych peliet a dalSimi ich vilastnostami. Vysledkom experimentu je stanovanie pri akych
parametroch a akom zoradeni dezintegracného zariadenia dosiahneme najlepSiu kvalitu peliet
s prihliadnutim na energiu spotrebovanu pri priprave biomasy. Pri experimente sa porovnava aky ma
vplyv mensia vystupna frakcia biomasy, alebo viacnasobné drvenie na kvalitu vyrobenych peliet a na
energeticku spotrebu pri jej dprave.

Klucové slova: dezintegracia, drvenie, biomasa, energeticka efektivnost, vyroba peliet.

Uvod

Predtym ako zaéneme so samotnym procesom peletovania biomasy, je nevyhnutna priprava
zakladného materialu, aby bol dobre pripraveny pre vyrobu peliet. Samotna priprava vstupnej suroviny
v sebe zahffia niekolko zakladnych procesov [1]. Ide napriklad o prispOsobenie spravnej vihkosti
suroviny, ale v prvom rade uprava velkosti vstupnych materialovych €astic biomasy, ktora bude pouzita
pri vyrobe peliet. Je naozaj nevyhnutné pouZitie spravnej zmesi ak chceme dosiahnut poZadovanu
kvalitu peliet. Pre tento ucel je mozné vyuZit rézne zariadenia uréené pre dezintegraciu [3].

To moéze byt napriklad klasicky dvojrotorovy dezintegracny stroj, ktory umoznuje velku zmenu velkosti,
z velkych kusov materialu na zaciatku na malé Castice vhodné aj pre peletovanie. Taktiez je mozné pouzit
nozovy mlyn, ktory pracuje s vysokymi otackami, o predisponuje toto zariadenie na Upravu makkych
materialov s malou hrubkou, ako napriklad trava alebo seno a dalSie podobné materialy [4].

Na nasom pracovisku disponujeme kladivovym mlynom, na ktorom je mozné spracovanie Sirokého
spektra materialov, vratane réznej drevnej biomasy. Toto zariadenie vyuZziva tiez kineticku energiu kladiv
bez fixného uchytenia, takZe kladiva mézu este rotovat’ okolo osy uchytenia na Cape [5].

VSetky tieto dezintegratné zariadenia mézu byt vybavené sitom. Pouzitie sita nam zabezpeci, ze
vystupny material bude mat definovany rozsah velkosti Castic (frak&né zlozenie) [6].

PouZitie réznych zariadeni s réznymi pridavnymi Castami znamena tiez rbzne poZiadavky na
spotrebu energie. Toto znamena tiez, Ze spravny vyber vhodného zariadenia je velmi dolezité pre
ekonomicku prevadzku a efektivnost' vyroby peliet [10].
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Experimentalna ¢ast’

Prezentovany ¢lanok popisuje experimenty, ktoré boli vykonané na nasej vyrobnej linke na Strojnickej
fakulte, Slovenskej technickej univerzite v Bratislave. Experimenty pozostavaju z dvoch Casti [8].

V prvom rade bude merané prevadzkové zatazenie a spotreba energie dezintegracného zariadenia,
pomocou ktorého chceme dosiahnut rozdielne spracovanie a rozdielnu frakciu vstupného materialu pre
vyrobu peliet [7].

Druhou castou experimentov je porovnanie rozdielneho frakéného zlozenia pripravenych vzoriek
materialov a spotreby energie, ktora bola vynaloZena na pripravu tohto materialu s kvalitou vyrobenych
peliet. Podstatou experimentu je zistit, €i zvySenie kvality vstupného materialu (zmenou jeho frakéného
zlozenia) ma vplyv na zvySenie kvalitativnych parametrov vyrobenych peliet [11].

Meranie prevadzkového zatazZenia a energetickej spotreby pri priprave biomasy

Experiment je zalozeny na priprave a spracovani drevnej Stiepky zo smrekového dreva. Tento
material je dezintegrovany na kladivovom mlyne STOZA SV5 (obrazok 1), ktory je vybaveny sitom [2].
PoCas experiment boli pouzité rozdielne sita so stanovenym priemerom dier 4 mm, 6 mm a8 mm
(obrazok 2).

Podstatou experimentu je meranie zatazenia kladivového mlyna pocas prevadzky a jeho spotrebu
energie spotrebovanej pri spracovani Stiepky zo smrekového dreva. Rdzne vzorky materialu boli
spracované pri zmene spomenutych velkosti sit, ¢im chceme dosiahnut zmenu frakéného zloZenia
upravenych vzoriek materialu. Tiez sme testovali moznost kedy s nastavenym sitom s priemerom dier 4
mm bol material spracovany dvakrat po sebe. Cize i$lo o dvojnasobné drvenie rovnakého materialu.
Cize ked material presiel jedenkrat cez dezintegraéné zariadenie, bol opéat spracovany pri tom istom
nastaveni zariadenia s pouzitim toho istého sita.

Obrazok 1: Kladivovy mlyn STOZA SV 5
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Obrazok 2: Sita pouzité pri spracovani materialov (zf'ava 8mm, 6mm, 4mm)

Pouzité zariadenie kladivového mlyna STOZA SV5 ma nasledovné zakladné:
Prikon zariadenia: 5 (kW)

Vykon zariadenia: 0,6 — 0,9 (t/h)

Otacky rotora: 2910 (min™)

Ako je spomenuté vysSie, boli pouZzité tri typy sit s priemerom pripravenych otvorov 8 mm, 6 mm
a4 mm. Kladivovy mlyn pracoval pri stabilnych otackach 29100 otacok za mindtu. S nastavenim
kazdého sita bolo spracovanych 120 kg materialu na vstupe.

Meranie prevadzkového zatazZenia bolo realizované pomocou frekvenéného menica, ktory umoziiuje
merat okamzity prikon zariadenia, realne otacky, elektrické napatie a krutiaci moment [9].

V naSom zaujme bolo meranie energetickej spotreby zariadenia, ktoré je potrebné na spracovanie
uréeného mnozstva materialu, vzdy pri zmenenej velkosti sita. Pouzitim vybranych velkosti sit
ovplyvhujeme tiez kvalitu materialu, konkrétne frakéné zloZenie zmesi [8].

V tabulke 1 je mozné vidiet namerané hodnoty vybranych parametrov (tabufka 1) s grafickym
znazornenim tychto hodnét ktoré je mozné vidiet na obrazku 3.

Tabulka 1: Prevadzkové zatazenie kladivového mlyna

Spracovanie Kruatiaci moment Prikon Rozdiel spotreby energie
(sito) (Nm) (kW) (kW)
No Load 5,29 1,89 -
8mm 7,90 2,84 0,95
6mm 9,44 3,36 1,47
4mm 15,44 4,47 2,58
2X4mm 9,30 3,30 1,41+2,58 = 3,99

No Load znamena, Ze hodnoty boli merané, ked nebol spracovavany ziadny material, €ize zariadenie
iSlo na prazdno a merané zatazenie bolo iba na prekonanie trenia a hmotnosti jednotlivych Casti
zariadenia. DalSie hodnoty su namerané pri spracovani materialu pri pouZiti uvedenych velkosti
vybranych sit a tiez v pripade Specialneho dvojnasobného spracovania materidlu na site s priemerom
otvorov 4 mm.

Kazdy experiment bol opakovany a merany 10krat, aby bolo mozné namerané hodnoty Statisticky
vyhodnotit. V tabulke 1 su uvedené finalne priemerné hodnoty nameranych parametrov. Z tabulky 1
a tiez z grafického znazornenia nameranych udajov zataZenia zariadenia na obrazku 3 je mozné vidiet
narast spotreby energie pri pouziti mensich otvorov na site. Tato situacia a tieto vysledky davaju zmysel
a boli oCakavané.
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Ked pouzivame sito s mensim priemerom otvorov, prirodzene dosahujeme aj lepSie frakéné zlozenie
zmesi. To znamena, ze prevazujuce mnozstvo frakcie sa posunulo do oblasti s mens§im rozmerom
frakcie. Takato zmes moze zlepsit kvalitu vyrabanych peliet. Otazkou je, ¢i zvySena spotreba energie
pouzitej na spracovanie materialu prinesie aj adekvatne zvysenie kvality peliet. Toto bude diskutované
v nasledujucej Casti ¢lanku.

P (kW)

4.5 +

3,5 1

2,5 1

1,5 -

0,5 A

No Load gmm 6mm Amm 2x4mm

Obrazok 3: Grafické znazornenie zatazenia kladivového mlyna

Zhodnotenie kvality vstupného materialu a kvality vyrobenych peliet

V tejto Casti experimentu boli vyrabané pelety z materialu, ktory bol v ramci prvej ¢asti experimentu
pripraveny pomocou kladivového mlyna. Vyroba peliet prebiehala na vertikalnom peletovacom zariadeni
KAHL 33-390 s plochou kruhovou matricou. PoCas peletovanie bola pouzitd matrica s priemerom
otvorov 6 mm. Prevadzkové parametre peletovacieho stroja boli nastavené na konstantny tlak 12 MPa,
lisovaciu teplotu 100 °C a obvodovu rychlost otaéania rolnic 2,2 m.s™.

Ako je spomenuté vySSie, pelety boli vyrabané zo smrekového dreva. Material bol pripraveny
pomocou kladivového mlyna. V tomto pripade bol pouZzity material spracovany s namontovanym sitom
4 mm (dalej oznaCované aj ako 1x4 mm). K experimentu bol tiez vyuZity material, ktory bol dvakrat
spracovany s tymto sitom s priemerom dier 4 mm (dalej oznaCované ako 2x4 mm). Jedna séria peliet
bola vyrobena aj s vyuzitim surového materialu, ktory nebol spravovany na kladivovom mlyne (dalej
oznacovany aj ako RAW). Frakéné zloZenie jednotlivych druhov materidlov je zrejmé z tabulky 2.
Tabufka 2 atiez obrazok 4 znazornuju frakéné zloZenie pripravenej zmesi. Nespracovany material
(RAW) obsahuje najvyssi podiel Castic velkosti 1 — 2 mm. RAW material tiez obsahuje relativne velké
mnozstvo Castic z rozsahu 0 — 0,5 mm a aj 0,5 — 1,0 mm. Ako je vidiet z diagramu (obrazok 4), RAW
material ako jediny obsahuje aj urCité mnozstvo €astic z rozsahu 2 — 4 mm ale i va¢Sich ako 4 mm.
DalSie dve zmesi materialu neobsahuju takéto velké &astice alebo len v iplne malom mnozZstve.
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Tabulka 2: Frak¢éné zlozZenie pripravenych zmesi pre vyrobu peliet

Velkost ¢astic Zmes Zmes Zmes
(mm) (Raw) (1x4 mm) (2x4 mm)
0-0,5 26,72 29,09 37,75
05-1,0 27,45 35,72 39,95
1,0-2,0 36,88 34,48 21,79
2,0-4,0 6,71 0,56 0,09
40< 1,91 0,14 0
mZmes (Raw)  mZmes (1x4mm) Zmes (2x4mm)
£ 40 -
E
£ 35
=
° 30 -
3
o 25 T
2 20 -
3
o 15 -
10 -
5 -
0 L/
0-05 05-1.0 1.0-2.0 20-40 A40=
rozsah velkosti ¢astic (mm)

Obrazok 4: Grafické znazornenie frakéného zloZenia zmesi materialov pouzitych pre vyrobu peliet

Na obrazkoch 5 az 7 je mozné vidiet rozdiel medzi jednotlivymi zmesami, ktoré boli vyrobené v prvej
Casti experimentu. Na obrazku 5 vfavo je mozné vidiet material bez spracovania (RAW), vpravo je
vyobrazena frakcia spracovana so sitom 8 mm. Obrazok 6 zobrazuje zmes pripravenu s pouzitim sita
6 mm. Na obrazku 7 vlavo je zobrazena frakcia, ktora je jedenkrat spracovana s pouzitim sita 4 mm
a vpravo je zmes spracovana s pouzitim sita 4 mm dvakrat.

Materidlova zmes 1x4 mm, ktora je pripravena s pouzitim 4 mm sita a presla zariadenim jedenkrat,
vykazuje najvy$Sie mnozstvo Castic z rozsahu 0,5 — 1 mm a o nie€o men8ie mnozstvo Castic z rozsahu
1-2mm.

Materialova zmes 2x4 mm bola pripravena rovnako so sitom s priemerom otvorov 4 mm, ale pre$la
dezintegratnym zariadenim dvakrat. Tato zmes obsahuje najvacsi podiel ¢astic z rozsahu 0,5 — 1 mm
alen onieCo niz8i podiel zrozsahu 0 — 0,5 mm. Tu mézeme vidiet, Ze pouZitim dvojnasobnej
dezintegracie sme schopni pripravit zmes s mensimi ¢asticami.

Dalsie materidlové zmesi spomenuté v prvej ¢asti experimentu a vyobrazené na obrazkoch nizSie
(pripravené na sitach 6 mm a 8 mm) nie su zahrnuté v tejto Casti porovnania, pretoze tieto tri druhy
zmesi su postacujuce pre vyslovenie tohto zaveru z experimentu.
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Obrazok 5: Pévodny nespracovany material (Raw) (vlavo) a material dezintegrovany
s pouzitim sita s priemerom otvorov 8 mm (vpravo)

Obrazok 7: Material dezintegrovany s pouzitim sita 4 mm (vlavo) a material dvakrat
dezintegrovany s pouzitim sita 4 mm (vpravo)
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Porovnanie frakéného zloZenia pripravenych zmesi méze byt zhrnuté do nasledovnych vyhlaseni:
o Vzorka RAW vykazuje vysoky podiel velkych Castic.
o Vzorka 1x4 mm vykazuje vysoky podiel stredne velkych a vacésich Castic.
e Vzorka 2x4 mm vykazuje vysoky podiel malych a stredne velkych Castic.

Nasledne po tomto merani frakéného zloZenia bol material pouzity na vyrobu peliet. K vyrobe peliet
zo smrekového materialu bol pouzity vertikalny peletovaci stroj KAHL 33-390 s plochou kruhovou
matricou. Ako uz bolo spomenuté boli pouzité nasledovné parametre nastavenia peletovacieho stroja.
Bola pouzita matrica s priemerom otvorov 6 mm, prevadzkové parameter peletovacieho stroja boli
nastave[]é na konstantny tlak 12 MPa, lisovaciu teplotu 100 °C a obvodovu rychlost otacania rolnic
2,2m.s™.

V tabulke 3 je mozné vidiet zakladné monitorované a merané parametre vyrobenych peliet. Uvedena
je objemova hustota, mechanicka odolnost, oter a tvrdost' vyrobenych peliet. VSetky tieto parametre nam
davaju celkovu informaciu o kvalite peliet.

Vidime Ze najlepSie vlastnosti boli dosiahnuté s materialom, ktory bol pripraveny so sitom 4 mm
(1x4 mm). Pelety vyrobené z tohto materialu maju najlepSiu hustotu, mechanicku odolnost a tvrdost.
Oter je takmer na rovnakej Urovni ako v pripade, ak material 2x spracujeme so sitom 4mm (2x4 mm).

Tabulka 3: Vlastnosti vyrobenych peliet

Parameter I(Dr\?m)/ (1?(?1'%1) (222I?r?r/n)
Objemova hustota (kg.m™) 655,6 661 660,7
Mechanicka odolnost (%) 98,99 99,16 99,05
Oter (%) 1,44 1,04 1,02
Tvrdost (N) 230,95 236,83 235,46

Vysledky a diskusia

Publikovany ¢lanok predstavuje aky je narast spotreby energie, ak chceme dosiahnut’ lepSiu kvalitu
vstupnej suroviny a €i tato zvySena kvalita vstupnej suroviny, respektive men3ia frakcia biomasy, ma
vplyv na vysSiu kvalitu vyrobenych peliet.

V predchadzajucom mézeme vidiet, Ze ked chceme zvysit’ kvalitu vstupnej suroviny pre vyrobu peliet
(pripravit men3iu frakciu biomasy — jemnejSie frakéné zloZenie), je potrebné vlozit do procesu pripravy
viac energie. Napriklad ak drevni hmotu spracujeme dvakrat na dezintegrathom zariadeni,
spotrebujeme spolu 3,99 kW energie, namiesto 2,58 kW, ak rovnaky material spracujeme iba jedenkrat
pomocou rovnakého zariadenia s rovnakym nastavenim. To je narast spotreby energie o 1,41 kW vstupu
energie. Ak tuto hodnotu vyjadrime percentualne, ide o narast az 54,65 %.

Ak vSak porovname kvalitu vyrobenych peliet z takto spracovaného materialu, mézeme vidiet skoro
rovnaké hodnoty hustoty, mechanickej odolnosti, oteru a tvrdosti peliet. To znamena Ze v niektorych
momentoch je zbyto&né pripravovat velmi jemnu frakciu s extrémne malym frak&nym zloZenim, pretoze
spotrebujeme nadmerné mnozstvo energie na vyrobu peliet bez prijatelnej zmeny kvality peliet.

V pripade pouzitia materialu bez predchadzajucej upravy na kladivovom mlyne a vyrobe peliet
z takéhoto materialu a porovnanim kvalitativnych vlastnosti peliet vyrobenych z upraveného materialu
modzZeme konstatovat, Zze takato dodato¢na uprava ma zmysel, pretoze aspon v niektorych
ukazovateloch kvality peliet vidime takmer 10% zlepSenie.
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Zaver

Pre potreby vyroby peliet alebo brikiet je nevyhnutna Uprava biomasy a jej priprava k procesu vyroby.
Kazdé dodato¢né spracovanie materialu znamena tieZz dodatocné naklady na spotrebu energie, ale toto
zaruene neznamena aj dodatoéné zvySenie kvality. Potrebujeme Specifikovat, Ci zvySenie spotreby
energie na spracovanie biomasy je hospodarne a prospe$né, ak chceme dosiahnut pelety s vy$sou
kvalitou. Toto vSak zavisi od toho, &i je zakaznik ochotny znasat zvySené naklady na tato zvySenu
kvalitu peliet.
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Experimental determination of wood material preparation effectiveness for
pellets production
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Summary

Material preparation for briquettes and pellets production is really important and have very big influence
to production process and also to final product condition. There is many factors which could affect final
quality of biomass briquettes and pellets. Also many processes and machine settings can lead to quality
change. As we know from previews research, there is really important size of biomass particles from
which the pellets and briquettes are produced. Shredding machines are directly responsible for biomass
size preparation. Basically there is influence of what kind of machine we use, its principle, if we use
screen to define exact particle size and other parameters. All of this cause also different energy
consumption and affect the process effectiveness. The paper contains measured data acquired within
production process of pellets from wood particles. The data are statistically evaluated and compared with
quality of pellets and others their properties. Result of this paper is statement if more energy investment
to material preparation is also balanced with better pellets properties which will lead to less pellets
consumption and better heating power. Within the experiment there is compared what is the effect of
smaller biomass fraction distribution to the quality of produced pellets and also energy consumption in
the material preparation process.

Keywords: disintegration, shredding, biomass, energy efficiency, pellets production.
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Abstract

The aim of this paper is to focus on environmental benefits, or eventual loads of sludge life cycle in
the wastewater treatment process based on the general standard EN 1SO 14040. From the measured
experimental data, the environmental impacts of the sludge management are quantified using the LCA
method. For impact assessment is using the Open LCA program, together with the available databases
and assessment methods, focuses on Global Environmental Impact on Human Health and Global
Environmental Impact on Ecosystem Quality. An important part of the contribution is the use of sludge as
a secondary raw material in the process of wastewater treatment for energy purposes. By analyzing the
collected data, we can to contribute to the optimization of sludge management and WWTP operation and
to reduce the negative environmental impact, based on the determined goals.

Keywords:life cycle assessment, wastewater treatment plant, environmental impacts, sludge

Introduction

The essence of the application of the LCA study is to avoid increasing the quality of individual
products and services at the expense of environmental degradation. LCA is regarded as a universal
method that is useful for any organization, regardless of the nature and scope of business. LCA is
defined in the international standard EN ISO 14040. The implementation of the method requires
processing procedures are formalized, using exact methods, allowing to identify the environmental
impacts on the environment. LCA is in industrialized and environmentally conscious states among
ordinary tool of environmental management.

The main idea of the application of LCA methods for wastewater treatment, namely sludge produced
by the wastewater treatment plant, is to assess the effectiveness and the possibility of treating sludge
with a focus on possible negative environmental aspects and a potential use of biogas energy.

The structure of the LCA analysis

LCA is in standard EN ISO 14040 is defined as the collection and evaluation of the inputs, outputs
and impacts on the environment, product-system throughout the life cycle'. Life Cycle Assessment
consists of defining the objectives and scope, inventory, impact assessment and interpretation of results.
From the structure of the LCA concludes that findings from one phase may affect the basis of the
previous phase, which should be reviewed and then go over to the next phase. Such revisions greatly
facilitates the use of affordable and suitable software developed just for the area.

Objective and scope of the study
The objective and scope of the study set out the context in which the LCA analysis processed while
helping to further identify the boundaries with which they will be considered in the analysis.
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In defining the scope of the study in accordance with EN ISO 14040 it is therefore important to focus on:

» a feature of the product

« functional unit

* examination system product

» system boundaries

* the type and form of assessment

* the use of interpretation

» assumptions

* restrictions

* data requirements and data quality
« choice of values and options®

The aim of LCA analysis of the paper is to assess the impact of sludge management to individual
components of the environment with an emphasis on human health and the impact on the ecosystem
and water system environment.

Functional unit

The functional unit is a measure of performance of the function outputs. Used to information about
which inputs and outputs are related, on what basis it is determined comparability of results of the LCA
study?.

Sludge can be evaluated in relation to their weight with respect to the production of sludge at
wastewater treatment plants. Within the sludge management and biogas sludge they may also be
evaluated with respect to the energy / kg, or in relation to a number of features that their use complies
with (the amount of energy produced). The last type of evaluation permits to LCA studies also include
the cost and inputs to operate the equipment?.

System boundary

The system boundaries are used to determine the process units that must be included in the LCA
system. They depend on factors such as; the goal of applying the study, reduction of costs, or the
amount of data used”.

When considering the life cycle of sludge in wastewater treatment plants they have been chosen so.
Cut - off criterion, when the user does not include all the processes in view of the minimal effect on the
final results®. To the border system was selected operating and consumption costs. To compare the
environmental impact has not been considered with the construction of facilities with regard to the
content and objectives of the study. An important component of borders constitutes the composition of
the sludge with an emphasis on nitrogen and phosphorus content, serving for the subsequent
quantification of the effects of eutrophication on the environment®.

Life cycle inventory phase

Life cycle inventory phase - LCI is used to determine the amount of elementary streams discharged
into the environment during the life cycle of a product. Inventory analysis focuses on data collection
process, data and methods used to quantify relevant inputs and outputs of the process under
consideration® .

As part of WWTP sludge management Vrable, excess sludge stored in the storage tank, which also
serves as a digester. Subsequently, the sludge is pumped to sludge fields. Within the inventory phase
was followed sludge production in each month focusing on the production of raw sludge, sludge water,
digested sludge and solids. The measured data are processed in the table 1.
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Table 1: Inventory data of sludge

Month 1 2 3 4 5 6 7
Raw sludge [kg] 1322 1250 860 840 1320 1050 1160
Sludge water [m?] 550 144 420 120 120 660 180
Digested sludge [kg] | O 240 720 600 880 1040 680
Solids [kg] 18 11.2 18 12 21.6 19.4 68.4
Month 8 9 10 11 12 In total

Raw sludge [kg] 1170 1170 1190 1150 1280 13762

Sludge water [m”] 560 270 490 800 610 5014

Digested sludge [kg] | 450 560 710 610 520 18776

Solids [kg] 22.8 9.2 11.1 32.1 0 213.8

Impact assessment

Impact assessment of sewage sludge Vrable is based on assigning the corresponding
characterization factors for each elementary stream. We used the values from the inventory phase,
namely the inflow of sewage, effluent treatment plants, power consumption, and sludge management of
data such as the amount of raw sludge, sludge water, digested sludge and solids. Inventory results were
processed using free software Open LCA using available databases and for evaluating the results.

Results from the first chart shows the possible impact of sludge management to individual
components of human health. The greatest negative impact was reflected in constituents human toxicity
(45 %) and respiratory effects (53 %). Minimal impact was reflected in parts of the ozone layer depletion,
photochemical oxidation and ionising radiation.

Global Environmental Impact for Human
1% 0,9% Health

i human toxicity

H ozone layer depletion
H respiratory effects (inorganics)

H photochemical oxidation

ionising radiation

0,1%

Figure 2: Global environmental impact for human health
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In the second method of evaluation, we focused on the potential impact of sludge management on the
different quality of the ecosystem quality. The greatest negative impact was reflected in parts of the
climate change (50 %) and terrestrial ecotoxicity (42 %).

Global Environmental Impact for
Ecosystem Quality

i aquatic ecotoxicity

H terrestrial acidification &
nutrification

H climate change

terrestrial ecotoxicity

0,1%

7,5%

Figure 3: Global environmental impact for ecosystem

Potential of sludge for bioenergy

The potential of biogas production is quantified by calculating the sludge generated and optimizing
biogas production in the digester. Biogas production in heated anaerobic stabilization tanks at 33 — 40 °C
is 750 liters of biogas from 1 kg of organic dry extract of mixed primary and excess sludge. Approximate
stabilization time is 11 to 20 days depending on temperature®.

Furthermore, the biogas is 23 MJ/m® Production of biogas is also dependent on the sludge
composition and on the substances released during stabilization. It contains 60 — 70 % of CH,4, 35 % of
CO,, 0.1 % of H,S and small amounts of N,, H,, ammonia, fatty acids, etc®.

Natural gas heating ............ 34.25 MJ / m® = approx. 9.51 kWh
Biogas heat ............ccevveeeee. 23 MJ / m® = approx. 6.38 kWh

The WWTP in Vrable does not produce biogas. The potential of biogas production at the WWTP was
calculated from the available measured data based on the conversion of the sludge to 1023.03 MWh.

Conclusions

The goal of this paper was to introduce the issue of the application of LCA and implement methods of
sludge from wastewater treatment plant in Vrable. The essence of the method of applying the LCA was
to evaluate the potential hazardous effects on the individual components of the environment and the
subsequent percentage of the impact. The key to proper implementation of the understanding of the life
cycle of sewage sludge in connection with EN ISO 14040. The assessment is based on correct
identification study objectives, scope, system boundaries and functional unit. A significant part of the
assessment is based on the legislative limits of individual indicators. In the sludge management is
important to focus on the potential use and disposal of sludge, from which subsequently impact on the
environment. The challenge is the determination and analysis of elements which are not provided with
sufficient legislation and, therefore, the monitoring is not sufficient.
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List of symbols

LCA — Life—cycle assessment
WWTP — wastewater treatment plant
EN ISO 14040 - English International Organization for Standardization 14040
kg — kilogram

m®— cubic metre

CH, — methane

CO, — carbon dioxide

H,S — hydrogen sulfide

N, — nitrogen gas

H,— hydrogen gas

MJ / m*~ megajoule/cubic meter
kWh — kilowatt—hour of energy

MWh — megawatt hour of energy
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Energetické zhodnotenie kalu z €istiarne odpadovych véd a jeho dopad na
zivotné prostredie

Mdria DUBCOVA, Ivona SKULTETYOVA, Mdria TROSANOVA, Réka CSICSAIOVA
Slovenska technicka univerzita v Bratislave, Katedra zdravotného a environmentalniho
inZinierstva, Radlinského 11, 810 05 Bratislava

e-mail: maria.dubcova@stuba.sk, ivona.skultetyova@stuba.sk, maria.trosanova@stuba.sk,
reka.csicsaiova@stuba.sk

Souhrn

Ciefom prispevku je posudit environmentalne prinosy, ¢i eventualne zataze zivotného cyklu kalu v
procese Cistenia odpadovych véd na zaklade normy EN ISO 14040. Z nameranych experimentalnych
dat sa pomocou metddy LCA vycisluju jednotlivé environmentalne dopady kalového hospodarstva na
Zivotné prostredie. Vyhodnotenie uUdajov sa vykonalo prostrednictvom volne dostupného softvéru
,OpenLCA*, spolu s databazami a metédami hodnotenia zameranymi na globalny vplyv Zivotného
prostredia na fudské zdravie a globalny vplyv Zivotného prostredia na kvalitu ekosystému.

Délezitou sucastou prispevku je vyuZitie kalu, ako druhotnej suroviny v procese Cistenia odpadovych
véd na energetické ucely. Prostrednictvom vyhodnocovania zozbieranych udajov vieme na zaklade
determinovanych  cielov prispiet k optimalizécii kalového hospodarstva a prevadzky COV a
minimalizovat’ negativny environmentalny dopad.

Kli¢ova slova: posudzovanie Zivotného cyklu, Cistiareri odpadovych véd, environmentalny dopad, kal
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Abstract

Secondary settling tanks (SST) are irreplaceable parts of the wastewater treatment plants (WWTP)
presenting the final step in the process of waste removal from the wastewaters. Therefore, their correct
design is crucial for the operation of the WWTP. Description of the flow in the SST is difficult because it
has turbulent character. In praxis, simulations of flow using the real, measured data are carried out. In
the paper, data collection from two WWTP in Orava region is described and consequently the evaluation
of the measured data for the needs of building of the model which is used as the basis for the flow
simulation. For my work, radial SST with horizontal flow and rectangular SST were picked. Actual point
velocities of the wastewater flow were measured in the tanks. In the paper, also partial results of the
simulations are described.

Keywords: simulation, flow, WWTP, SST

Introduction

Wastewater treatment is process that is essential for modern nowadays societies. Conventional
wastewater treatment plants (WWTP) are based on the biological processes. They usually consist of
mechanical stage and biological stage including activation tank and secondary settling tank (SST). In
secondary settling tank, residuals from the purification process performed in the activation tank are
separated from the liquid®. Separation is run by the basic physical principles like gravitation, to be more
specific by the difference between the specific weight of the liquid and the specific weight of the
suspended solids. What is important for the correct performance of the separation process in the SST is
the consistent design of the flow through the tank so that the undesired flotation of the solids resulting
from the strong flow of the liquid in the tank doesn’t occur. Required flow in the tank can be achieved by
the correct construction of the object?.

Normally, flow in the sedimentation tank has turbulent character so it is very difficult to express it
mathematically. The bio-kinetic processes in the tank can be expressed by several soluble and
particulate components®. Navier-Stokes equations consisting of continuity equation, momentum equation
and energy equation, can be used to formulate these processes.

In Slovak conditions, usually radial sedimentation tanks with horizontal flow or rectangular settling
tanks are constructed. In the terms of flow, radial settling tanks are more effective.

Settling velocity is influenced also by the weather changes®, wet weather causes the increased
hydraulic load to the WWTP and thus to the SST°.

Settling tanks

Settling tanks are the objects of the wastewater treatment plants in which suspended solids are
separated from the liquid. Residence time in the SST is usually approximately 2 hours when the
suspended solids divide from the liquid. Turbid water flows through the tanks at low speed, so that
suspended particles have enough time to settle®. Gravitation is the basic driving force for the separation,
therefore it is essential to have the undisturbed flow in the tank.
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Flow in the sedimentation tanks is very difficult process to predict because not only sedimentation
carries out, but also turbulent flow of the mixture of wastewater and the sludge from the inlet can occur
and cause turbulent currents’. These actions are difficult to predict. Computational Fluid Dynamics
(CFD) is tool, which allows it. CFD is science discipline dealing with scientific knowledge from physics,
fluid mechanics, thermo-mechanics, mathematics, which connects and together with the software
simulate physical phenomena of various complexities®. It is used in fluid dynamics, which can be
compounds from three parts:

¢ theoretical fluid mechanics and thermo-mechanics;
o experimental fluid mechanics;
o CFD supported by computers and numeric mathematics.

Important base of the fluid mechanics are basic principles of flow: mass conservation, momentum
conservation and energy conservation. In praxis, they are described by the continuity equation,
momentum equations and energy equations. These are formed into the system of partial differential
equations, Navier-Stokes equations:

Jt

where u is the flow velocity [m.s™], p is the pressure [Pa], t is the time [s], p is the specific weight [kg.m™],
v is the kinematic viscosity [m?. s™], f is the summary of body forces [kg.m.s™].

du 1
—+u.Vu=—BVp+ vViu+f (1)

They describe unstable turbulent flow, while software uses one of three methods to solve the
equations, finite element method, finite volume method or finite difference method.

Experimental part

Data from the actual tank in operation are needed to perform the flow simulation. These data sets are
used for calibration and verification of the model. In our case, we obtained data from two SST located in
two different WWTP. Measurements were carried out in rectangular secondary settling tank of WWTP in
Dolny Kubin (Figure 1) and radial secondary settling tank with horizontal flow in NiZnd nad Oravou
(Figure 2).

Figure 1: Rectangular tank Figure 2: Radial settling tank
in WWTP Dolny Kubin NiZna nad Oravou

Creation of the model includes several steps: geometry creation, calculation mesh creation of the
object, model calibration and model verification. Because sets of data for calibration and verification are
necessary, measurements of the flow velocity in the tank will be supplemented by the data obtained from
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the WWTP operator. For example, flow rate at the tank inlet, concentration of the suspended solids or
data of sludge pumps work.

Measurement preparation. Flo-mate 2000 attached to 5 m long metal rod was used to measure
actual flow velocity in a point of water in a tank. Probe of the device was mounted 0.5 m from the end of
the rod. Device works on the principle of electromagnetic induction. There is electromagnetic coil built-in,
which produces magnetic field. When water flows through this field, the coil produces voltage. The
magnitude of this voltage is directly proportional to the velocity of water flow®. Water in the secondary
settling tanks always differs; therefore, it is necessary to calibrate the device before each measurement
and water.

SST in Dolny Kubin. Measurements in the rectangular settling tank were carried out in WWTP in
Dolny Kubin. Dimensions of the tank are 11.34 m for the width and 43.5 m for the length and tank
immediately follows nitrification tank. This disposition causes significant influence on the flow in the SST.
Tank is equipped with the dividing wall in the distance 2.5 m from the beginning of the tank, which serves
for removal of floating foam which gets to the tank from the nitrification tank.

Measurements were carried out in several measuring profiles along the walls of the tank and in the
distance of 3.75 m in the depth 0.5 m as the tank construction, operating bridge and measuring device
limited the possibilities of measurements in different spots of tank. Along the wall the measurements in
vertical profiles A - H were caries out. Velocities were measured in depths 0.5 m; 1.0 m; 1.5 m; 2.0 m;
2.5 m; 3.0 m under surface.

Along the short side of the tank the measurements in profiles | - M were carried out. In every vertical
velocity measurement in depths 0.5 m; 1.0 m; 1.5 m; 2.0 m; 2.5 m; 2.85 m under surface were performed
(Figure 3).

On the other side of the tank the measurements in profiles N - P were carried out. In every vertical
velocity measurement in depths 0.5 m; 1.0 m; 1.5 m; 2.0 m; 2.5 m; 3.0 m under surface were performed
(Figure 4).

| | —

- 6500 ! & 0 1= 0.500
-1.000 ! 1-1.000
, - 1.500

-1.500

-2.000 ! 1-2.000
-2.500 ! 1-2.500
-2.850 T 4 -3.000

Figure 3: Scheme of measurement profiles Figure 4: Scheme of measurement profiles
— north-western wall — south-eastern wall

SST in Nizna nad Oravou. Measurements in the radial tank with horizontal flow were carried out in
WWTP Nizna nad Oravou. Diameter of the tank is 11.4 m, perimeter 71.6 m. Measurement points were
located along the perimeter of the tank in front of the effluent weir in ten verticals 1 — 10 spaced 7.16 m
from each other in depths 0.5 m; 1.0 m; 1.5 m; 2.0 m; 2.5 m; 3.0 m; 3.5 m; 4.0 m and 4.395 m under the
surface (Figure 5).
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Figure 5: Measurements profiles and plan of the radial settling tank
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Measurements were done in more series to ensure statistically sufficient number of data. In
rectangular tank, velocities were taken from 96 points in the tank, in case of radial settling tank in 90
points. These data will be supplemented by data provided by the operator and consequently used for
calibration of the tank models and flow simulation will be run. Afterwards, models will be used for
optimization proposal of the tank operation.

Results and discussion

The flow patterns are considerably influenced by the inlet design’. A uniform flow field is necessary to
the efficient performance of a sedimentation tank'®. The hydrodynamic processes in SST depend on the
inner density currents as well'!. After analyzing of the measured values of the actual velocity (Figure 6
and Figure 7), it can be seen that the position of the inlet contributes to the flow pattern. Therefore, it is
essential to simulate the flow in the tanks, so that measures leading to optimization of the flow can be
designed.
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Figure 6: Flow velocities in the measurement profiles in the radial secondary settling tank
in NiZna nad Oravou
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Figure 7: Flow velocities in the measurement profiles in the radial secondary settling tank
in Nizna nad Oravou

The measurement should be carried out in stable weather conditions; especially important is to have
approximately same conditions for all the measurements within one SST. Heavy rain may disturb the
surface of the tank in such extent that it may influence the measured data just below the surface.

In the consequent work, working on simulations of flow in these objects is carried out that could lead
to improvement of operation of secondary settle tanks in these WWTPs.

Conclusions

CFD modeling is a tool for flow simulation in objects in which turbulent flow occurs and that is
impossible to describe by common means. After inserting real data, these models can serve for proposal
of optimization solutions for the objects.

Patronem tohoto ¢isla je Tyden vyzkumu a inovaci pro praxi a Zivotni prostfedi TVIP 2018, 6. — 8. 3. 2018, Hustopece
WASTE FORUM 2017, &islo 5, strana 398



Veronika GREGUSOVA: Applying of the in-situ measured data on the flow simulation in the sedimentation tanks

Acknowledgment

This work was supported by the Scientific Grant Agency of the Ministry of Education, Science,
Research and Sport of the Slovak Republic under the contract No 1/0631/15.

This work was supported by the Slovak Research and Development Agency under the contract
No APVV-0372-12.

This work was supported by the grant “Mlady vyskumnik STU” financed by the Rector's Office STU in

Bratislava.

References

1. M. Patzinger, H. Kainz, M. Hunze, J. J6zsa, Influence of secondary settling tank performance on
suspended solids mass balance in activated sludge system, in Water Research, Vol. 46, 2012,
pp. 2415 — 2424.

2. S. Stanko, J. Hrudka, . Skultétyova, M. Holubec, K. Galbova, V. Gregusova, T. Mackulak, CFD
analysis of experimental adjustments on wastewater treatment sedimentation tank inflow zone, in
Monatshefte fir Chemie - Chemical Monthly, Vol. 148, 2017, pp. 585 — 591

3. S. Diehl, J. Zambrano, B. Carlsson, Steady-state analysis of activated sludge processes with
a settler model including sludge compression, in Water Research, Vol. 88, 2016, pp. 104 — 116.

4. D. Rusnak, S. Stanko, |. Skultétyova, Rain model — Boundary condition in sewer network appraisal,
in Pollack Periodica, Vol. 11, No. 2, 2008, pp. 105 - 112.

5. E. Ramin, D. S. Wagner, P.J. Binning, M. R. Rasmussen, P. S. Mikkelsen, B. G. Plosz, A new
settling velocity model to describe secondary sedimentation, in Water Research, Vol. 66, 2014,
pp. 447 — 458.

6. F. Rostami, M. Shahrokhi, M. Said, R. Abdullah, Numerical modeling on inlet aperture effects on
flow pattern in primary settling tanks, in Applied Mathematical Modeling, Vol. 35, 2011, pp.

3012 - 3020.

7. H. Ghavi, J. Kris, A numerical model of flow in sedimentation tanks in Slovakia, in Pollack
Periodica, Vol. 3, No. 2, 2008, pp. 59 — 73.

8. V. Molnéar, Computational fluid dynamics: Interdisciplinary attitude with CFD applications, (in
Slovak) Slovak University of Technology in Bratislava, 2011.

9. Flo-Mate Model 2000, Installation and Operations Manual, Marsh-McBirney Inc, 1990.

10. M. Shahrokhi, F. Rostami, M. Said, Syafalni, Numerical modeling of baffle location effects on the

flow pattern of primary sedimentation tanks, in Applied Mathematical Modeling, Vol. 37, 2013,
pp. 4486 — 4496.

11. M. Patzinger, Computational fluid dynamics investigation of shallow circular secondary settling

tanks, Inlet geometry and performance indicators, in Chemical Engineering Research and Design,
Vol. 112, 2016, pp. 122 — 131.

Patronem tohoto ¢isla je Tyden vyzkumu a inovaci pro praxi a Zivotni prostfedi TVIP 2018, 6. — 8. 3. 2018, Hustopece

WASTE FORUM 2017, islo 5, strana 399



Veronika GREGUSOVA: Applying of the in-situ measured data on the flow simulation in the sedimentation tanks

Applikacia in-situ meranych udajov na simulaciu pradenia

v sedimentac¢nych nadrziach

Veronika GREGUSOVA

Slovenska technicka univerzita, Stavebna fakulta, Katedra zdravotného a environmentalneho
inZinierstva, Radlinského 11, 810 05 Bratislava, e-mail: veronika.gregusova@stuba.sk

Suhrn

Dosadzovacie nadrze ako nenahraditelna sucast’ Cistiarni odpadovych vdd predstavuju posledny
krok v procese odstrariovania znecistenia z odpadovych véd. Ich spravny navrh je preto zasadny pre
prevadzku Cistiarne odpadovych vod. Popis prudenia v dosadzovacich nadrziach je zloZity, pretoZze ma
turbulentny charakter. V praxi sa realizuju simulacie pradenia s vyuZitim realnych, nameranych dat.
V ¢lanku je popisany zber udajov z dvoch Cistiarni odpadovych véd na Orave a nasledné zhodnotenie
udajov pre potreby vytvorenia modelu, ktory bude pouZity ako zaklad na simulaciu prudenia v nadrzi. Pre
pracu boli vybraté pravouhlé sedimentaéna nadrz s horizontalnym prietokom a radialna sedimentacna
nadrZ s horizontalnym prietokom. Merané boli bodové rychlosti pridenia odpadovej vody v nadrZi.

Kruéové slova: simulécia, prudenie, COV, sedimentaéné nédrze
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Summary

Since most construction waste is disposed of in landfills, it is necessary to step up control of its
management — for this however, its essential to know the volume of the landfills. An overview of the
entire material flow up to the final recovery of the waste is needed. A prerequisite are more accurate
data on the quantities of waste in landfills. A new trend in measuring landfill volumes is the application of
unmanned aerial vehicles (UAV) with photogrammetric devices. This method excels at its speed and
accuracy. Thanks to this technology, it is also possible to target large scale landfills in a short period of
time, only within a few hours.

The article deals with a special method, which is able to determine in a short time the exact data on
the volumes of individual materials in the landfill and the changes during the use of such materials.
A significant benefit of this method is that no meters are needed, and it is also possible to obtain a large
number of different data even in inaccessible areas. The method uses an unmanned device that is used
as a carrier for a photogrammetric unit. The carrier is usually a multi-rotor device or fixed wing aircraft.
The carrier type is chosen accordingly to the weight of the digital camera and the area of the landfill. The
article describes the data collection process, data processing and the advantages of quantifying the
volume of landfills using UAV photogrammetry. Examples of UAV use in practice illustrate the benefits of
using this system for all types of landfills. Fast and accurate volume determination, e.g. using the
contactless UAV system is an effective tool for efficient waste management.

Keywords: building waste, recycling, recycling centre, determining the amount of waste, unmanned
aerial vehicles UAVs

Introduction

A significant share of the overall volume of waste is construction waste, which has a significant share
of the total waste in the company. Construction waste represents the remnants of what is essentially new
building material. This provides an alternative source of secondary raw materials. Measures to increase
the proportion of recycled and recycled parts should lead to a significant reduction in the burden on the
environment by reducing the generation of waste in landfills, as well as by reducing the volume of
primary raw materials used on landfills and old loads.

The objective of waste management in the field of construction and demolition waste is to increase
the preparation for reuse, recycling and recovery of construction and demolition waste, including
pumping works, as a substitute for other materials, at least 70 % of the weight of the waste generated by
2 020. Appropriate information and promotion measures need to be taken and incentive instruments put
in place.

The Waste Act also concerns the obligation to deal with waste prevention measures for significant
waste producers. According to § 6 par. 1 "a waste producer who is a legal entity or a natural person —
entrepreneur and produces more than 10 tones of hazardous waste or 100 tones of other waste
annually, draws up its own waste management program”. This program must be in line with the hierarchy
and objectives of waste management. Therefore, the mandatory part of the waste producer program
must also include organizational, technological and manufacturing measures to prevent waste
generation.
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According to the Statistical Office of the Slovak Republic it can be stated that the way of handling
small construction waste is in the monitored period, with about 90 % of small construction waste
disposed of by landfilling. Given the large volume of construction waste, it is necessary to jointly set the
objective of much higher use of construction waste as a substitute for other construction material and to
reduce the amount of landfilled waste.

To support the reaching of targets for construction and demolition waste, it is necessary to increase
the preparation for reuse, recycling and recovery of waste. In order to achieve these objectives, it is
necessary, among other things, to intensify the control of the treatment of construction waste by
building and waste management authorities, OUZP, construction office (issue of the building permit to be
bound to present documents for disposal of all types of waste from the construction; confirmation from
the waste collector or the person entitled to waste). The first assumption being that it is necessary to
know the volumes of landfills, whether official or "black".

It has been proved necessary to improve the system for keeping records and reporting data on the
volume of landfills, in particular in order to monitor the achievement of the objectives.

Determining the amount of waste in landfills

On January 1, 2013, the municipalities brought about several obligations under the Waste Act no.
223/2001 Coll. through Act No. 343/2012 Coll. In addition, they must take into account the new waste
management hierarchy and have an overview of the entire material flow to the final recovery of the
waste. Key points include changes to some legal definitions and the introduction of new definitions in
line with the text of the Framework Directive. Municipalities must develop their own Waste Management
Program (POH) and submit for approval within 4 months after the issue of the POH of the Region

The Waste Act describes the following facts. The originator of the waste, which is a legal entity or
a natural person - entrepreneur and produces more than 10 tones of hazardous waste or 100 tones of
other waste annually, develops its own program. The obligation for the waste producer to draw up
a program for municipal waste as well as for waste from normal maintenance work carried out by
a natural person up to one m* per year from one natural person (hereinafter "small construction waste"),
the municipality in which the waste is generated. Small-scale construction waste is often a crucial part of
illegal landfills. This program includes determining the volume of waste dumps and determining the
maximum allowable amount of waste in the landfill.

From Section 39 of the Act - Municipal waste management and small construction waste generated
on the territory of the municipality is the responsibility of said municipality. The municipality is obliged to
ensure the collection and transport of bulk waste for the purpose of recovery, or disposal of separately
collected household waste containing harmful substances and small construction waste, as appropriate,
at least twice a year. In accordance with the waste management hierarchy, the municipality will, in
accordance with the waste management regulations, lay down a general binding regulation specifying, in
particular, the details of the way in which small-scale construction waste is handled, as well as the sites
for the disposal of such waste.

The municipality is entitled to require the waste collector or the person who handles the construction
waste in the municipality to provide the necessary information. The construction waste holder, or the
person handling the waste is obligated to provide accurate and complete information on the disposal of
construction waste at the request of the municipality. However, such information requires more accurate
data on the quantities of waste in landfills, which the waste holder is often not able to determine
appropriately, especially on a piece of land. This requires special methods, which are able to provide
accurate data on the volumes of individual materials in the landfill site and changes during the reuse of
such materials. The use of such methods is of great importance for the documentary value, which can
not be disputed in the case of disputes. Significant benefits of modern methods are that no meter is
needed, and it is also possible to obtain a wide variety of data even in inaccessible areas.
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Determining landfill volumes by unmanned UAV means

A new trend in measuring landfill volumes is the application of unmanned vehicles to photogrammetric
devices. This method excels at its speed and accuracy. Thanks to this technology, it is also possible to
target large scale landfills in a short period of time, within a few hours.

Figure 1: Unmanned UAV

The unmanned device (Figure 1) is used as a carrier for a photogrammetric unit. The carrier is a
multi-rotor or rigid wing aircraft. The carrier type is chosen depending on the weight of the digital camera
and the landfill area. For areas up to 150 hectares, a multi-rotor device is mostly used. With large
landings a fixed-wing aircraft being used, but requiring a landing surface. The camera type is selected
depending on the model's resolution, in this case the GSD - ground sample distance.

Photogrammetry is a set of methods for acquiring cartographic or geodetic coordinates, dimensional
coordinates of buildings, buildings themselves, rooms and individual objects based on analogue or digital
photography. Photogrammetry uses optical, photographic and geometric-mathematical methods. In the
past, analogue methods — optical and geodetic measurements were used. Since digital photography is
mostly used today and the coordinates are processed digitally and online, we can consider these
methods to be digitization.

This is the central projection of the image produced (photograph) and the transformation of the frame
coordinates into geodetic coordinates. The center of the projection is the center of the lens. The frame
marker links on the image to create a frame coordinate system. From image frames, the calculated, or
determined geodetic coordinates of key points are transformed.

The procedure for measuring the volume of waste dumps by UAV is normally composed of two parts,
namely data collection and software data processing.

Description of the data collection process:
1. Focus points

These are points physically indicated at the edge of the landfill, serving to refine the model and link it
to the local co-ordination system. The climbing points are targeted by the GNSS RTK. Usually, for
areas up to 20 ha, 4 to 5 points are sufficient.

2. Preparation of flight trajectory

The flight trajectory is mostly prepared at the landfill site. The flight trajectory influences the following
parameters:

— weather conditions,

— the area and shape of the landfill,

— required resolution and accuracy of the digital model,
— the type of UAV and camera used.
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Flight trajectory is made up of specialized software that is specific to each device, mostly through an
application installed on a tablet or a PC. When generating a trajectory, the operator must mark the
landing area's interest on the map, then enter the required GSD, cross-section and longitudinal
overlay. The automatic software will generate the flight path and send the information to the device.

3. Flight security

Flight must be provided under suitable weather and light conditions, most of the flight being fully
automatic; however, the pilot may at any time take control of the machine. Flight time for multi-rotor
devices is about 20 minutes; for fixed wing devices it is about 50 minutes.

Data processing:
1. Data collection

The collected data should be prepared for further processing. Photos are geotagged, that is, the
location information in which the image was captured is inserted into them. From RTK GPS, stack
location data is downloaded.

2. Processing of photogrammetric software

The data obtained is embedded in the software, the first step is to assign the position to individual
points. Subsequently, the software generates a cloud of points, from which a digital surface model is
created. Finally, the model is supplemented with texture. In addition to the model, the orthophotomap
of the site is part of the output.

3. Processing the 3D model

After digitizing the landfill itself, it is possible to subsequently work with its 3D model to determine the
interest parameters. Thanks to a realistic landfill model, it is possible to accurately quantify the
amount of waste that is found in the landfill. Volume measurement can be done by determining the
plane of the underlying surface, or by comparing two different models in a differential form. Free
landfill capacity can be determined by comparing the landfill project with the actual 3D landfill model.
The object can be supplemented with contours of different resolutions. All outputs can be exported to
3D PDF and all CAD formats. The resulting information is processed into a PDF message. As far as
the accuracy of the digital model points is concerned, they are moving at 2 — 4 cm in horizontal axis
and 4 — 6 cm in vertical axis, depending on GSD.

Advantages of quantification of the volume of landfills using UAV photogrammetry:
— low time requirements,
— high accuracy of measurement,
— reducing the risk of data collection (no landfill is required),
— financial efficiency.
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Examples of UAV use in practice

Figure 2: An example of a contour model of the landfill

This technology has been used for comprehensive analysis of the storage of materials at a landfill
sites in the Czech Republic.

The actual collection of data in the landfill was completed in about 2 hours, with workers not having to
enter the active sites of the landfill, as the uncontrolled method of measurement was used. The
collection of data began by marking the landing points at the edge of the landfill and focusing them on
RTK GPS. Subsequently, the crew created the flight plan and launched the unmanned vehicle.

The data obtained was then processed using specialized software, in which a realistic 3D model of
the landfill was created. To illustrate the resolution of the 3D model, it is enough to state that it was
composed of 7 478 001 points spaced 6 cm in diameter. Thanks to the quality of the model, it is possible
to subsequently provide a more accurate analysis of the material storage.

Subsequent comparison of current, past and project data was made in specialized GIS software.
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The outputs of the analysis were as follows:

Figure 4: Displays capacity of the landfill
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Conclusion

Due to the change in waste law, municipalities have been obliged to develop their own Waste
Management Program, which has to take into account a new waste management hierarchy where
emphasis is placed on waste prevention and preparation for its re-use. In order to efficiently exploit
waste from landfills, we must first identify it and then divide volume / by weight. In cooperation with the
creation of the collection yard system, the end of the building pit can be helped, respectively earthworms
with untreated waste. A quick and accurate determination of the volume, for example, is required to
quantify the amount of waste in landfills, using the UAV contactless system.
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Presné meranie objemov skladok stavebného odpadu pomocou

bezpilotnych prostriedkov
Karol GRUNNER, Juraj DUDAS
UAVONIC, spol. sr. 0., Bratislava, SR

Suhrn

Nakolko vécSina stavebného odpadu je zneSkodriovana skladkovanim, je potrebné zintenzivnit
kontrolu nakladania s nim. Na to je vSak potrebné poznat’ objemy skladok. Treba mat prehlad o celom
materialovom toku aZ po koneéné zhodnotenie odpadu. K takymto informaciam su v8ak potrebné
presnejSie udaje o mnozstvach odpadu na skladkach. Novym trendom pri merani objemov skladok je
aplikacia bezpilotnych prostriedkov fotogrametrickymi zariadeniami. Tato metéda vynika svojou
rychlostou a presnostou. Vdaka tejto technolégii je mozné zameranie aj rozsiahlych skladok v kratkom
¢asovom useku, a to len v priebehu niekolkych hodin.

i

Clanok sa zaobera $peciélnou metédou, ktord je schopné v kratkom éase stanovit presné udaje
0 objemoch jednotlivych materialov na skladke a zmeny v priebehu vyuZivania takychto materidlov.
Vyznamnym prinosom tejto metody je, Ze nie su potrebni meraci a je moznost' ziskavania mnoZstva
rozlicnych udajov aj v nepristupnych uzemiach. Metoda vyuZiva bezpilotny prostriedok, ktory je
vyuzivany ako nosic¢ pre fotogrametricku jednotku. Nosicom byva multirotorové zariadenie alebo lietadlo
s pevnym kridlom. Typ nosi¢a je voleny v zavislosti od hmotnosti daného digitalneho fotoaparatu a od
plochy skladky. V &lanku je uvedeny opis postupu zberu dat, spracovanie tdajov a vyhody kvantifikacie
objemu skladok za pomoci UAV fotogrametrie. Priklady vyuZitia systému UAV v praxi dokumentuju
vyhody pouZitia tohto systému pre vsetky typy skladok odpadu. Rychle a presné stanovenie objemu
napr. pomocou bezdotykového systému UAYV je ucinny nastroj na efektivne nakladanie s odpadom.

Klucové slova: stavebny odpad, recyklacia, recyklacné stredisko, stanovenie mnoZstva odpadu,
bezpilotné prostriedky UAV
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Recyklacia pouzitych automobilovych katalyzatorov
Tomds HAVLIK, Andrea MISKUFOVA, Jakub KLIMKO, Jdn MARIASSY,
Peter TUREK

Ustav recyklaénych technolégii, Fakulta materidlov, metalurgie a recyklacie,
Technicka univerzita v KoSiciach, Letna 9, 04200 KoSice, Slovensko.
e-mail: tomas.havlik@tuke.sk

Suhrn

Vyradené autokatalyzatory obsahuju zaujimavé mnoZzstva uslachtilych kovov platiny, paladia a rodia
podla druhu autokatalyzatora, ¢im sa stavaju moznym zdrojom tychto kovov. V predloZenej praci sa
Studovala mozZnost’ hydrometalurgického spracovania vyradenych autokatalyzatorov v prostredi kyseliny
chlorovodikovej s oxidacnym Cinidlom peroxidom vodika. Dosiahli sa vytaznosti na urovni 98 % Pd,
90 % Pt a 79 % Rh pri 65 °C pocas troch hodin luhovania. Vyliuhované uslachtilé kovy sa nasledne
selektivne ziskali z luhovacich roztokov pomocou kvapalinovej extrakcie.

Kracové slova: autokatalyzator, platina, paladium, rédium, nerez, recyklacia, hydrometalurgia.

Uvod

Autokatalyzator je technické zariadenie vo vyfukovom systéme spalovacieho motora, ktorého ulohou
je upravit zloZenie vyfukovych plynov do neho vstupujucich tak, aby na vystupe obsahovali mensi,
najlepsie nulovy podiel exhalatov alebo emisii. Je vacsinou konStruovany ako keramické teleso
valcového tvaru s mnozstvom malych kanalikov. Ich povrch v zavislosti od typu obsahuje katalyticku
latku. Takéto rieSenie zabezpeluje o najvacsiu pracovnu plochu pri minimalnych rozmeroch. Zvoleny
material zarovent umoznuje dosahovat a udrzat vysoku pracovnu teplotu.

V hrubom deleni sa rozpoznavaju autokatalyzatory z benzinovych a z dieselovych motorov. Mnozstvo
platiny, paladia a rédia v autokatalyzatoroch sa vyznamne lisi v zavislosti od typu vozidla, vyrobcu,
krajiny, roku a dalSich faktorov. Priemerny obsah platiny v katalyzatore sa pohybuje od 0,152 g do
2,16 g, paladia od 0,384 do 2,8 g a rddia od 0,036 do 0,376 g v zavislosti od toho, €i sa jedna
0 benzinovy alebo dieselovy autokatalyzator.

Spracovaniu autokatalyzatorov sa venuje niekolko spolo¢nosti na svete, kde sa tieto spracovavaju
pyrometalurgickym, hydrometalurgickym alebo kombinovanym spésobom. Medzi najvacsimi
spracovatelmi autokatalyzatorov a katalyzatorov z chemického priemyslu patria spolo¢nosti Umicore,
Belgicko a Johnson Matthey, Velka Britania'. DalSie spolo&nosti, ktoré sa zaoberaji spracovanim
autokatalyzatorov su Gulf Chemical & Metallurgical Corporation, USA, Globe Metal, Kanada, Heesung
PMTech, Juzna Korea, vyuZivajuce kombinovany spdsob spracovania a dalej Furuya Metal, Japonsko
a Safina, Cesko, ktoré aplikuju pyrometalurgicky plazmovy proces™

Na Slovensku sa pouzité autokatalyzatory nespracovavaju, avSak existuju spoloCnosti, ktoré sa
zaoberaju vykupom pouzitych autokatalyzatorov. Oficialne nie je zname, aky je dalSi postup spracovania
tychto vykupenych autokatalyzatorov.

Ziskavanie a rafinacia kovov platinovej skupiny (KPS) z autokatalyzatorov je vzhladom na cenu
tychto kovov ekonomicky vyhodna. Vzhfadom na redlne dosiahnutelné mnozZstva vyradenych
autokatalyzatorov je hydrometalurgicky spésob optimalnym spdésobom spracovania. V prvom rade je
vSak treba oddelit od seba kovovy plast a keramicku vliozku. Tato sa podrvi, resp. pomelie a podrobi sa
[Uhovaniu vo vhodnom vodnom prostredi. Naslednym krokom je ziskanie platinovych kovov
Z luhovacieho roztoku a ich Uprava na komerénu formu.

Platinové kovy mozno z autokatalyzatorov ziskavat' lUhovanim v kyslych alebo z&saditych luhovacich
médiach, najCastejSie s pouzitim oxidaénych Ccinidiel. Luhovanie méze prebiehat za normalnych
podmienok teploty a tlaku, alternativou méze byt tlakové luhovanie. Vzhladom na zloZenie
autokatalyzatora sa v principe mdze jednat o dva pristupy pri spracovani, kde je ciefom bud vyluhovanie
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nosného materiadlu na bazekordieritu a y-Al,O3z, priCom kovy ostanu v nerozpustnom zvy3ku alebo
priama extrakcia kovov do vyluhu.

Dong a kol.? uvadzaju, Ze y-Al,O; sa v kyseline alebo zasade luhuje a v roztoku je vo forme AI**,
pricom v roztoku sa moézu tvorit' koloidy vzhfadom na hydrolyzu hlinika pri nevhodnom pH roztoku, ¢o
spbsobuje problémy pri separacii faz. V tomto procese sa lUhuju aj platinové kovy, preto je nasledujiucim
krokom ich redukcia. Z vyluhu nasledne mozno ziskat aj Al,Os, ¢im sa zabezpeCi Uplna recyklacia
autokatalyzatorov.

Na priamu extrakciu kovov z autokatalyzatorov sa skuma vyuZitie réznych zmesi luhovacich
a oxidacnych Ccinidiel. Pomerne velké mnozstvo $tudii sa venuje pouzitiu HCI ako zakladného
luhovacieho média s pridavkami oxida¢nych Cinidiel ako HNO3;, Cl,, NaClO3, H,O, a aplikuju sa tiez
luéavka kralovska, alkalické kyanidy, jodidové luhovacie &inidlo a pod®”.

Intenzifikanym prvkom pri ldhovani za uéelom zvySenia efektivity procesu ziskavania kovov
platinovej skupiny (KPS) z autokatalyzatorov je pouZitie mikrovinného Ziarenia. Jafarifar a kol.™° testovali
ziskavanie Pt a Re z bimetalického katalyzatora pouzitim klasického a mikrovinného luhovania v lu¢avke
kralovskej. Autori zistili, Ze mikrovinné Iuhovanie prebieha vyznamne rychlejSie s vy38ou vytaznostou
a nizdou spotrebou kyseliny. K podobnym vysledkom sa dopracovali aj Suoranta a kol. **

Ziskavanie kovov z vyluhu je zasadnym krokom pre vzajomnu separaciu zaujmovych kovov a zisk
produktu s vysokou Cistotou. Medzi klasické metédy mozno zaradit adsorpciu na vhodnom sorbente
a zrazanie. Modernym trendom je kvapalinova extrakcia, pomocou ktorej mozno dosiahnut vysoku
selektivitu.

Lee a kol. [12] skumali pouzitie kvapalinovej extrakcie pre ziskavanie paladia a platiny z chloridovych
vyluhov po Iuhovani autokatalyzatorov. Ako extrakéné cinidlo sa pouzil tri-n-butyl fosfat (TBP)
s koncentraciou 0,0018 — 0,183 M rozpusteny v petroleji pre selektivhu extrakciu Pd aj pri nizkych
koncentraciach. Dosiahla sa Uplna extrakcia paladia a 99% extrakcia platiny.

Aplikaciou kvapalinovej extrakcie na ziskanie platinovych kovov z vyluhov po lUdhovani
autokatalyzatorov sa zaoberali aj Marinho a kol., Kumar a kol. a Jha M.K a kol. **** vyuzitim extrak&nych
Cinidiel typu Aliquat, Alamin, D2EHPA, TBP. Klasickym rozpustadlom je petrolej, okrem petroleja
pouzivali chloroform, benzonitril, toluén, xylén, izopropylalkohol a benzén.

Roztoky s vySSou koncentraciou kovov platinovej skupiny po kvapalinovej extrakcii sa mézu
spracovavat zrazanim alebo krystalizaciou za vzniku soli, ktoré sa nasledne podrobia zihaniu, resp.
kalcinacii, za vzniku praskovych kovov. DalSou moznostou je ziskavanie KPS elektrolyzou z vodnych
roztokov.

Experimentalna ¢ast’

Platina, paladium a rédium tvoria chlorokomplexy v kyslych chloridovych roztokoch. Platina je
pritomna hlavne ako dvoj a Stvormocna. Pre tieto mocenstva tvori v chloridovych roztokoch
chlorokomplexy s koordinaénym Cislom 4 a 6. V pripade paladia dvoj a Stvormocné zlu¢eniny tvoria tuhé
latky s koordinacnym cCislom 4 a 6. NajstabilnejSie zluCeniny rédia su trojmocné a rodium ma tendencie
tvorby komplexnych iénov s koordinaénym Cislom 6.

Vzhladom na to, ze platina, paladium aj rédium patria medzi uslachtilé kovy, nebudu reagovat
v neoxidacnom prostredi. Kedze kyselina chlorovodikova je neoxidacna kyselina, reakcie s usSlachtilymi
kovmi s fiou nebudu prebiehat v realnom Case. Preto je potrebné do systému pridavat nejaké oxidaéné
¢inidlo. Dostupnym ¢inidlom je peroxid vodika H,O,.

K najbeznejSim chemickym reakciam platiny, paladia a rédia v systéme HCI - H,O, patria:

Pd + H,O, + 4HCI = H,PdCl, + 2H,0 [1]
Peroxid vodika l'ahko reaguje s HCI tvoriac chlér a vodu podla
H202 + 2HCI = C|2 + 2H20 [2]
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Vytvorena aktivna zloZka, teda chlor v roztoku reaguje s paladiom podla

Pd + 2HCI + Clz(aq): H,PdCl,

[3]

Analogické reakcie prebiehaju s pritomnou platinou a rédiom uvazujuc nasledovné reakcie

Pt + 6CI" = PtClg* + 4e
Rh + 6CI' = RhCIs* + 3¢’

[4]
[5]

Chovanie sa jednotlivych zloziek v danom systéme a pri danej teplote mozno Studovat za pouzitia
diagramov E-pH alebo potencial (Standardny oxida¢no-redukény potencial) — pH diagramov. Na
obrazkoch 1 az 3 su znazornenéE-pH diagramy pre systémy Pt/Pd/Rh — Cl — H,O pri 25 a 100 °C.
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Obrazok 1: E-pH diagram systému Pt - Cl - H,O pri 25 a 100 °C

Pd - Cl - H20 - System at 25.00 C

Pd - CI - H20 - System at 100.00 C

Eh (Volts)
1.2

1.0
0.8
0.6
0.4

0.2

0.0 =~

-0.2

-0.4

-0.6

-0.8

PACl4(-2a)

Eh (Volts)
12

Pd(OH)4 ety
1.0

0.8

POz e 06
0.4
02
0.0
-0.2
0.4
-0.6

-0.8

= PACH(20) | _

Pd(OH)4

PA(OH)2 —

-1.0
0

2

4 6 8 10 12 14 0

pH

4 6 8 10 12 14

Obrazok 2: E-pH diagram systému Pd - Cl — H,O pri 25a 100 °C
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Obrazok 3: E-pH diagram systému Rh - Cl — H,O pri 25 a 100 °C
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Z uvedenych diagramov na obrazkoch 1 az 3 vyplyva, Ze chlorokomplexy Pt, Pd a Rh i6nov sa
nachadzaju v oblasti stability vody. Oblasti rozpustnosti Spécii Pt a Pd su limitované vyskytom oblasti
stabilit hydroxidu Pd, resp. oxihydroxidu Pt v neutralnej, resp. zasaditej oblasti diagramu.

Vplyv teploty v tychto pripadoch zrejme nehra rolu, kedZe diagramy pri teplotach okolia a medznej
teplote 100 °C su velmi podobné. Pre experimenty boli k dispozicii tri benzinové a tri dieselové pouzité
autokatalyzatory zobrazené na obrazku 4.

s el - tar £ RS Al L

Obrazok 4: Autokatalyzatory pre experimenty

Obrazok 5 zobrazuje pohlad na demontovany autokatalyzator, ktery bol pouzity pre experimentalne
Stadium.

Obrazok 5: Rez autokatalyzatorom

DetailnejSi pohlad na vnutro pouZitého katalyzatora je zobrazeny na obrazku 6.

a) benzin zvécsenie: 195 x b) diesel zvécsenie: 195 x

Obrazok 6: Detailny pohlad na vnutro a) benzinového a b) dieselového katalyzatora
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V oboch pripadoch mozno identifikovat pritomnost' lesklych Castic, pripominajucich kovové Castice
zobrazené na obrazku 7.

benzin zvacsSenie: 100 x
Obrazok 7: Detailny pohl'ad na trblietavé ¢astice vnutra katalyzatora

Jednotlivé sucasti katalyzatora boli na zaklade vizualneho pozorovania oddelené a podrobené fazovej
analyze. Rtg difrakénou fazovou analyzou keramickej Casti katalyzatora sa preukazalo, Ze tato je tvorena
kordieritom MgsAl;6Si»0O7, . Difrakéna fazova analyza naznaduje, ze tieto sa skladaju z oxidov céru a
zirkénia a s moznou pritomnostou uslachtilych kovov.

Obsah uslachtilych kovov (anlyzovany atdbmovou absorpénou spektrometriou) v skimanej vzorke bol:
0,33 % Pt, 0,21 % Pd a 0,03 % Rh.

Vzorky sa pomleli na velkost zrna 100 um za u¢elom homogenizacie a zaroven zvacSenia reakéného
povrchu.

Luhovacie experimenty sa realizovali v klasickej lUhovacej aparature, zobrazenej na obrazku 8.

Popis luhovacej aparatury:
1. nahon mieSadla s konStantne
nastavitelnymi otackami,
mieSadlo,
luhovaci rmut,
odber kvapalnej vzorky,
teplomer,
otvor pre pridavanie vzorky a lthovadla,
sifénovy uzéver,
termostat,
tuha vzorka

© o N TN

Obrazok 8: Schéma aparatury pre luhovanie autokatalyzatorov
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Experimenty lUhovania sa realizovali v sklenenom reaktore, ktory bol ponoreny do termostatu
s cielom udrzania nastavenej teploty IUhovania. Samotny lihovaci experiment prebiehal nasledovne: do
reaktora sa nalial vodny roztok kyseliny chlorovodikovej o koncentracii 30 %. Po dosiahnuti poZzadovane;j
teploty sa do roztoku vsypala praskova vzorka pomletého katalyzatora o stanovenej hmotnosti. Po troch
minutach sa do reaktora prilial roztok peroxidu vodika o stanovenej koncentracii v mnozstve 30 ml. Rmut
sa premieSaval sklenenym mieSadlom rychlostou 200 ot/min. V pravidelnych stanovenych intervaloch
sa odoberala kvapalna vzorka za uéelom chemickej analyzy na pritomnost Pt, Pd a Rh metddou
atomovej absorpénej spektrometrie na analyzatore Thermo 3300.

Vysledky a diskusia

Optimalne podmienky vylihovania pozadovanych kovov do roztoku su funkciami jednotlivych
premennych, ato teploty Iuhovania, doby luhovania, mnozZstva a koncentracie HCI, mnoZstva a
koncentracie H,O,, hustoty rmutu, pripadne dal$ich premennych. Castym problémom je, Ze jednotlivé
premenné maju navzajom signifikantny vplyv na celkovu vytaznost do roztoku.

Poradie experimentov s nastavenymi jednotlivymi premennymi bolo preto podmienené optimalizaciou
jednotlivych premennych s tym, Ze ostatné boli fixované.

Vysledky zakladnych experimentov Studia vplyvu teploty na extrakciu paladia v Cistom roztoku HCI
bez pridavku peroxidu vodika je zobrazeny na obrazku 9.

100 - 250 min
120 min

__ 80 ;

|°\2. 60 min

= 60 -

o 30 min

=

& 40

% ,
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0 1 * 5 min

20 40 60 80

teplota lihovania [°C]

Obrazok 9: Teplotna zavislost vyluhovania Pd v ¢istom roztoku HCI bez pridavku H,0,

Z vysledkov vyplyva, Ze teplota luhovania 65 °C je dostatoCna na vysoku extrakciu paladia do roztoku
bliziacu sa 100 %. DalSie zvySovanie teploty je prakticky bezvyznamné, kedZe vytaznosti su prakticky
identické. Preto sa v3etky dalSie experimenty realizovali pri 65 °C.
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Vplyv doby luhovania na extrakciu paladia je zobrazeny na obrazku 10.
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Obrdzok 10: Casovd zdvislost vylihovania Pd v &istom roztoku HCI bez pridavku H,O,

Z vysledkov vyplyva, Zze doba luhovania 180 minut je dostatoCna na maximalnu extrakciu paladia do
roztoku a dalSie predlZzovanie experimentu je bezvyznamné, kedZe priebeh Kkinetickych kriviek

v zavislosti od teploty pri 180 a 240 minut je identicky. Preto sa vSetky dalSie experimenty luhovania
realizovali poC€as troch hodin.

Stanovena teplota luhovania 65 °C a doba luhovania 180 minut reprezentuju optimalizované hodnoty
pre luhovanie v Cistej HCI bez pridavku oxidaéného ¢&inidla. Napriek tomu, Zze HCI nie je oxidaéna
kyselina, proces extrakcie Pd prebieha, hoci sledované kovy Pt, Pd a Rh patria do skupiny uslachtilych

kovov z vysokym oxidaéno-redukénym potencialom. Dévod je vtom, ze proces lUhovania prebieha
cestou tvorby chliérokomplexov.

Za ucelom zefektivnenia luhovania sa realizovali experimenty v ktorych sa do rmutu po¢as Iuhovania
pridavalo oxidacné Cinidlo peroxid vodika o koncentracii 35 % v celkovom objeme 1 az 3 % objemu
roztoku HCI. Vysledky su zobrazené na obrazku 11.
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Obrazok 11: Zavislost’ extrakcie Pt, Pd a Rh od pridavku H,O, do Iihovacieho roztoku

Patronem tohoto ¢isla je Tyden vyzkumu a inovaci pro praxi a Zivotni prostfedi TVIP 2018, 6. — 8. 3. 2018, Hustopece

WASTE FORUM 2017, islo 5, strana 414



Tomés$ HAVLIK, Andrea MISKUFOVA, Jakub KLIMKO, Jan MARIASSY, Peter TUREK: Recyklacia pouZitych
automobilovych katalyzatorov

Ukazalo sa, ze pridavok peroxidu vodika ma velmi pozitivny vplyv na proces vyluhovania usfachtilych
kovov do roztoku. UZ malé mnoZstvo — okolo 1 % pridavku — zefektivni proces do maximalnych
moznych hodndét a dalSie zvySovanie mnozstva peroxidu je bezvyznamné.

VSetky doterajSie experimenty boli zamerané na optimalizaciu premennych |Uhovania s ciefom
optimalizacie celého procesu. Je samozrejmé, ze pouzitie €0 mozno najnizSej teploty, pridavok ¢o mozno

vvvvvvvv

Délezitym parametrom je vSak aj celkové mnozZstvo kyseliny a hustota rmutu v procese luhovania.
DoterajSie experimenty prebiehali v relativne riedkom rmute o hustote 100 g vzorky na liter roztoku.
Redlne je takato hustota nizka a negativne by sa prejavila na celkovej ekonomike procesu. Preto je
potrebné odskusat praktické hodnoty hustoty rmutu pre luhovanie.

Obrazok 12 zobrazuje zavislost extrakcie jednotlivych sledovanych kovov na hustote rmutu
v rozmedzi 100 az 700 g/l. Hustota 700 g/l je uz velmi vysoka a rmut straca svoju tekutost.
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Obrazok 12: Zavislost’ extrakcie kovov od hustoty rmutu

PodrobnejSie skumanie ukazalo, Ze pdvodné zlatisté Castice stratili luhovanim svoju charakteristicku

farbu a v nerozpustnom zvysku ostali ako priehfadné vzhfadom pripominajuce sklenené alebo kristalové
Castice, obrazok 13.

Obrdzok 13: Pohl'ad na pévodne zlatisté ¢astice po lihovani
Rontgenova difrakéna fazova analyza Castic po luhovani preukézala pritomnost oxidu a silikatu
zirkonia, oxidu hlinitého a oxidu kremicitého.
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Z dosiahnutych vysledkov vyplyva, ze hydrometalurgicky spésob recyklacie usfachtilych kovov Pt, Pd
a Rh z vyradenych autokatalyzatorov je cesta schodna a aplikovatelna v slovenskych podmienkach bez
zvlastnych narokov na zariadenie alebo Specializovanu technolégiu. Na zaklade uvedenych vysledkov
sa navrhla schéma linky spracovania opotrebovanych autokatalyzatorov zobrazena na obrazku 14.
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Obrazok 14. Schéma linky spracovania opotrebovanych autokatalyzatorov

Pod’akovanie

Tato praca vznikla v ramci rieSenia projektov P 1179012016: Integrovana vyskumna platforma
zhodnocovania jednotlivych pradov odpadov najmd z automobilového priemyslu, financovaného
z prostriedkov Recyklacného fondu SR a vdaka podpore v rémci operacného programu Vyskum a vyvoj,
pre projekt: ,Univerzitny vedecky park TECHNICOM pre inovacné aplikacie s podporou znalostnych
technoldgii — Il. faza “Kéd ITMS: 313011D232,, spolufinancovany zo zdrojov Eurépskeho fondu

Literatura

[1] Havlik T., Miskufova A., OraC D., TakacCova Z.: Integrovana vyskumna platforma zhodnocovania
jednotlivych prudov odpadov najma z automobilového priemyslu, Cast 3: Spracovanie pouZzitych
automobilovych katalyzatorov, (2016), str. 39

[2] Dong H., Zhao J., Chen J., Wu J., Li B.: Int. J. Miner. Process 145, 108 (2015).

[3] A. Fornalczyk A.., Saternus M.:, Metalurgija 48, 133 (2009)

[4] Aberasturi D. J., Pinedo R., Larramendi |.R., Larramendi J.I.R., Rojo T.: Miner. Eng. 24, 505 (2011).
[5] Chen S., Shen S., Cheng Y., Wang H., Lv B., Wang F.: Hydrometallurgy 144 — 145, 69 (2014).

[6] Barakat M. A., Mahmoud M.H.H., Mahrous Y.S.: Appl. Catal., A 301, 182 (2006).

[7] P. Grumett: Platinum Met. Rev. 47, 162 (2003).

[8] Jha M. K., Lee J., Kim M., Jeong J., Kim B., Kumar V.: Hydrometallurgy 133, 23 (2013).

[9] Chen J., Huan K.: Hydrometallurgy 82, 164 (2006).

[10] Jafarifar D., Daryanavard M. R., Sheibani S.: Hydrometallurgy 78, 166 (2005).

[11] Suoranta T., Zugazua O., Niemela M., Peramaki P.: Hydrometallurgy 154, 56 (2015).

[12] Lee J. Y., Raju B., Kumar B. N., Kumar J. R., Park H. K., Reddy B. R.: Sep. Purif. Technol. 73, 213
(2010).

[13] Marinho R.S., Afonso J. C., Cunha J. W.: J. Hazard. Mater. 179, 488 (2010).
[14] Kumar J.R., Lee H., Lee J., Kim J., Sohn J.: Sep. Purif. Technol. 63, 184 (2008).
[15] Jha M.K., Gupta D., Lee J., Kumar V., Jeong J.: Hydrometallurgy, 142, 60 (2014).

Patronem tohoto ¢isla je Tyden vyzkumu a inovaci pro praxi a Zivotni prostfedi TVIP 2018, 6. — 8. 3. 2018, Hustopece

WASTE FORUM 2017, islo 5, strana 441 6



Tomés$ HAVLIK, Andrea MISKUFOVA, Jakub KLIMKO, Jan MARIASSY, Peter TUREK: Recyklacia pouZitych
automobilovych katalyzatorov

Recycling of used automotive catalysts
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Institute of Recycling Technologies, Faculty of Materials, Metallurgy and Recycling, Technical
University of Kosice, Letna 9, 04200 Kosice, Slovak Republic.

Summary

Spent car catalytic converters contain an interesting amount of platinum, palladium and rhodium
which makes them a possible secondary source of these metals. The amount of metals in the catalysts
varies depending on its type. In the present study, the possibility of hydrometallurgical treatment of
catalysts in hydrochloric acid with hydrogen peroxide as an oxidizing agent was studied. After 3 hours of
leaching at 65 °C, the leaching efficiency were 98% Pd, 90% Pt and 79% Rh. Leached noble metals
were then selectively recovered from the leaching solutions by liquid extraction.

Keywords: Catalytic Converter, Platinum, Palladium, Rhodium, stainless steel, recycling,
hydrometallurgy
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Current status and potential of biomass utilization in the
Slovak Republic
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Summary

Slovakia is among the countries with a significant potential of renewable energy sources (RES). The
share of RES was about 1.6 % of the total consumption of primary energy sources (electricity, heat, cold
and transport) in 2002. In 2012 it is already more than 10 % of the consumption of primary energy
sources. However, the current use of renewable energy in the Slovak Republic is low, reaching only
27 % of the technically usable potential of Slovakia. Hydroelectric power plants (18 335 TJ, resp.
5 093 GWh/year) and biomass (11 491 TJ, resp. 3 192 GWhl/year) represent currently largest share of
RES. Biomass also has the highest untapped potential among other RES. This paper includes up-to-
date information on the installed capacities in the individual regions of Slovakia, which produce thermal
energy from biomass in the simplest way - combustion. Further we discuss the issue of the current state
of utilization and acquisition of biogas in Slovakia. The technical and legislative aspects of the above
mentioned issue are discussed.

Keywords: energy sources, renewable energy, legislative, power engineering.

Introduction

Slovakia is currently facing a challenge to reduce significantly greenhouse gas emissions while
economic growth would be preserved. Fossil fuel stocks are shrinking and their prices are constantly
rising®. This is a sufficient signal to accelerate the development and use of renewable energy sources in
energy production. According to Annex 1 of Directive 2009/28/EC, the Slovak Republic is obliged to
increase the use of renewable energy sources (RES) in relation to gross final energy consumption from
6.7 % in 2005 to 14 % in 2020. This commitment is also meaningful in context of diversification and
distribution of energy sources.

Biomass has the highest renewable energy potential in Slovakia (42 %). The total biomass potential
of 147 PJ per year is the most of all available renewable energy sources. In terms of usability, the most
important is the forest biomass. Biomass is therefore one of the key areas for increasing the use of RES
in the Slovak Republic. Even though to its enormous technical potential, the use of biomass in Slovakia
is still insufficient. The highest available energy potential in Slovakia among all types of biomass has
clearly an agricultural biomass®. Biomass can replace fossil fuels to a large extent®.

Comparison of the technically viable potential of renewable energy
sources in Slovakia

Slovakia is among the countries with a significant potential of renewable energy sources. The share of
RES was about 1.6 % of the total consumption of primary energy sources (electricity generation, heat,
cold and transport) in 2002. In 2012 it was already more than 10 % of the consumption of primary energy

sources”’. Biomass has the highest technically feasible potential (60 458 TJ, 16 794 GWh/year) in
comparison to other renewable energy sources in Slovakia, such as geothermal, wind, solar and
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hydropower. It is followed by hydroelectric power (23.785 TJ, 6.607 GWh/year), geothermal energy
(22.680 TJ, 6.300 GWhlyear) and solar energy (18.720 TJ, 5.200 GWh/year). However, the current use
of renewable energies in the Slovak Republic is low, reaching only 27 % of the technically available
potential of Slovakia. The highest share represents hydroelectric power plants (18 335 TJ,
5 093 GWh/year) and biomass (11 491 TJ, 3 192 GWhl/year). Biomass also has the highest untapped
potential among other RES (48.967 TJ, 13.602 GWh/year) (Table 1).

Table 1. Technically feasible renewable energy potential in the Slovak Republic

Energy source

Technically
feasible
potential

Current use

Unused potential

TJ (GWh/year)

Geothermal energy 22 680 (6 300) 1 224 (340) 21 456 (5 960)
Wind energy 2 178 (605) 0 2 178 (605)
Solar energy 18 720 (5 200) 25 (7) 18 695 (5 193)
“;’lr;r?t'é hydropower 3722 (1034) 727(202) 2 995 (832)
Biomass 60 458 (16 794)| 11491 (3192) 48 967 (13 602)
Forest biomass 20 242 (5 623) 1 778 (494) 8 402 (2 334)
?;Vé’lj’sdtf;ocess'”g 17570 (4 881)| 9497 (2 638) 8 073 (1 880)
Agricultural biomass 32 708 (6 586) 216 (60) 32 492 (6 526)
Waste energy 12 726 (3535)| 4504 (1 251) 8 222 (2 284)
utilization

Sludges from WWTPs* 828 (230) 47 (13) 781 (217)
Municipal waste 6 390 (1 775) 1 325 (368) 5 065 (1 407)
Other waste 5508 (1 530) 3132 (870) 2 376 (660)
Biofuels 9 000 (2 500) 1188 (330) 7812 (2170)

Water power plants

23 785 (6 607)

18 335 (5 093)

5 450 (1 514)

Together

136 421 (37 895)

37 494 (10 415)

98 927 (27 480)

Source: Slovak Innovation and Energy Agency, 2016°, *WWTPs — Wastewater Treatment Plants

Methods of obtaining the energy of biomass in conditions of Slovakia

The energy generation from biomass is possible in a variety of ways that are conditioned by the
physical and chemical properties of biomass. Significant impact on biomass processing has, in
particular, water and dry matter content in biomass. Based on these features, wet and dry processing
processes are common. Biomass, that has a high water content, is exceptionally suited for fermentation.
In the case of low water content combustion and dry distillation are recommended. Common are
thermochemical transformation of biomass, which is the dry process, biochemical transformation of
biomass that is included among the wet processes and the physico-chemical transformation of biomass®.
Thermochemical transformations include combustion, pyrolysis and gasification. These types of
transformation use technologies that act on the material with a high temperature that exceeds its
chemical stability limit’. The temperature may range from 300 to 1500 °C. These processes differ
considerably one from another depending on the oxygen content in the reaction space®.

We will deal only with the simplest and most frequent way of obtaining heat from biomass by
combustion in our study. Combustion is a technical conversion of biomass with sufficient oxygen access.
The product is thermal energy, which is used for heating, electricity production or other technological
processes. Prior to combustion, no special biomass treatment is required®. There were 690 incineration
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plants in Slovakia for the production of heat by combustion of biomass, together 1 958.42 MW in 2012.
The average output per plant was 2.84 MW. The smallest amount of these facilities is located in
Bratislava - 13 (1.9 %) and Trnava - 28 (4.1 %) region. On the other hand, the most of the installations is
located in PreSov region - 258 (37.4 %), but higher output is achieved in the Banska Bystrica region
(529.12 MW), where is 87 stations installed. The lowest output was reached in Trnava region with
34.81 MW. The highest average output of one device was achieved in the Bratislava region (7.09 MW)
(maps in Figure 1 and 2).
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Figure 1: Number of heat production plants by combustion of biomass in the regions
of Slovakia in 2012
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Figure 2: Total and average power of heat generation plants combusting the biomass
in various administrative regions of Slovakia in 2012

Only a very small part of biomass combustion plants combusts agricultural biomass. Agricultural
biomass represents only 1.6 % of the total installed capacity of biomass combustion plants in heat
generation. Most of the facilities in Slovakia use dendromass. About 19 531 t of biomass is used, which
is only 0.4 % of the total annual production of agricultural biomass suitable for energy use by
combustion®.
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Only 30 plants for the processing of agricultural biomass were present in Slovakia in 2012. The
boilers with the highest boiler output are located in Trenc¢in (8 000 kW), AGRO Selice (4 000 kW),
Zeliezovce (2 000 kW), Agricultural Cooperative Nové Zamky (2 000 kW), Sala (1 500 kW) and Detva
(1 500 kW). Plants with the most processed material are situated in Trencin with 9 000 tonnes and
Zeliezovce with 2 100 tonnes. On the other hand, the lowest boiler outputs are e.g. Biovex Michalovce
(20 kW), Agricultural Cooperative Veterna Poruba (50 kW) and Agricultural Cooperative Blatné (75 kW).
Among the most commonly used biogas fuels were straw in the form of bales, but also straw crushed
and wood waste®. According to the spatial distribution of the biomass burning equipment in 2012, there
were no more than 6 subjects located in the Nitra and Zilina regions (Figure 3).

Sov
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Figure 3: Spatial distribution of biomass combustion plants in Slovakia in 2012

Gaseous fuels

Biogas belongs to gaseous fuels. It can be used for direct combustion (cooking, drying, water heating,
cooling, etc.), in the production of electricity, heat and as a propulsion of combustion engines or turbines
for obtaining mechanical energy and biogas utilization in fuel cells'®. At present, biogas is mainly
obtained from agricultural plants waste (e.g. straw, plant residues) and animal origins (livestock
excrements), municipal and industrial waste (e.g. garden bio-waste, sewage sludge, canned food from
canning, dairy and slaughterhouses) and energy crops. Often used material for biogas production is
maize (about 12 %), but livestock excrements (more than 80 %) are the first in biogas production. The
caloric value of biogas is 20 to 25 MJ/m®. Biogas can be used to produce heat and electricity. Devices
that convert biomass to biogas by anaerobic fermentation is called biogas station***?. In Slovakia, 18
biogas stations were located near the wastewater treatment plants and in agriculture companies.
Examples are Farm Kapu$any (120 kW), Agroban Batka (4 x 160 kW), Stifi Hurbanovo and at SPU Nitra
in Kolinany (22 kW)*. Up to 92 biogas stations were located in Slovakia in 2012. Most of them were built
in Banska Bystrica region - 22 (23.9 %), Nitra region - 21 (22.8 %) and Trnava region - 20 (21.7 %). The
highest total installed capacity (28,391 kW) was achieved in the Banska Bystrica region. It is followed by
Trnava region with 19,541 kW and Nitra with 17,006 kW. (Figure 4 and 5).
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Figure 4: Number of biogas stations in the regions of Slovakia in 2012
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Figure 5: Total and average installation power (kW) of biogas stations in regions of Slovakia
in 2012

The number of agricultural biogas stations is still rising. The yearly increase from 20 to 43 was
observed between 2011 and 2012, while the installed capacity increased from 16.764 MW to 41.343
MW, the increase of 146 % (Pepich, Rusnak, 2012). Povazsky cukrovar in TrenCianska Tepla (6 MW),
Bzovik (1.5 MW), Farm Plavnica (1 MW) and Biogas station Rozhanovce (1 MW) were among the
producers of electricity from biogas with the highest installed capacity in 2012. The most common input
material for biogas production was silage, manure, wastes, but also cuttings, plant mixtures, sorghum,
sage or sugar beet leaves. The largest amount of electricity was produced by the Povazsky cukrovar
refinery in Trencianska Tepla (25.450 MWHh). In terms of spatial deployment in 2012, a maximum of 12
biogas stations were located in the Banska Bystrica region (e.g. in the villages of Ladzany, Bzovik,
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Batka, Bolkovce, Dubrava). 7 biogas stations were located in Trnava region (e.g. in the municipalities of
Smolinska, Ruzindol, Sered) and Trencin region (e.g. in the municipalities BoleSov, Mestecko, Velké
Uherce). There are two biogas stations in Turéianske Teplice and Ludrové in the Zilina region. No biogas
station was built in the Bratislava region until 2012.

Current state of use of biomass and biogas in Slovakia

The increased rate of growth of renewable energy projects in Slovakia has been observed in recent
years. A significant position of RES reaches biomass and biogas (direct biomass burning and
fermentation). The generated electricity and heat are used in the communal as well as in the corporate
sphere?. The production of electricity from biomass predominantly increased between 2001 and 2014. In
2001, electricity generation reached 153 GWh. Between 2003 and 2005, production had a significant
drop. According to the Strategy for Higher Utilization of Renewable Energy Sources in the Slovak
Republic (2007), the decrease in production is due to the transition to heat production. The following
year, 2006 is a recurrent increase to 367 GWh. The highest level of electricity production from biomass
was 916 GWh in the last monitored year 2014. The production of biogas electricity does not reach as
high level as biomass production. Only 1 GWh of biogas electricity was produced in 2001. The yearly
increase led to 479 GWh in 2014 (Table 2).

Table 2: Electricity production from biomass and biogas (GWh) in Slovakia from 2001
to 2014

Year 2001 | 2002 2003| 2004 | 2005| 2006 | 2007 | 2008 | 2009 | 2010 | 2011 | 2012| 2013| 2014
Biomass 153 150 84 3 4| 367 441 480 493| 606| 682| 724| 677 916
Biogas 1 2 2 2 5 8 11 15 22 34 113 190 213| 479

Source: Internal Resources of the Ministry of Economy, 2016

The production of heat from biomass in the years 2001 to 2014 had a predominantly increasing
tendency. The values are shown in Table 3.

Table 3: Heat production from biomass and biogas (TJ) in Slovakia from 2001 to 2014

Year 2001| 2002 | 2003 | 2004 | 2005 2006 2007 | 2008| 2009 | 2010 2011| 2012 2013| 2014

Biomass | 11862 | 9131|11686| 14020 | 16216 | 13760 | 18489 | 17578 | 22318 | 23573 | 23 847 | 22190 | 20 879 | 21 625

Biogas 110 112 95 206 174 255 205 290 420 295 951 929 345 478
14

Source: Internal Resources of the Ministry of Economy, 2016

Barriers to the use of biomass for heat generation include distrust to new technologies, low
awareness about biomass heating energy costs, insufficient state support for biomass use projects.
Barriers to the use of biogas are, in particular, little experience with the construction and operation of
biogas stations, underrated ecological and regional benefits of biogas technologies and, of course, high
investment costs™.

The Rural Development Program 2014-2020 is planning to support the production of biomass by
investing in the production, processing and use of RES in terms of facilitating the use of renewable energy
sources in Slovakia. The program's priority is to promote resource efficiency and the transition to a low-
carbon economy. The challenge for the Slovak Republic is to achieve a 14 % share of renewable energy in
gross final energy consumption by 2020. One way to approach this target is within the transfer of
knowledge to inform about facilities producing clean forms of energy that use biomass, which the company
provided mainly from its own production activities. Higher share of biomass and waste, plant residues,
excrement from livestock production to energy production represents planned investment measures™,
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Legislative

In Slovakia, the area of renewable energy legislation is made up of several types of legislation.
Primary legislation is the Act of the National Council of the Slovak Republic no. 251/2012 Coll. on Energy
and on the amendment of certain laws. This law defines basic processes related to electricity and
renewable energy sources. It explains the basic concepts, the conditions for the issuance of a permit for
the production of electricity from renewable energy sources, the rights and obligations of the electricity
and gas market participants, the conditions for the construction of energy facilities, the electricity and gas
market rules, the protection of electricity and gas collectors, security of electricity and gas supplies,
regulations for technical equipment and the performance of state administration in the energy sector.
The Energy Act requires the energy producers to hold a license issued by the Network Regulatory Office
on the basis of the eligibility criteria. Other laws dealing with renewable resources include Act No.
309/2009 on the promotion of renewable energy sources and high-efficiency cogeneration. This Act lays
down the methods of support and conditions for the production of electricity from renewable energy
sources and electricity produced from high efficiency cogeneration, the support and conditions for the
production of biomethane, the rights and obligations of producers of electricity from renewable energy
sources, producers of electricity through cogeneration and the rights and obligations of other participants
Market participants. Next one is Law no. Act No. 250/2012 Coll. about regulation in network industries
and Act no. 657/2004 on thermal energy. Important Government Regulations include Government
Regulation no. 317/2007 Z. z. laying down the rules for the functioning of the electricity market and
Regulation of the Government of the Slovak Republic no. 246/2006 Coll. about the minimum quantity of
fuels produced from renewable sources in motor gasoline and diesel fuel placed on the market of the
Slovak Republict’.

Conclusion

From the point of view of the Slovak agriculture, biomass needs to be considered as an important
means of increasing the competitiveness of agricultural sector products, synergistically solving important
areas of the national economy, such as reducing unemployment, revitalizing the countryside, sustainable
development or improving the quality of the environment. The use of biomass compared to conventional
energy sources has many advantages for the regions of Slovakia. Lower energy prices will positively
affect the competitiveness of the regions and ensure the development of the regions. Biomass costs are
relatively low compared to other types of renewable energy sources. This argument is not only a result of
a comparison of the costs of energy production but, for businesses in agriculture, the cost of storage,
transport, processing, disposal of waste from plant and livestock production. At the same time, other
costs related to waste production (e.g. fines for ammonia produced in unspent excrements) will be
reduced and tax benefits for the consumption of biofuels of own production will be applied. The
production of raw materials that can be further processed are the by-products of agriculture and food
industry. So, agriculture is becoming an important producer of renewable energy sources, and for
Slovakia, which is dependent on imports of energy raw materials, renewable energy sources are of
strategic importance.
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Abstrakt

Slovensko patri medzi krajiny s nezanedbatelnym potencidlom obnovitelnych energetickych zdrojov.
V roku 2002 predstavoval podiel OZE asi 1,6 % z celkovej spotreby primarnych energetickych zdrojov
(pri vyrobe elektrickej energie, tepla, chladu a v doprave), v roku 2012 je to uz viac ako 10 % spotreby
primarnych energetickych zdrojov. Av8ak sulasné vyuZivanie obnovitelnych zdrojov energie
v Slovenskej republike je nizke, dosahuje len 27 % z technicky vyuZitelného potencialu Slovenska.
Najvy$Sie sucasné vyuzZivanie maju vodné elektrarne a biomasa (11 491 TJ, 3 192 GWh/rok). Biomasa
ma aj najvyS$Si nevyuzity potencial v ramci ostatnych OZE.

Prispevok obsahuje aktualne informacie o inStalovanych vykonoch zariadeni v jednotlivych krajoch
Slovenska, ktoré ziskavaji tepelni energiu z biomasy najjednoduch$im spésobom — spalovanim. Dalej
v prispevku podrobne rozoberame problematiku suc¢asného stavu vyuZivania a ziskavania bioplynu na
Slovensku. Prispevok podrobne riesi technické a legislativne aspekty zmienenej problematiky.

Kracové slova: energetické zdroje, obnovitelna energia, legislativa, energetika.
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Abstract

This manuscript concentrates on the relationship between pellets quality, which is represented by the
pellets physical properties, and the combustion process of pellets from spruce sawdust. The main aim of
this study is to determine the relationship between the particle size distribution of the spruce sawdust,
which influences the pellets quality and the pollutant emissions that result from their combustion in
a domestic pellet-fired boiler. This work has been carried out at the Faculty of Mechanical Engineering of
the STU Bratislava and at the Mechanical Engineering Department of the Instituto Superior Técnico in
Lisboa. The main conclusions of this study are: 1. all pellets studied fulfilled the physical and mechanical
requirements for non-industrial pellets; 2. the raw biomass particle size affected the pellets physical and
mechanical properties, and 3. gaseous and PM emissions are not significantly affected by the particle
size distribution of the raw material used to produce the pellets.

Keywords: pellets, bulk density, particle size, domestic boiler, particulate matter.

Introduction

The pelletization of biomass is a mass and energy densification process for materials that possess
low bulk densities. During the biomass pelletization, various technological variables and material
parameters significantly affect the final solid biofuels (pellets) quality [1]. The quality of pellets is
determined by the end-user’s requirements on the heating system and the handling properties [2]. In
general, the pellets quality depends on the properties of the raw material (feedstock) — biomass type,
moisture content and particle size —, and quality management of the manufacturing process — operating
conditions, technological variables, pelletizer type and binding agent [3]. Low-quality pellets can cause
operational problems in combustion systems, including undesired effects in the equipment such as
slugging, fouling or corrosion, and may originate substantial amounts of gaseous and particulate matter
(PM) emissions [4,5].0n the gaseous emissions side, the type of pellet has a significant impact on the
emissions of CO, HC and NO,, although the performance of the boiler is not significantly affected [5,6].
On the PM emissions side, it has been observed that the fine PM fractions are especially harmful to the
human health [5,6].

The present study resulted from a research collaboration established between the Faculty of
Mechanical Engineering of the STU Bratislava and the Mechanical Engineering Department of the
Instituto Superior Tecnico in Lisboa, partially funded by the Slovak Research and Development Agency
(Slovakia) and Fundagéo para a Ciéncia e Tecnologia (Portugal). The main goal of present study is to
determine the relationship between the particle size distribution of spruce sawdust used to produce the
pellets and the pollutant emissions that result from their combustion process in a domestic pellet-fired
boiler. The influence of particle size distribution on the pellets physical properties (mechanical durability,
bulk density, etc.) and thus also on the gaseous and PM emissions was determined.
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Materials and Methods
Raw Spruce Properties

Raw sawdust of spruce tree (Picea Abies), without bark, from Western Slovakia was obtained from
a wood processing company. Initially, the particle size distribution was analysed with the aid of a Retsch
Vibrating Sieve Equipment AS 200. Three different particle size distributions were processed by
a hammer mill Stoza SV 5 with @ 4 mm sieve. For pellets production, untreated spruce sawdust (sample
1), spruce sawdust treated by single level shredding (sample 2) and spruce sawdust treated by double
level shredding (sample 3) were used. Figure 1 shows the raw material particle size distribution of the
three samples used.

Moisture content of spruce sawdust before disintegration and pelletizing was measured with the aid of

a Kern MRS 120-3 balance. This measurement consisted in heating the raw sawdust (gravimetric

method of moisture content measuring) [7] at 105 + 2 °C until a constant weight was achieved. Due to

the complex process of moisture content change, only one moisture content level was used in this study.

Spruce raw sawdust with 9.8 % and 14.3 % of moisture content were used before disintegration and for
pelletizing, respectively.

45 7 ESamplel ®Sample 2 OSample 3

40

35 ]

30

Proportion by weight (%)

0-0.5 0.5-1.0 1.0-2.0 20-4.0 4.0

Particle size (mm)

Figure 1. Raw material particle size distribution of the samples studied.

Pellets Production

For the pellets production a vertical pelletizing machine KAHL 33-390 with flat round matrix was used
(see Figure 2). During the pelletizing process, a matrix with @ 6 mm holes was used. The constant
operating parameters for the pelletizing press were the pressing pressure (12 MPa), the pressing
temperature (100 °C) and the circumferential speed of rolls (2.2 m.s™).

The interaction between the raw material moisture content, the pressing pressure, and the pressing
temperature during the pelletizing of the biomass is of major importance [8, 9]. If the moisture content of
the pressed material is very low, or very high for that matter, the particles become inconsistently
arranged, and the resulting pellets becomes unstable [9, 10]. Past research showed that moisture has an
effect on the plasticization of the lignin. In the present study the initial moisture content of spruce
sawdust was low (9.8%), so that additional water was added to the biomass with paddle homogenizer
(see Figure 3) for increasing the raw sawdust moisture content before pelletizing.

Adequate pressing temperature ensures that the lignin plasticizes in the pressed material, and the
optimal pressing pressure provides densification of raw material [11, 12]. A certain moisture level causes
a higher temperature in the densification process and thus a higher quality of pellets [13]. Optimal
moisture level improves the pelletizing of the raw sawdust by causing a degree of sintering which

improves the unity of the pellets. Figure 4 shows views of pellets and their surface for the three samples
produced.
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Figure 3: Paddle homogenizer with water jet
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Figure 4. Spruce pellets with different particle size distribution

Combustion Tests

The combustion tests were performed in a domestic wood pellet-fired boiler with a maximum thermal
capacity of 22 kW, with forced draught. Figure 5 shows a schematic of the experimental set-up. This
experimental set-up has been used extensively in previous studies [4, 5], where it is described in detail.
The pellets are manually loaded into a hopper with a capacity of 45 kg and are fed to the burner through
a screw feeder that works by impulses. The feeding rate of the pellets is regulated by the boiler load and
the pellets consumption rate is measured with the aid of a loss-in-weight technique, for what the boiler is
mounted on a weighbridge.

The combustion of the pellets takes place within a hemispherical basket (brazier) with a diameter of
120 mm. The basket is top-fed with pellets by the screw. Ignition is accomplished with the aid of an
electrical resistance placed close to the basket and the primary air is supplied by a dedicated fan to the
basket through several small orifices located across the basket bottom. The resulting hot gases from the
combustion exchange heat with water circulating in a heat exchanger located at the top of the
combustion chamber. The heat transferred to the water in the boiler is dissipated through a plate heat
exchanger with the aid of an external water circuit. The water flow rate circulating in the inner circuit of
the boiler was measured with a rotameter and the inlet and outlet temperatures were measured also with
thermocouples type K, T1 and T2 in Figure 5, respectively.

Flue-gas concentrations of O,, CO, CO,, hydrocarbons (HC) and NO, were measured to gather
information regarding the combustion conditions. These measurements were achieved with the aid of
a stainless-steel probe, which has been designed to minimize the major sources of uncertainty. The
analytical instrumentation from Horiba (Kyoto, Japan) included a paramagnetic analyser for O,
measurements, a non-dispersive infrared gas analyser for CO, and CO measurements, a flame
ionization detector for HC measurements and a chemiluminescent analyser for NO, measurements. Zero
and span gas calibrations with standard mixtures were performed before and after each measurement
session. The temperature of the flue-gas was measured using a thermocouple type K, T3 in Figure 5.
The analogue outputs of the analysers and of the thermocouple were transmitted via A/D boards to
a computer where the signals were processed and the values stored every second.

PM was sampled isokinetically for size fraction characterization with the aid of a low pressure three-
stages cascade impactor (LPI, TCR Tecora, Milan, Italy) with a flow rate of 10Lpm (STP). PM was
sampled from the centreline of the exhaust pipe, being the LPI placed horizontally. The LPI used allowed
collecting three particulate cut sizes during the same sampling: PM with diameters above 10 um (PMy),
PM with diameters between 2.5 ym and 10 ym, and PM with diameters below 2.5 ym (PM,:). In order to
avoid condensation along the line connecting the probe outlet to the impactor inlet and also inside the
impactor, a heating jacket (model Winkler WOTX1187) was used during sampling. This device allows
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heating the sample up to 150 °C. Before sampling started, the boiler was operated during 60 minutes to
reach steady state conditions. The PM sampling system was then operated during 45 minutes. PM was
collected on quartz microfiber filters, which were dried in an oven and weighted before each test. After
each test, the filters were again dried, to eliminate moisture, and weighted to determine the quantity of
PM captured.
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Figure 5.Schematic of the domestic boiler and experimental techniques.

Results and Discussion

Effect of Particle Size on Pellets Physical Properties

The patrticle size of the input sawdust has an important effect on the densification process because
larger particles increase the energy needed for densification. Moreover, pellets densified from large
particles have lower homogeneity and strength [13]. A large portion of fine particles allows for better raw
material densification. The resulting pellets are uniform, of high quality, and reach higher volumetric
density [9]. With increasing fraction size, the bond strength between particles decreases, causing them
to crumble [8]. In terms of densification, it is very important that the bonding forces are created between
particles. The strength of the resultant bonds increases with decreasing fraction size. It is known that the
size of bindings between particle and the particle size distribution affects the physical properties of the
pellets. When pelletizing, especially without additives, the surfaces of the raw material particles must
contact with the greatest possible area [13]. The size of this contacting area increases as the particle
size becomes smaller and higher pressing pressures are applied.

Table 1 presents the physical properties of the present pellets. It is seen that with decreasing of the
particle size, the physical properties of pellets changed. Therefore, it is important to investigate the effect
of particle size on the physical properties of the pellets and thus the quality of the pellets. Table 1 reveals
that the physical properties of pellets 2 and 3 are very similar, despite their original particle size
distribution being quite different. It is important to stress that all pelletes studied here fulfilled the physical
and mechanical requirements for non-industrial pellets.
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Effect of Pellet Type on Combustion Process

Table 2 summarizes the gaseous and PM emissions for the three types of pellets studied, and
Table 3 presents the PM size fraction for the boiler operating conditions examined here. Note that
variations in the thermal input are accompanied by variations in the excess air because the combustion
air flow is kept constant regardless of the pellets feed rate. For this reason, Table 3 reveals that the O,
flue-gas concentration decreases with the thermal input, reaching a minimum at 15% that corresponds to
a boiler thermal input of 14 kW for pellets 2.

Pellets 2 consistently present higher emissions of CO, HC and NO, than the pellets 1 and 3. The PM
emissions follow the same trend as the CO and HC emissions, as expected [4], since the emissions of
these pollutants are related with incomplete combustion [4]. Note, however, that the HC emissions are
always rather small for all pellets tested. Table 3 reveals that the PM emissions are mainly dominated by
particles with sizes below 2.5 ym regardless of the thermal input.

Table 1: Physical properties of produced pellets.

Parameter Pellets Pellets Pellets
(sample 1) | (sample 2) | (sample 3)
Moisture content (%) 6.3 7.7 8.0
Bulk density (kg m™) 655.6 661.0 660.7
Mechanical durability (%) 99.0 99.2 99.1
Pellets abrasion (%) 1.4 1.0 1.0
Hardness (N) 231.0 236.8 235.5

Table 2: Gaseous and PM emissions.

Therr(rp(%)lnput Pellets 1 | Pellets 2 | Pellets 3

Flue-gas temp. (°C) 12 iggg 13223 ﬁig
0: @y vol. %) 14 5o | 150 | 161
CO, (dry vol. %) 12 ig gg 4212

comn |l 15 L
HC (dry vol. ppm) 12 gi gg gi
NO, (dry vol. ppm) 12 i;; ?ig égg
PM (mg/Nm?) 7 S5 | 452 185

Table 3: PM particle size distribution.

Therr(rllal)lnput Pellets 1 | Pellets 2 | Pellets 3
PM10 (mg/Nm?) 14 036 757 003
PM2.5-PM10 (mg/Nm?) T oo 236 X
PM2.5 (mg/Nim) 14 2656 | arss | 154
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Conclusions
The main conclusions that can be withdrawn from this study are as follows:

e All pellets studied fulfilled the physical and mechanical requirements for non-industrial pellets.
e The raw biomass particle size affected the pellets physical and mechanical properties.
e Gaseous and PM emissions are not significantly affected by the particle size distribution of the raw

material used to produce the pellets.

Acknowledgments
The paper is a part of the research done within the project APVV SK-PT-2015-0033 — Influence of

biofuel quality in gaseous and particulate matter emissions from a domestic boiler. The authors would
like to thank to the Slovak Research and Development Agency.

10.

11.

12.

13.

References

Kaliyan, N. and Morey Vance, R.: Factors affecting strength and durability of densified biomass
products, Biomass and Bioenergy, 33 (3), 337 — 359, 2009.

Holm, J.; Henriksen, U.; Hustad, J. and Sorensen, L.: Toward an understanding of controlling
parameters in softwood and hardwood pellets production, American Chemical Society, published on
web 09/09/2006.

Krizan, P.: The densification process of wood waste. Berlin De Gruyter open.
ISBN 978-3-11-044001-0. 2015.

Fernandes, U. and Costa, M.: Particle emissions from a domestic pellets-fired boiler, Fuel Process.
Technol., 103, 51 — 56, 2012.

Fernandes, U. and Costa, M.: Formation of fine particulate matter in a domestic pellet-fired boiler,
Energy Fuels, 27, 1081 — 1092, 2013.

Garcia.Maraver, A., Zamorano, M.; Fernandes, U.; Rabacal, M. and Costa, M.: Relationship
between fuel quality and gaseous and particulate matter emissions in a domestic pellet-fired boiler,
Fuel, 119, 141 — 152, 2014.

EN ISO 18134-3 Solid biofuels - determination of moisture content-oven dry method part 3: moisture
in general analysis sample, European Committee for Standardization, Brussels, Belgium, 2015.

Nielsen, N.P.K., Gardner, D.J. and Poulsen, T.: Importance of temperature, moisture content, and
species for the conversion process of wood residues into fuel pellets, Wood and Fiber Science,
41(4), 414 — 415, 2009.

Thoreson, C.P., Webster, K. E., Darr, M. J. and Kapler, E.J.: Investigation of process variables in the
densification of corn stover briquettes, Energies,7(6), 4019 — 4032, 2014.

Krizan, P., Soo§, L., Matus, M., Beniak, J. andSvatek, M.:Research of significant densification
parameters influence on final briquettes quality, Wood research, 60, 2, 301 — 315. 2015.

Krizan, P., Matu$, M., Soos$, L. and Beniak, J.: Behavior of beech sawdust during densification into a
solid biofuel, Journal Energies, 8, 7, 6382 — 6398, 2015.

Matas, M. and Krizan, P.: Influence of structural parameters in compacting process on quality of
biomass pressing, Aplimat— Journal of Applied Mathematics, 3, 3, 87 — 96, 2010.

Mani, S., Tabil, L. G. and Sokhansanj, S.: Effects of compressive force, particle size and moisture
content on mechanical properties of biomass pellets from grasses, Biomass & Bioenergy, 30,
648 — 654, 2006.

Patronem tohoto ¢isla je Tyden vyzkumu a inovaci pro praxi a Zivotni prostfedi TVIP 2018, 6. — 8. 3. 2018, Hustopece

WASTE FORUM 2017, islo 5, strana 433



Peter KRIZAN, Milos MATUS, Juraj BENIAK, Mario COSTA: Influence of Raw Sawdust Treatment on Pellets
Properties and Combustion of Pellets

Vplyv upravy pilin na vlastnosti a spalovanie peliet

Peter KRIZAN®, Milo§ MATUS?, Juraj BENIAK?®, Mdrio COSTA

2 Ustav vyrobnych systémov, environmentalnej techniky a manazmentu kvality, Strojnicka
fakulta, STU v Bratislave, Nam. Slobody 17, 81231, Bratislava, Slovensko;

e-mail: peter.krizan@stuba.sk

® IDMEC, Katedra strojného inZinierstva, Technicky Institat, Univerzita v Lisabone, Avenida
Rovisco Pais, 1049-001, Lisabon, Portugalsko

Abstrakt

Clanok pojednéava o experimentalnom vyskume vzéajomnych vztahov medzi viastnostami smrekovej
piliny, procesom upravy a kvalitou smrekovych peliet, ktora je reprezentovana fyzikalnymi vlastnostami
a spalovacim procesom smrekovych peliet. Hlavnym cielom realizovaného experimentalneho vyskumu
bolo stanovit vzajomné vztahy medzi rozloZzenim velkosti ¢astic smrekovej piliny, ktora ovplyvriuje
vyslednu kvalitu peliet a mnoZstvom plynnych emisii a tuhych znecistujucich Castic, ktoré vznikaju pocas
spalovania peliet v domacom peletovacom kotli. V ramci tohto vyskumu bol stanoveny vplyv rozloZenia
velkosti Castic na fyzikalne vlastnosti peliet (mechanicka odolnost, sypna hustota, atd.) atieZ na
mnoZstvo plynnych emisii a emisii tuhych znedistujucich castic.

Experimentalny vyskum bol realizovany v dvoch fazach, prva faza bola realizovana na Strojnickej
fakulte STU v Bratislave a druhda faza na Katedre strojného inzinierstva IST v Lisabone. Tento
experimentalny vyskum bol zaloZeny na skusenostiach a praktickych poznatkoch autorov ohladom
vplyvu sledovanych parametrov. Ziskané vysledky mbézu byt uzitoéné pocas vyroby peliet a tieZz pri
prevadzkovani domacich peletovacich kotlov.

Kruacové slova: pelety, sypna hustota, velkost frakcie, domaci kotol, tuhé znedcistujice Castice.
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Summary

New studies on quality of sewage sludge show that it contains besides traditionally monitored
pollutants also many other compounds posing hazard to human health and environment. Among others,
most important role plays resistant pathogenic microorganisms. The paper describes a new Czech
legislation for sewage sludge management, overview of microbiological contamination of sewage sludge
in the Czech Republic and future trends of sewage sludge management in the Czech Republic.

Keywords: sludge treatment, resistance, bacteria

Introduction

The most common use of waste water sludge is its application to farmland. Recently, there are
increasing health requirements in all fields of human behaviour in the states of the EU and in many
countries around the world. It is not different in the field of biowaste and sewage sludge management,
and it should be acknowledged that the view of the use of sewage sludge has changed. Increased
requirements have enforced the need of revision of the legislation on the use of sewage sludge in many
countries (e.g., USA, United Kingdom, Germany, Australia, Poland). The precautionary principle and the
principle of the transparent management of waste, in particular during its disposal, is being implemented.

Sewage sludge represents both health and environmental hazards. Sewage sludge, in addition to
traditionally monitored pollutants, contains pathogenic and conditionally pathogenic organisms that
constitute health hazard for humans, animals and plants. The sewage sludge also contains residues of
chemical substances discharged into wastewater as residue of disinfectants, antibiotics and hormones.
These substances affect the occurrence of microorganisms in the sludge. Microorganisms gradually
become familiar with the presence of substances, and become resistant to disinfectants and to
antibiotics.

Resistant Microorganisms and Hazardous Substances in Sewage Sludge

According to studies available, it may be concluded that antibiotics, bacteria resistant to antibiotics
and even the genes coding for resistance to antibiotics present in sewage sludge present hazard to
human health. However, this is a very complex problem that has not yet been investigated in greater
detail.

Resistance to antibiotics has been a very quoted problem recently, and it is becoming increasingly
threatening. There is often no treatment or effective prophylaxis for diseases caused by multi-resistant
strains. The problem of resistance of microorganisms to antibiotics is so great that it has called for an
extraordinary meeting of the G7 group. The meeting took place on 8th and 9th October of 2015 upon the
invitation of the German Federal Minister of Health, Mr. Hermann Grohe. The health ministers of seven
industrially advanced countries (G7) adopted at the meeting a declaration on combating the antibiotic
resistance’.

Microorganisms may be naturally resistant, but they can also obtain the resistance. The genes for
resistance to antibiotics in bacteria are inherited both vertically in the process of division and by the
horizontal transfer of plasmid DNA from one bacteria to another®. Bacteria have developed various ways
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of transfer of resistance among themselves and not only within a single species, but also inter species®.
If bacteria contain a gene for resistance to antibiotic, it can be easily transferred to other bacteria. To
make it all the worse, it has been found that bacteria can pass genes between different species. Even
harmless bacteria can thus pass their ability of resistance to antibiotics to bacteria that are far more
dangerous. Bacteria can of course accumulate and keep the genes for resistance to more types of
antibiotics - thus multi-resistant strains are created. The ability to transfer resistance to other species is
beneficial for bacteria, especially when present in a non-inhibitory concentration of antibiotics, where
resistant bacteria are selected, propagated and resistant genes are successfully transferred® *.

In the case of application of sewage sludge to farmland together with antibiotics and the resistant
bacteria it contains, resistance propagated in the genes are easily transferred into environment® °. And
although the amount of resistant bacteria (mostly coliforms) present in the sewage sludge is declining
over time, they can transfer genes encoding resistance to antibiotics to surrounding soil bacteria to
create a reservoir of resistant genes” ® °. Resistant bacteria thus enter the food chain and pose a silent
threat of the reduced effect of antibiotics in the fight against human pathogens™.

In waste water treatment plants, antibiotics and resistant bacteria are partially degraded by various
methods but are not effective enough to break down all types of antibiotics™® **. In the sewage sludge,
antibiotics are accumulated as a result of sorption in the waste water treatment process’, and antibiotic
resistance genes have been detected even in the struvite (MgNH,PO, - 6 H,O) from the sewage sludge
and in the soil to which it has been applied®. Subsequent biodegradation of antibiotics in the
environment varies according to their structure; their persistence may however range in a matter of
months'®. The presence of non-degraded antibiotics in the environment can be detrimental not only as
the cause for the emergence of other resistance®, but it can also affect the growth of crops and their
symbiotic bacteria'* **.

Resistant bacteria to antibiotics are not the only hazard associated with the use of sludge from waste
water treatment plant in the agricultural land. The danger lies, in addition to commonly observed
pollutants such as heavy metals, polyaromatic hydrocarbons and PCBs, also in the presence of a whole
range of hazardous substances such as brominated flame retardants, drug residues, nanosilver and
other nanoparticles, nonylphenols, phthalates, dioxins and furans, drugs and many others. Their
negative effects due to the application of sludge to agricultural land have not been unequivocally proven,
but the situation very much resembles the period when products such as DDT or PCB were marketed
with only “miraculous” properties. After 50 years they became the cause of problems that have not been
resolved yet.

In the "Working Document on Sludge" (2001), which is so far only a proposal, tightened limit values
for the hazardous elements and new limit values for persistent organic pollutants (POP) were stipulated
based on studies in which sewage sludge was monitored in Germany and USA. The problem with POPs
in sewage sludge found by monitoring is presented by polychlorinated dibenzo-p-dioxins and
dibenzofurans (PCDD/F). The results of POP analysis in the soil with long-term application of sewage
sludge have shown that some POPs may accumulate in the soil. In some areas of Germany, PCDD/F
were previously introduced by sewage sludge into the soil more intensely than by the air pollution in
industrial regions. In addition, recommended sludge composting leads to a three-fold accumulation of the
most persistent PCDD/F congeners™: *°.

New Insights into the Use of Sewage Sludge

The most frequent use of sewage sludge is in agricultural land, composting and processing in biogas
installations and combustion. However, due to the presence of the substances discussed above, which
are present and accumulating in sewage sludge, the view on sludge utilization has been changing
radically in recent years, and is becoming one of many controversial problems. The most sophisticated
legislation on sludge handling has been established by the states of the Western Europe and the USA.
The priority is strict legislative control, which takes into account the occurrence of both pathogenic and
resistant microorganisms and other pollutants, large restrictions in landfilling and reduction in agricultural
use. On the contrary, energy uses (combustion, drying and co-incineration) and primarily the recovery of
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certain valuable and fertilising substances, mainly phosphorus, are increasing. The problem of sewage
sludge processing is, of course, specific and it is tied to local conditions, not only climatic ones. The use
of sludge is largely related to the degree of awareness of governmental policies and the maturity of the
technologies used. Since the conditions for sludge treatment are not the same in European countries
and have been solved for a long time, the attributes for selecting the correct sludge treatment practices
already published in 2008 are constantly in place. Selecting good practices requires:

- Providing managerial support to maximize the benefits of recycling and using valuable compounds from
sludge.

- Developing operating systems suitable for local conditions, including economic, climatic, social, etc.

- Establishing realistic and enforceable rules for sludge treatment, including determination of standard
sludge characterization procedures and the effectiveness of methods - ensuring the long-term viability
and workability of technologies®’.

The Czech Republic prefers to use sewage sludge on agricultural land, but due to the requirements of
the new decree regulating the use of sludge on agricultural land'®, it is now clear that demands are
increasing mainly on thermic sludge processing and to a smaller degree on composting.

Current State of the Legal Regulations Governing the Monitoring of
Microbiological Contamination in Sewage Sludge

Czech legislation seeks to prevent the spread of pathogenic and conditionally pathogenic organisms
into the environment within the framework of precautionary measures. Applying these ideas (not only
these) was one of the objectives of the amended regulations on bio-waste management, especially
regarding the sewage sludge.

The basic act on the treatment of sewage sludge by the end of 2016 was Act No. 185/2001 Coll., as
amended®®, Decree No. 382/2001 Coll., on the use of waste water sludge on agricultural land®® and
Decree No. 341/2008 Coll., on the details of the treatment of biodegradable waste?!. The Waste Act was
amended as Act No. 223 Coll., on wastes'. Its implementing regulation until the end of the year was
Decree No. 382/2001 Coll., on the use of sludge on agricultural land®.

Where Category 2 or 3 materials or waste (both accepted at WWTP) falling at its loading within the
scope of Regulation No 1069/2009 the (Animal by-products Regulation)* (mostly waste from catering or
spent food), then sludge treatment from the WWTP is governed by this regulation.

The implementing regulation for the law is the new Decree no. 437/2016 Coll., on conditions of use of
treated sludge on agricultural land*®. The aim of the new decree is to set clear requirements for sludge
treatment operators so as to demonstrate that the treatment technology is able to efficiently hygienize
the sludge to the required reduction in the number of pathogenic microorganisms. The sludge treatment
operator will therefore be required to verify the sludge treatment technology by taking samples at the
input into the technology and at the output from the technology and then comparing the contamination.
At the same time, the limit for sludge at the output from the plant must not be exceeded.

The decree rectifies legal uncertainty, unifies the terminology and requirements for the limit values of
indicator organisms in waste water sludge and in the sludge after any modification. Until this time,
provisions in the legislation governing the treatment of sludge had been inconsistent and allowed for
unclear and confusing decisions by both the sludge originators and state authorities.

Decree no. 437/2016 Coll. on the use of sewage sludge was prepared as a result of amendments to
the amendment to the Act on Waste and it was a response to the requirements of the Ministry of
Environment, the requirements of the Czech Inspection of Environment, but also of the users (farmers)
and, last but not least, of the WWTP producers. It specifies new obligations for waste water treatment
plant operators and for sludge treatment plants, stipulates conditions for sludge storage in waste
collection and storage facilities and technical requirements for the temporary storage of treated sludge in
WWTPs, for farmers and the use on farmland*®. The legal authorization to issue the proposed decree is
contained in section 33 (par. 4) of the Act on Waste no. 223/2015 Coll., as amended®®.

Patronem tohoto ¢isla je Tyden vyzkumu a inovaci pro praxi a Zivotni prostfedi TVIP 2018, 6. — 8. 3. 2018, Hustopece
WASTE FORUM 2017, &islo 5, strana 437



Ladislava MATEJU, Zdislava BOSTIKOVA, Magdalena ZIMOVA: The Perspectives of the Use of Sewage Sludge
Utilization from the Point of View of Health and Ecological Risks

According to the current wording of the Act on Waste, the sludge producer is obliged to carry out the
sludge treatment and to set up a program and to prove compliance with the sludge use conditions laid
down by law and by implementing legal regulation in order to provide sludge from waste water treatment
plants for use in agricultural soil. The program should be passed to a legal entity and a physical person
who uses the land and which will be using the sludge on agricultural land. This person has the obligation
to use only conditioned sludge with respect to nutritional needs of plants under the conditions laid down
by this act and by the implementing legal regulation and in accordance with the program established by
the sludge producer so that sludge utilization does not impair soil quality and the quality of surface and
ground water. The sludge originator is not only the WWTP operator, but also any person performing
sludge treatment™,

The decree re-establishes the possibility of transfer of untreated sludge for its treatment to an
approved sludge treatment plant and to sludge storage. It also sets conditions for treatment for such
purposes and includes also microbiological analysis®®.

There are newly introduced requirements for sludge microbiological quality, which is demonstrated by
microbiological analysis of the output from the technology and by verification of the hygiene efficiency of
sludge treatment technology. Verification of the sludge treatment efficiency is done by taking 10 samples
at the inlet and 10 samples at the outlet within 30 days, with a minimum of 48 hours between individual
samplings at the input and minimum time between individual samplings at the output being 48 hours™®.

The difference between sludge contamination before treatment and sludge contamination after
treatment has to be at minimum 10° CFU per gram of sludge for the microorganism Escherichia coli or
enterococci, and the output parameters must be in accordance with established limit values for indicator
micro-organisms*8.

More stringent microbiological parameters for sewage sludge (Table 1) will come in power at
January 1, 2020. Till this date is an interim period, which is intended for wastewater treatment plants to
prepare for new conditions by implementation of new technologies for treatment and hygienisation.
Czech decree put limits for thermotolerant coliform bacteria and enterococci 10° CFU per gram of dry
matter for sewage sludge applied on farmland.

Table 1: Limit concentration of indicator organisms according to Annex 4 and Decree EU
1069/2009 (EU No. 142/2011)*® 2> %

Indicator microorganisms Units Limit Decree 1069/2009
Salmonella spp in 50 g negative
Escherichia coli 1 <5.10°
or CFUIn1g 3
enterococci 4 <10
Conclusion

Sewage sludge treatment is a dynamically changing discipline and very complex issues, which are
closely bind to specific local conditions. There is no doubt that organic and inorganic matters from
sewage sludge are valuable resources for agriculture. Recycling of these valuable resources is an
important issue for many developed countries mainly by farmland application. Simultaneous monitoring
of potential negative effects is the must.
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Souhrn

Nové studie zabyvajici se kvalitou Cistirenskych kalt ukazuji, Ze kromé tradicné sledovanych
polutant(i obsahuji také mnozstvi jinych slozek nebezpecnych pro lidské zdravi a zivotni prostredi.
Ddalezitou roli hraji mimo jiné také rezistentni patogenni mikroorganismy. Tento &lanek popisuje novou
Ceskou legislativu pro nakladani s Cistirenskymi kaly z hlediska jejich mikrobialni kontaminace
a predestiré budouci trendy v nakladani s Gistirenskymi kaly v Ceské republice.

Kli¢ova slova: nakladani s kaly, rezistence, bakterie
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Suhrn

Na polyuretanovy odpad zo starych vozidiel, z izolacie teplovodnych potrubi, vyradenych chladniciek
a mnohych dalSich zdrojov sa upriamuje pozornost na celom svete kvéli rychlo rastiucim mnoZstvam
a Coraz prisnejSim pravnym predpisom tykajucich sa jeho spracovania a likvidacie. Uvedeny prispevok
pojednava o pokroku v recyklacii a opdtovnom materialovom pouZiti polyuretanu. Podrobne sa venuje
predovsetkym mechanickej recyklacii polyuretanového odpadu, ktora zahrria technolégie ako recyklaciu
s opétovnym lepenim, adhézne lisovanie, formovanie pod tlakom i vstrekovanie do foriem. Uvadzany
experimentalny vyskum je zamerany na mechanicku recyklaciu odpadovej PUR peny suchym
formovanim pod tlakom. Realizované experimenty skumaju vplyv lisovacieho tlaku, teploty ohrevu
adizky ohrevu na parametre kvality vyrobku definované predovsetkym hustotou a tvarovou
a rozmerovou stalostou. Vysledky ukazuju, Ze recyklované tvarové vyrobky s poZiadavkami na vysoku
tvarovu presnost a vysoké mechanické viastnosti sa mbézu vyrabat bez akéhokolvek spojiva len
s pouZzitim sprévnej kombinécie lisovacieho tlaku, teploty a dizky ohrevu. Vyskum dokézal, Ze tymto
spésobom by mohli byt uspesne vyrabané diely zo 100 % recyklovanej PUR peny pre automobilovy
priemysel, stavebny priemysel, i ako akustickda a tepelna izolacia potrubnych systémov
a vzduchotechniky.

Kruacové slova: polyuretanové penové materialy, recyklacia polyuretanu, formovanie pod tlakom

Uvod
Polyuretany sa pouzivaju od 40. rokov minulého storo€ia a dnes su zakladnym materialom so Sirokym

pouZitim v mnohych priemyselnych odvetviach. Reakciou izokyanatov s alkoholmi vznikaju tzv. uretany.
Su to estery kyseliny karbamovej.

Polyuretanové (PUR) peny zaberaju asi 33 % z celkovej produkcie polyuretanov. PouzZivaju sa
v automobilovom priemysle na vyrobu sedadiel, dalej na vyrobu matracov, nabytku. Vyuzitie nachadzaju
aj v stavebnictve. Tym, Ze sa pouzivaju bezne v priemysle aj ako spotrebny materidl, vznika otazka
ukladania a recyklacie odpadu. Moznost' vzniku odpadu je aj pri samotnej vyrobe, kde méze dosiahnut
az 10 % z celkovej produkcie pien. PUR sa mdzu pouzivat ako peny, elastoméry, laky, lepidla, elasticka
vlakna ¢&i ako umela koza. Najvacési dopyt z tychto foriem je po penach.

Mékké (flexibilné) peny sa vyrabaju v rozmedzi hustdt od 15 kg m™ do 70 kg m™, tvrdé v este vacsom
rozmedzi od 10 kg m™ do 600 kg.m™.? Tvrdé peny sa pripravuju v uzavretych alebo otvorenych formach.
Sluzia vacsinou ako izolaény material v stavebnictve a strojarenstve (potrubia, chladni¢ky, automobily),
ale aj v lietadlach ako radarové kryty. VyuZiva sa pritom nielen dobra izolaéna schopnost, ale aj tvrdost
tvrdych PUR pien. Makké peny sa pripravuju vyhradne v blokoch. Pouzivaju sa ako matrace, na
laminovanie textilu, na obalové uc€ely (ochrana proti narazu), na vyrobu izolacnych a tesniacich pasov.
Vyrazné uplatnenie v nabytkarskom priemysle nasiel molitan, integralna makka PUR pena. Vyznadluje sa
vysSou hustotou na povrchu (Skrupina) a zniZzenou hustotou v strede, predovSetkym ploSnych vyrobkov.
Prechod hustoty od okraja ku stredu je plynuly, ¢im sa tieto materialy odliSuju napr. od sendviCovych
kompozitov. PUR peny sa pouzivaju ako tesnenie, tepelna izolacia a konstrukény material. VSetky
aplikacie PUR peny predstavuju i uz su€asny alebo buduci zdroj odpadu.

Polyuretanové peny je potrebné z hfadiska mechanickych vlastnosti rozlisit na tvrdé (napr. izolacia
chladniciek, izolacia v stavebnictve, izolatné dosky, sendvi€ové stavebné prvky, atd.) a flexibilné (napr.
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sedadla v automobiloch, ¢alunenie, matrace, podloZzky pod koberce, obalovy material, atd’.). Podfa toho,
do ktorej kategdrie konkrétna odpadova PUR pena spada, je mozné navrhnut vhodnu technolégiu jej
nasledného spracovania a vyuzitia.

Roky vyskumu, Studii a testovania viedli k celej rade oblasti a metdd recyklacie a vyuZitia
polyuretanu, ktoré mézu byt ekonomicky a ekologicky realizovatelné.® Styri hlavné kategérie* su:
mechanicka recyklacia, pokrocila chemicka a termo-chemicka recyklacia, energetické vyuzitie
a recyklacia samotného produktu (obrazok 1). Kazdy spbésob poskytuje jedine¢né vyhody, ktoré su
obzvlast vhodné pre konkrétne aplikacie alebo poZiadavky.>® Mechanicka recyklacia (tj. recyklacia
materialov) zahffia fyzikalnu upravu. Chemicka a termo-chemicka recyklacia (t.j. recyklacia suroviny)
zahffa chemické oSetrenie, ktoré transformuje tento odpad na vstupné produkty, chemikalie pre
chemicky priemysel. Energetické vyuzitie tohto odpadu zahffia upInu alebo CcCiastocnu oxidaciu
materialu’, vyrobu tepla a elektrickej energie, a/alebo plynnych paliv, olejov a uhlia okrem vedlajSich
produktov akym je popol, ktoré musia byt likvidované.® Vzhladom k typicky dlhej Zivotnosti vyrobkov
obsahujucich polyuretan, Stvrtd moznost - recyklacia produktu alebo tzv. uzavreta slu¢ka recyklacie
(obrazok 1), je obmedzend®™, pretoze trhy sa rychlo menia a pojem "downcycling" alebo "otvorena
slucka" recyklacie sa silno vztahuje na produkty na baze chemikalii ako su polyuretany. Preto
mechanickd, chemicka a tepelno-chemicka recyklacia a energetické vyuZzitie, su jediné tri spésoby, ako
uginne recyklovat polyuretan®”.

| Recyklacia PUR pien |

Adhézne lisovanie

Formovanie pod

Mechanicka Chemické Tepelno-chemické | Energetické
recyklacia spracovanie spracovanie vyuzitie
Uprava velkosti Hydrolyza Pyrolyza Spalovanie
frakcie Glykolyza Splyriovanie 23?: dnualneho
Re_c_;yklac’:la S . Alkoholyza Hydrogenacia C
opatovnym lepenim Fluidné pece

Rotacné pece

Tepelna degradacia

tlakom

Vstrekovanie do
foriem

Obrazok 1: Prehl'ad moznosti recyklacie PUR

Bez ohladu na pouzitu technolégiu recyklacie, dva faktory zohravaju kfu€ovu ulohu pri urovani
technickej a ekonomickej uskutoCnitelnosti recyklacie polyuretanovych materialov:

a) zvySovanie hustoty objemnych polyuretanovych pien, ¢o umozniuje ekonomicky efektivnu
dopravu od zberného miesta do prevadzky recyklacie,

b) redukcia velkosti polyuretanovych vyrobkov (matracov, autosedaciek, izolaCnych dosiek a pod),
ktora je vhodna pre dalSie spracovanie vo zvolenom recyklaénom procese. Velkost vhodne;j
frakcie takéhoto odpadu sa méze liSit v zavislosti od toho, &i bude nasledovat mechanicka
recyklacia, chemické spracovanie alebo energetické vyuzitie.

Prispevok sa zameriava na mechanické spbsoby recyklacie PUR peny. Dolezitym a prvym krokom pri
mechanickej recyklacii je spracovanie odpadovych materialov na mensie Castice, ktoré sa nasledne
budu lahSie spracovavat. M6zu to byt viloCky, pelety €i prach, v zavislosti od druhu PUR, ktory je
recyklovany. U polyuretanovych pien sa pouziva recyklacia tzv. prebrusovanim. Pri nej vznikajuci prach
je m(l)ziné znovu pouzit’ pri vyrobe novych PUR pien ako plnivo. V inych pripadoch sa odpadovy material
drvi.
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Za ucelom spracovania réznych typov odpadovych polyuretanovych materidlov na menSie Castice
bolo vyvinutych mnozstvo dezintegracnych technoldgii:

a) Prebrusovanie

b) Dvojvalcovy mleci proces

c) Presné nozové mlyny

d) Peletovaci mlyn

e) Narazovy diskovy mlyn

f) Kryogénne mletie

Recyklacia s opdtovnym lepenim

Recyklacia lepenim s pridanim spojiva patri medzi najpouzivanejSie procesy recyklacie. Pouziva sa
uz 30 rokov. Spociva v spdsobe spracovania penovych vioCiek ziskanych z recyklaénych penovych
odpadov napr. prebrusovanim. VloCky sa fukaju zo zasobnikov do bubnovych mieSaciek, ktoré sa
skladaju z bubna a mieSadla. Tu sa viocky mieSaju s lepidlom. Tato vzniknutd zmes sa da farbit
a potom sa zlisuje dopravnikovym lisom. Stabilizacia sa vykonava pomocou pary. Vdaka tomuto postupu
mo&zZeme ziskat nové vlastnosti PUR, napr. vy$Siu hustotu. Zahfha aj vysoku pruznost a Siroku variabilitu
v mechanickych vlastnostiach hotovych vyrobkov. Vdaka tejto technolégii je mozné v su€asnej modernej
dobe ziskavat kvalitné lisované diely zo spajanych materialov.*?

Adhézne lisovanie

Adhézne lisovanie spocCiva vo vrstveni polyuretanovej drviny a lepidla a nasledného vytvrdzovania
vplyvom teploty a tlaku.*® Touto metéddou su vyrabané tvarované diely pre automobilovy priemysel, ako
su rohoze Ci kryty rezervnych pneumatik. Adhézne lisovanie je aplikovatelné pre mnoho typov
plastovych odpadov a ich zmesi. Tato pravdepodobne najstarSia metdda recyklacie PUR pien umozniuje
produkciu rohozi, kobercovych podloZiek, ¢&asti podlah Sportovych hal ¢&i zvukovu izolaciu
v automobiloch.

Nadrvena PUR pena o velkosti Castic priblizne 1 cm mézZe byt opatovne spojena v kompaktny celok
pridanim diizokyanatu MDI a naslednym lisovanim v tvarovej forme za pdsobenia teploty v rozsahu
100 — 200°C a tlaku 3 — 20 MPa. Vysledkom su PU tvarové diely, stavebné dosky s vynikajucou
odolnostou proti vode a vlhkosti, alebo izolaéné panely pouzZitefné v novych chladni¢kach
a mrazni¢kach. Odpadova PUR pena spracovana do formy blokov a nasledne rezana nachadza
uplatnenie v kobercovych podlozkach, Castiach podlah Sportovych hal a v nabytkoch. Materialové
zhodnotenie enormného mnozstva PU flexibilnej peny (molitanu) zo starych vozidiel méze uspokojit
velku Gast (v USA takmer 50 %) trhu s kobercovymi podkladmi®. Tento spdsob recyklacie je velmi
zaujimavy tiez pre PUR penu zo stavebného odpadu, avSak spdsob spracovania je komplikovanejsi
a éasto nemozny vzhladom na obsiahnuté retardéry horenia v tomto materiali.*

Vstrekovanie do foriem

Technoldgia vstrekovania do foriem umozriuje CiastoCnu recyklaciu polyuretanu. Jednou metédou
(Bayerove vysokoteplotné lisovanie) sa granulovany polyuretan o zrnitosti 250 az 1000 um spracovava
pri teplote okolo 180 °C a tlaku va&Som ako 35 MPa, ¢im je mozné vyrobit’ teplom tvarované produkty,
ako su napriklad rézne automobilové diely.** Technoldgia vstrekovania do foriem umozfiuje spracovavat
predovdetkym zmesi polyuretanu a inych termoplastov. SpoCiva v natavovani granulatu z odpadovych
plastov vratane jemnej frakcie PU v komore extrudera pdsobenim externého ohrevu a naslednom
vstreknuti tekutého plastu do formy. Vstrekovanie mdze prebiehat prostrednictvom jedného extridera,
pricom surovinu tvori homogenizovana zmes termoplastov. Dudlne vstrekovanie prostrednictvom dvoch
(prip. viacerych) extruderov umozriuje recyklaciu a opatovné pouzitie odpadovych termoplastov
a termosetov. Surovina je premieSavana pred vtokom do formy. Vyhody tejto technoldgie spocivaju
v zvySenych mechanickych viastnostiach produktu, vo vys8ej kvalite povrchu a v mozZnosti lubovolnej
farby produktu.
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Formovanie pod tlakom

Lisované diely obsahuju 100 % recyklovaného materialu. Tento spésob formovania pod tlakom, ktory
ako recyklovanu surovinu vyuZziva predovdetkym reakéne vstrekované polyuretany do foriem, je schopny
produkovat vysoko kvalitné recyklované produkty. Uvedena recyklovana surovina je prebrisena na
jemné Castice a podrobena vysokym tlakom a teplotdm za ucelom vytvorenia pevného materialu, ktory
je idealny pre mnoho aplikacii v automobilovom priemysle.

Formovanie pod tlakom® zahffia tvarovanie polyuretanovych &astic pri dostatoéne vysokych
teplotach a tlakoch pre vytvorenie Smykovych sil potrebnych k nataveniu a spojeniu jednotlivych Castic
dohromady, bez potreby dalSich spojiv.

Tato technolégia sa zameriava na vyrobu Calinenia zo spracovania polyuretanu a polyuretanov
ziskanych zo starych vozidiel. Diely lisované z recyklatu dosahuju zaru¢ené mechanické vlastnosti, ktoré
v skutoénosti mézu byt lepSie ako z nového polyuretanoveho materialu. Technolégia je vhodna na
vyrobu pevnych a zlozitych trojrozmernych dielov, ako su tvarové obaly Cerpadiel a motorov.

Vyskum uvadzany v tomto prispevku sa zameriava na mechanicku recyklaciu odpadovych PUR pien
technolégiou suchého formovania pod tlakom. Realizované experimenty zahfhaju vplyv lisovacej teploty,
lisovacieho tlaku a doby vydrze ohrevu na kvalitativne parametre vysledného produktu definované
predovSetkym hustotou. Cielom je definovat Specifické technologické parametre recyklacného procesu
aich vhodné kombinacie umozniujuce uspesnu produkciu tvarovych produktov, predovsSetkym pre
automobilovy priemysel. Ale moZnosti uplatnenia recyklatov z odpadovej PUR peny vyrobené touto
technolégiou su Siroké (napr. tepelna a zvukova izolacia v stavebnictve, kroCajova akusticka izolacia pod
parkety a laminatové podlahy, podlozky pod koberce, akusticka vypli v bielej technike, akusticka
a tepelna vyplh pre dverné a okenné systémy, akusticka vypld v odsavacich a vetracich systémoch,
tepelna izolacia potrubnych systémov, a iné).

Material a experimenty

V ramci experimentalneho vyvoja technoldgie pre aplikaciu materialovej recyklacie odpadovych PUR
pien predovdetkym zo starych vozidiel bolo cielom zadefinovat vhodné (optimalne) technologické
podmienky pre produkciu tvarovo zlozitych a presnych prvkov.

Pri navrhnutej metdde lisovania — formovania — PUR recyklatu za tepla bez pridania lepidla je dolezité
podrveny material zohriat na teplotu 180 az 220 °C, kedy tato flexibilna PUR pena zmakne, natavia sa
hrany jednotlivych vloCiek a méze tak pésobenim tlaku nastat vzajomné prepojenie Castic.

Rozhodujucimi skumanymi technologickymi parametrami v ramci experimentov bol vplyv lisovacej
teploty, lisovacieho tlaku a doba vydrze. Ostatné parametre boli pri experimentoch nemenné: drvena
frakcia (obrazok 2) s frakénym zloZenim uvedenym v tabulke 1, tvar formy, resp. tvarového prvku.

Material

Pre experimenty bol pouzity technologicky odpad z vyroby PUR peny. Material bol drveny vo forme
vloCiek a mal velkost frakcie 2,0 — 15,0 mm (obrazok 2). Na zistenie frakéného zloZenia materialu bola
vykonana frakéna analyzy na zariadeni Retsch Vibratory Sieve Shaker AS 200 digit a material bol deleny
na 5 velkosti frakcie: < 2,00 mm, 2,0 — 5,0 mm, 5,0 — 10,0 mm, 10,0 — 15,0 mm a viac ako 15,0 mm.
Frakcné zlozenie materialu je uvedené v tabulke 1.
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Obrazok 2: Surovina pre experimenty — PUR pena

Tabul'ka 1: Frakcné zloZenie materialu — PUR peny

Velkost' frakcie Hmotnostny podiel
(mm) (%)
> 15,00 12,69
15,00 - < 10,00 22,77
10,00 - < 5,00 35,92
5,00 - < 2,00 26,06
< 2,00 2,56

Experimenty

Pre experimenty bola vyrobena tvarova forma (obrazok 3), ktord umozriuje suCasne produkciu
4 vzoriek. Kazda vzorka ma tvar kvadra s rozmermi: $irka 50 mm, dizka 100 mm, hribka je zavisla od
jednotlivych premenlivych skumanych parametrov experimentu. Na ohrev je pouzitd muflova pec.
Prazdna forma a zavazia su vloZzené do pece a ohriate na pozadovanu teplotu. Nasledne je forma
plnena drvenou PUR penou (obrazok 4), do kazdej Casti formy sa vlozi 25 g materidlu. Po naplneni
formy sa material kazdej vzorky zatazi presne stanovenym tlakom vyvodenym hmotnostou zavazi
(obrazok 5). PInenie prebieha velmi rychlo a za podmienok, aby dochadzalo k vefmi malému ochladeniu
formy a zavazi. Naplnena a zatazena forma sa opat’ vilozi do pece na presne stanoveny ¢as ohrevu. Po
vyprazdneni formy (obrazok 6) sa cely postup opakuje pri presne definovanych podmienkach
experimentu.

Obrazok 3. Forma a zavaZia pre vyrobu Obrazok 4: Plnenie formy materialom
experimentalnych vzoriek
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Obrazok 5. Zatazenie vzoriek réznym Obrazok 6: Vyberanie hotovych vzoriek
lisovacim tlakom z formy

Ciefom experimentov je definovat optimalne rozsahy technologickych parametrov suchého
formovania pod tlakom a su€asne stanovit' okrajové hodnoty intervalov parametrov pri ich jednotlivych
kombinaciach. Interval lisovacich teplé6t ma uvazované kritické hranice vychadzajuce z tepldt stavovej
premeny PUR. Uvazovanymi variabilnymi parametrami procesu teda su:

e Lisovaci tlak (2.0 kPa, 4.0 kPa, 6.0 kPa, 8.0 kPa),
e Teplota ohrevu (200 °C, 225 °C, 250 °C),
e Dizka ohrevu (10 min., 15 min., 20 min., 25 min., 30 min.).

Skumané parametre su vyhodnocované vzhladom na kvalitativne parametre vzoriek: hustota vzoriek,
tvarova presnost a stalost.

Experimenty zahffhaju 60 réznych kombinacii technologickych parametrov. Vzhladom na korektné
Statistické vyhodnotenie experimentu bolo vyrobenych 10 vzoriek lisovanych tvarovych prvkov pri kazdej
kombinacii technologickych parametrov (spolu 600 vzoriek).

Hodnotenie kvalitativnych parametrov produktov

Hustota kazdej vyhotovenej vzorky je vypocitana ako pomer hmotnosti a objemu na zaklade
zmeranych vonkajSich rozmerov a hmotnosti kazdej vzorky. Meranie rozmerov vzoriek sa uskuto¢hovalo
prostrednictvom digitalneho posuvného meradla, hmotnost' prostrednictvom digitalnych vah. Priemerna
hodnota hustoty pre kazdu kombinaciu nastavenia technologickych parametrov bola vypocitana z 10
hodnét vzoriek vyrobenych pri rovnakej kombinacii. Hustota bola vyhodnocovana 30 minut po vybrati
vzorky z formy.

Tvarova presnost je hodnotena meranim vonkajSich rozmerov vzoriek v niekolkych miestach
kazdého rozmeru. Tvarova stalost je hodnotena na zaklade opatovného merania rozmerov vzoriek po
24 hodinach od vyhotovenia.

Vysledky a diskusia

Hustota recyklovanych produktov z PUR peny technoldégiou formovania pod tlakom je zavisla od
lisovacieho tlaku, teploty ohrevu a dizky ohrevu. Uvedené intervaly premennych technologickych
parametrov boli zvolené na zaklade analyzy vlastnosti formovaného materialu a analyzy vysledkov
publikovanych vedeckych prac. Z vysledkov experimentov vyplyva, Ze pri definovanych intervaloch
premennych technologickych parametrov ma najvacsi vplyv na narast hustoty vzoriek velkost
zatazujuceho tlaku. Z absolutnych hodnét vyplyvajucich z experimentov pri rovnakych intervaloch
premennych (tabuflka 2) vyplyva, Zze prave teplota ohrevu ma najmensi vplyv na zmenu hustoty vzoriek.

Pri vSetkych kombinaciach premennych technologickych parametrov boli vyrobené skuSobné vzorky
dosahujuce réznu kvalitu (obrazok 7). Na obrazkoch 8, 9 a 10 mozno pozorovat priebeh zmeny hustoty
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od zmeny formovacieho tlaku a doby ohrevu materialu pri réznych teplotach ohrevu. Z vysledkov
vyplyva, Zze zmena hustoty v zavislosti od dizky ohrevu je pri jednotlivych teplotach takmer linearna.

Experimenty preukazali, ze v skimanom rozsahu teplét ma na sudrznost a tvarovu stalost vzorky
zasadny vplyv doba ohrevu. Nakolko formovany material je tepelny izolant, pozadovana doba ohrevu
umoziuje jeho objemové prehriatie a natavenie kontaktnych miest medzi jednotlivymi vioCkami.
Nevyhnutna doba ohrevu je zavisla od teploty ohrevu. So zvySujucou sa teplotou sa minimalna potrebna
doba na vytvorenie sudrznej a stabilnej vzorky skracuje.

Z realizovanych experimentov tiez vyplynuli asové limity dizky ohrevu materialu. Pri teplotach 200 °C
a 225 °C nie je mozné vyrobit sudrznu a tvarovo stalu vzorku pri dobe vydrze kratSej ako 15 minut.
Nedochadza k dostatoénému prehriatiu materialu a jeho nataveniu. Vzorky neboli dostato¢ne sudrzné
a vykazovali vyraznu tvarovu nestabilitu po vybrati z formy. Naopak, formovanie pri teplote 250 °C ma
svoj horny Casovy limit vydrze pri 25 minutach. Pri dlhSom ohreve doSlo k degradacii formovaného
materialu a spekaniu. Vzorky vyrobené v uvedenych limitoch vykazovali dobru tvarova presnost
a stalost, liSili sa svojou hustotou.

Tabulka 2: Priemerné hodnoty hustoty vzoriek vyhotovenych pri réznych kombinaciach
technologickych parametrov

Teplota ohrevu 200 °C
Doba ohrevu (min) 10 | 15 | 20 | 25 | a0
Lisovaci tlak (kPa) Hustota (kg.m™)
2,00 s 102,10 | 104,30 | 107,11 | 108,49
4,00 Tﬁjgf—-j 131,00 | 138,93 | 142,85 | 147,82
6,00 §§§ 148,43 | 157,85 | 160,65 | 163,09
8,00 < 158,31 | 166,40 | 171,24 | 173,98
Teplota ohrevu 225 °C
Doba ohrevu (min) 10 ‘ 15 ‘ 20 ‘ 25 ‘ 30
Lisovaci tlak (kPa) Hustota (kg.m®)
2,00 < 99,17 | 116,20 | 125,33 | 128,67
4,00 § g%ﬁ 133,55 | 140,14 | 147,05 | 148,15
6,00 §§§ 148,60 | 159,78 | 163,25 | 166,88
8,00 Z 161,84 | 172,60 | 173,18 | 174,87
Teplota ohrevu 250 °C
Doba ohrevu (min) 10 | 15 | 20 | 25 | =0
Lisovaci tlak (kPa) Hustota (kg.m™)
2,00 110,4865 | 118,00 | 128,90 | 12938 | © _
4,00 136,2667 | 141,33 | 143,77 | 146,86 §T§ §
6,00 151,4286 | 158,46 | 160,67 | 163,68 ;-;*g' 2
8,00 165,60 | 164,00 | 174,36 | 175,83 | °
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Obrazok 7: Vyhotovené vzorky suchym formovanim pod tlakom
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Obrazok 8. Zmena hustoty od formovacieho tlaku a doby ohrevu pri teplote ohrevu 200 °C
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Obrazok 9. Zmena hustoty od formovacieho tlaku a doby ohrevu pri teplote ohrevu 225 °C
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Teplota ohrevu 250°C

=]
I~
[=)]
s3]

Lisovaci tlak (kPa)

10min  =——15min =——20min 25 min

Obrazok 10. Zmena hustoty od formovacieho tlaku a doby ohrevu pri teplote ohrevu 250 °C

Z hladiska produkcie recyklovanych prvkov je nevyhnutné pre spracovatelov zvazit, &i je pre
dosiahnutie poZzadovanej hustoty prvkov ekonomicky vyhodnej8ie pouzit’ vys3iu teplotu ohrevu pri krat3ej
dobe ohrevu, alebo naopak. Tento fakt je uvedeny na obrazku 11, ktory porovnava priebeh zmeny
hustoty pri hraniénych hodnotach teploty ohrevu a doby ohrevu pre rézne formovacie tlaky. Z grafu je
zrejmé, Ze pre dosiahnutie poZadovanej hustoty prvkov je ekonomicky vyhodnejSie pouZit vySSi
formovaci tlak a zaroven vzhladom na zarucenie tvarovej presnosti a stalosti vy3Siu lisovaciu teplotu
a kratSiu dobu vydrze.

180,00
170,00
= 160,00
- 150,00
140,00
130,00
T 120,00
110,00
100,00

3

m

- = =T200°C, 15 min.
- = =T250°C, 15 min.

ustota (kg

—T250°C, 25 min.
—T200°C, 25 min.

2 4 6 8
Tlak pri lisovani (kPa)

Obrazok 11. Porovnanie priebehu zmeny hustoty pri hraniénych hodnotach teploty ohrevu
a doby ohrevu pre ré6zne formovacie tlaky

Zaujimavé je tiez porovnanie zmeny hustoty skumanych vzoriek formovanych konstantnym tlakom
v zavislosti od dizky ohrevu pri réznych teplotach ohrevu. Z obrazka 12 je zrejmé, Zze zvy$ujicou sa
teplotou ohrevu sa zvySuje aj hustota vzoriek pri rovnakej dizke ohrevu. Zarover v3ak mozno
konstatovat, Ze k najvyraznej$im zmenam hustoty v zavislosti od dizky ohrevu dochadza pri teplote
200 °C.
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Obrazok 12: Zmena hustoty skumanych vzoriek formovanych konstantnym tlakom v zavislosti od
diIzky ohrevu pri réznych teplotach ohrevu

Zavery

Recyklacia PUR peny technolégiou formovania pod tlakom a su€asnom ohreve je velmi efektivna pri
dodrzani vhodnych technologickych podmienok. Z vysledkov experimentov vyplyva, Ze pri definovanych
intervaloch premennych technologickych parametrov ma najvaési vplyv na narast hustoty vzoriek
velkost zataZujuceho tlaku. So zvySujucou sa teplotou ohrevu sa zasadne zvy3uje tvarova presnost
a stalost’ recyklovanych prvkov. Doba vydrze ohrevu pri réznych teplotach ohrevu limitujuco vplyva na
tvorbu sudrznych vazieb a na degradaciu materialu individualne v zavislosti od pouZitej teploty ohrevu.

Vysledky experimentov maju v praxi zasadny vyznam pri nastavovani optimalnej kombinacie
parametrov technologického procesu recyklacie, a zaroven ponukaju podklad pre ekonomicku
optimalizaciu procesu (teplo vs. ¢as). Vyskum dokazal, ze touto technolégiou by mohli byt uspesne
vyrabané diely zo 100 % recyklovanej PUR peny pre automobilovy priemysel, stavebny priemysel, i ako
akusticka a tepelna izolacia potrubnych systémov a vzduchotechniky.
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Mechanical recycling of waste polyurethane foam by compression moulding
Milos MATUS, Lubomir SOOS, Jozef BABICS, Juraj BENIAK, Peter KRIZAN

Slovak University of Technology in Bratislava, Faculty of Mechanical Engineering, Namestie slobody 17,
812 31 Bratislava, Slovak Republic, e-mail: milos.matus@stuba.sk

Summary

Polyurethane wastes from end-of-life vehicles, district heating tubes, scrapped refrigerators and many
other sources are receiving increased attention worldwide because of rapidly rising amounts and
increasingly tight legislation on their treatment and disposal. Recent progress in the recycling and
recovery of polyurethane is reviewed in this paper. There is described in detail mechanical recycling of
polyurethane waste, what includes regrinding, re-bonding, adhesive pressing, compression moulding
and injection moulding. The research is focused on mechanical recycling of waste PUR foam by
compression moulding. Experiments include the effect of pressing temperature, pressing time and
pressing force on the parameters of product quality defined by density, geometry and strength. The
results show that recycled products with complicated shape and high mechanical properties can be
produced without any binder, only with using the right combination of pressing temperature, processing
time and pressing force. By this way the parts for automotive industry could be successfully produced
from 100 % recycled PUR foam.

Keywords: polyurethane, polyurethane recycling, foam waste, compression moulding
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Abstract

Passenger cars have a significant impact on the environment throughout their lifecycle. In the paper,
we focus on the forecasting of waste streams generated during the processing of end-of-life vehicles
(ELV) in the Slovak Republic. Given the short historical time series, we build a forecasting framework
which combines the time-series forecasting techniques with expert judgement methods. We present the
forecasts of waste streams and the outlook trends until 2020. Our findings confirm that if the trends from
the past years continue the existing system of ELV processing in the Slovak Republic will be able to
meet the EU sustainability targets in terms of re-use, recycling and recovery rates. In addition, where
possible, we provide the ex-post verification of the ex-ante forecasts and show the accuracy of the
forecasting framework. At the same time, based on the expert judgement we present the forecasts of the
waste streams generated annually during the maintenance of passenger cars in Slovak Republic.

Keywords: end-of-life vehicles, waste streams

Introduction

Passenger cars have a significant impact on the environment throughout their lifecycle. The cars are
important source of different waste streams in the all phase of their lifecycle — production of cars, use of
cars, processing of end-of-life vehicles (ELV). The dynamics of car production in Europe markedly
lagged behind the world (with the production of 20.3 million of cars in 2000 and 21.1 million in 2015),
respectively, until it stagnated. However, the Slovak Republic (SR) through the inflow of foreign
investments recorded a dynamic increase in car production - from 181 thousand in 2000 to 1 million and
one vehicle in 2015 [1]. Automotive manufacturers in the SR have their own waste management systems
that consistently target the reuse or treatment of waste.

For a less complex waste treatment system may be considered the collection, sorting, use or
digestion of waste arising from the operation of motor vehicles. In 2014, from 1 236 million of cars
registered worldwide, the passenger cars accounted for 907 million. In Europe, the number of used
passenger cars was 328 million from 382 million and in the SR almost 2 million from 2.3 million vehicles
[1-2].

According to EC data, every year end-of-life vehicles (ELV) account for between 7 and 8 million tons
of waste in the European Union. The vast majority of end-of life vehicles are recyclable within the
European Union. The rest of the vehicle is considered waste and generally goes to landfills. EU
legislation forces manufacturers to produce new vehicles without dangerous substances (especially lead,
mercury, cadmium and hexavalent chromium). The EU strategy aims at reuse, recyclability and recovery
of waste from selected vehicles. At the same time, the strategy is designed to minimize and eliminate the
utilisation of hazardous substances. Dangerous waste types from discarded vehicles are considered as
oil filters, explosive parts (e.g. safety airbags), brake pads and lining containing asbestos, brake fluids,
antifreeze containing hazardous substances (cooling system), waste electrical and electronic equipment,
hazardous parts, lead-acid batteries, separately collected electrolyte from batteries and accumulators,
used catalysts [3].
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The EU's more ambitious targets for ELV recovery, which came into force on 1. 1. 2015, require that
95 % of the weight of the ELV be recycled or reused. The SR and other Member States have gradually
implemented a comprehensive system of post-life vehicle processing, which besides legislation as the
main system elements includes a network of authorized processors and their technologies, logistics and
distribution channels of each type of waste, reporting system. At a time when the objectives of the ELV
Directive were tightened, there were some doubts about the ability of Member States to meet the targets,
including the SR.

The main objective of the first part of our contribution is to verify whether the existing waste treatment
system from ELV in SR is sustainable or whether it is able to reach ELV target limits in the period till
2020. For this purpose we have developed a system of stochastic equations, which makes it possible to
predict the fulfilment of the objectives of the ELV Directive as well as individual ELV waste streams. We
have also made an ex-post analysis of the accuracy of the forecasts on the basis of new, forward-looking
data.

In the second part of the paper we have attempted to estimate the streams of waste generated by
using of personal passenger cars in the year 2016.

1. Forecast of ELV waste streams

The presented procedure, prognosis and partial verification of the accuracy of the ELV waste stream
forecasting system for SR is based on several system blocks.

1.1 Modelling strategy

Our forecasting framework works as follows: Firstly, we model and predict the total number of registered
vehicles in Slovak Republic. Secondly, the number of deregistered vehicles is modelled. Thirdly, the
number of scrapped vehicles is modelled. Fourthly, the selected waste streams for scrapping of vehicles
are modelled and forecasted. The overall scheme and its main stages are outlined in Figure 1.

Figure 1: The scheme of the forecasting framework

1. Modelling and forecasting the number of registered vehicles
Econometric model

) 4

2. Modelling and forecasting the number of deregistered vehicles
Econometric model

) 4

3. Modelling and forecasting the number of scrapped vehicles
Econometric model

) 4

4. Modelling and forecasting the selected waste streams from scrapping of vehicles

Econometric model and calculation of ratios on the basis of past values
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Several data sources are used to build the forecasting system — the annual reports of the Recycling
fund, the end-of-life (ELV) vehicles reports submitted to European Union by Slovak Republic [4], data
from the Ministry of interior (responsible for the registration of vehicles) [2] and Statistical office of Slovak
Republic [5]. There is certain overlap between the data from Recycling fund and the ELV reports to EU
and even though the data from these sources are not entirely identical, they are relatively consistent,
they complement each other, provide a relatively good outlook trends and as such are a good basis for
the modelling.

1.2 Modelling and forecasting the number of registered vehicles

The main determinants of the total number of registered vehicles overall economic situation of
households (category M), resp. companies (category N) and the total costs of vehicle holding. Since the
costs of holding are relatively constant and the economic situation of households and firms (as
measured by gross domestic product — GDP) is improving, we anticipate the total number of registered
vehicles to increase in the horizon of the following five years. It agrees with the overall trend. We had at
our disposition 13 observations of the total number of registered vehicles for the period 2003 to 2015
(source Ministry of Interior [2]). Several models for each category were estimated and evaluated. The set
of potential predictors included the following variables: level of GDP in current prices, linear and
quadratic time trend and the indicator of 2005 where the relatively significant drop occurred. The
estimated models are displayed in Appendix 1. The models were evaluated from the statistical
perspective based on the goodness of fit (adjusted R?) and autocorrelation of residuals (Durbin-Watson
test). Based on these criteria the following models were used for vehicle category M, resp. N:

registeredM = 974 713.2 + 98 071.3.trend — 1 342.9.trend2 — 94 547.1.year2005 D)
registeredN = 8 086.2 + 3.474.GDP (2)
where

registeredM — total number of registered vehicles, category M
trend — time trend

trend2 — squared time trend

year2005 — indicator of 2005 (structural change)

registeredN — total number of registered vehicles, category N
GDP — annual GDP of Slovak Republic in current prices

In order to forecast the value of the dependent variable predictions of GDP are needed. Based on the
data from European Commission [6], OECD [7] and Economist Intelligence Unit [8] we use the prediction
of annual GDP growth to be 3 %. The predictions for the total number of registered vehicles along with
the standard errors and 95% confidence interval bounds are shown in Table 1.

Table 1: The predictions of the total number of registered vehicles in SR for 2016 — 2020

2016 2017 2018 2019 2020

s Prediction 2084503 | 2143631 | 2200072 | 2253828 | 2304898
g‘ Standard error 21121 24 697 29 282 34 810 41 216
S Lower bound 95 % | 2043 107 | 2095224 | 2142679 | 2185600 | 2224114
S Upper bound 95% | 2125900 | 2192037 | 2257465 | 2322055 | 2385681
Prediction 287 422 295 802 304 434 313 324 322 481
Standard error 8 944 9062 9196 9 345 9511

Lower bound 95 % 269 893 278 041 286 410 295 008 303 840

Upper bound 95 % 304 952 313 564 322 457 331 640 341122
Source: authors’ calculation

category N
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The evaluation of the predictions for the total number of registered vehicles is shown in Table 2. The
actual values for 2016 for both categories lie within the 95% confidence interval, the mean value of
prediction differs from the reality by 1.76 % (category M) and 3.29 % (category N).

Table 2: Comparison of prediction and actual values of the number of registered vehicles

Prediction 2016] Upper bound 95 %| Lower bound 95 % Reality 2016
Category M 2 084 503 2 125900 2043 107 2121774
Category N 287 422 304 952 269 893 278 274

Source: authors’ calculation, source of data for verification [9]
1.3 Modelling and forecasting of the number of deregistered vehicles

The starting point of the number of deregistered vehicles of category M and N is the total number of
registered vehicles of the given category. Other important drivers are the legislative and fiscal
arrangements surrounding the deregistering of the vehicles. From 1 January 2006 the vehicle could be
deregistered only upon presenting a certificate that the vehicle had been scrapped in an authorized
facility. Besides, in 2009 there were two waves of state-sponsored subsidy called “Srotovné” when the
owners of scrapped vehicles were given discount 2 000 Eur when buying new car. That is why the
indicators of the above-mentioned years were included in the models to capture the impact of the given
arrangements. The estimated models are displayed in Appendix 2. The models were again evaluated
from the statistical perspective based on the goodness of fit (adjusted R? and autocorrelation of
residuals (Durbin-Watson test and Breusch-Godfrey test). Moreover, to test the stability of estimated
coefficients, we estimated the models for the shortened period from 2006. After the evaluation the
following models for category M and N were chosen:

deregisteredM = 0.0198.registeredM — 69 849.2.year2009 3)
deregisteredN = 0.0165.registeredN — 1 702.3.year2009 (4)

where: deregisteredM — total number of deregistered vehicles, category M
registeredM — total number of registered vehicles, category M
deregisteredN — total number of deregistered vehicles, category N
registeredN — total number of registered vehicles, category N
year2009 — indicator of 2009

The predictions for the total number of deregistered vehicles along with the standard errors and 95%
confidence interval bounds are shown in Table 3.

Table 3: The predictions of the total number of deregistered vehicles in SR for 2016 — 2020

2016 2017 2018 2019 2020
s Prediction 41 268 42 438 43 556 44 620 45 631
g‘ Standard error 4216 4233 4249 4 266 4281
g Lower bound 95 % 33004 34 141 35 227 36 259 37 240
3 Upper bound 95 % 49 531 50 735 51 884 52 980 54 022
> Prediction 4728 4 866 5008 5154 5 305
g‘ Standard error 697 699 702 705 709
g Lower bound 95 % 3363 3495 3631 3772 3916
3 Upper bound 95 % 6 094 6 237 6 385 6 537 6 694

Source: authors’ calculation
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The evaluation of the prediction accuracy for 2016 is shown in Table 4. The actual numbers of

deregistered vehicles for both categories are within 95% confidence limits. The mean values of
prediction differ from reality by 0.79 % (category M) and 1.27 % (category N).

Table 4: Comparison of prediction and actual values of the number of deregistered vehicles

Prediction 2016 | Upper bound 95 % | Lower bound 95 % Reality 2016

Category M 41 268 49 531 33 004 40 943

Category N 4728 6 094 3 363 4789

Source: authors’ calculation, source of data for verification [9]

1.4 Modelling and forecasting of the number of scrapped vehicles

In this stage we focus on the modelling and forecasting the total number of scrapped vehicles with
total weight up to 3.5 ton. The main determinants of the total number of scrapped vehicles were
considered the total number of deregistered vehicles of categories M and N. At the same time, we had to
take into account the fact that there were periods when the rules for deregistering and scrapping the old
vehicles changed. In 2009 there were two waves of state-sponsored subsidy called “Srotovné” when the
owners of scrapped vehicles were given discount 2000 Eur, when buying new car. On the other hand,
since 2014 it was profitable for some owners not to scrap the deregistered vehicle but to keep it for spare
parts. The deregistration in these cases was on the basis of declaration of non-existence and paying a
relatively small fee ranging from 50 to 150 Eur.

The estimated models are displayed in Appendix 3. After the evaluation of the estimated model
specifications the following model was used for forecasting:

scrapped = 0.971.deregisteredM — 25 811.6.year2009 — 0.33.deregisteredM_x_after2014 (5)

where: scrapped — the total number of scrapped vehicles with total weight up to 3.5 ton
deregisteredM — the total number of deregistered vehicles, category M
year2009 — indicator of year 2009
deregisteredM_x_after2014 — interaction of indicator of year after 2014 with the total number of
deregistered vehicles, category M

Since from 1 January 2016 the fee for the deregistration of non-existent vehicle increased to 500 Eur
we assume the decrease of the rule to one half. That is why when forecasting values for 2016 and later
the value of the original estimated coefficient (-0.33) was reduced to one half (-0.165).

The forecasted values of the total number of scrapped vehicles with bonds of 95% confidence interval
are depicted in Table 5. At the date of writing the paper (15 August 2017) the actual values for 2016
were not known.

Table 5: Forecasts of the total number of scrapped vehicles

2016 2017 2018 2019 2020
Prediction 33241 34 184 35 084 35 941 36 756
Standard error 2912 2927 2941 2 955 2 969
Lower bound 95% 27 534 28 448 29 319 30 149 30 937
Upper bound 95% 38 948 39 920 40 849 41734 42 575

Source: authors’ calculation
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1.5Modelling and forecasting of selected waste streams from car processing

In this phase of modelling the sources of waste we focus on total volumes of waste streams. Four
steps involved in modelling and forecasting are:

A. Forecast/ calculation of total volume of processed vehicles

B. Forecast/ calculation of total volume of processed vehicles for respective waste streams
C. Forecast of summary variables thorugh trend models
D.

Calculation of material streams based on average values of ratios from previous time periods

A. Forecast / calculation of total volume of processed vehicles

Calculation is straightforward; forecasted number of vehicles for processing is multiplied by average
weight of a processed vehicle. To calculate the average weight of a processed vehicle we use average
weights of processed vehicles in period 2006 — 2013. There was no actual trend in the period, therefore
the use the overall average is the most suitable as we assume it will be a reasonably accurate
estimation. The average weight of a vehicle was 787.1 kg. Table 6 presents yearly forecasts of number
of processed vehicles and their total weight for the period 2016 — 2020.

Table 6: Estimation of number of processed vehicles and their total weight

Year 2016| 2017, 2018 2019| 2020
Number of processed vehicles 33 241| 34 184| 35084| 35941 36 756
26 164 26 906| 27 615| 28 289| 28 930

Total weight of processed vehicles [thousands of kq]
Source: authors’ calculation

B. Forecast / calculation of total volume of processed vehicles for respective waste streams

Respective material streams are reported based on processing method — either based on de-pollution
and dismantling or based on shredding. Average proportion of the weight of vehicles processed from de-
pollution and dismantling was 23.35% and those processed from shredding was 76.65 % in the period
2010 — 2013. We use these proportions in forecasting the total weight of processed vehicles for each of
the methods. Predictions are presented in Table 7.

Table 7: Estimation of total weight of processed vehicles based on two methods [thousands of kg]

Year 2016 2017 2018 2019 2020
De-pollution and dismantling 6 109 6 283 6 448 6 606 6 755
Shredding 20 055 20 624 21 167 21 684 22 175

Source: authors’ calculation

C. Forecast of summary variables through trend models
We made predictions for the following summary variables:

1. Total re-use and recycling (x1 = X1/W1.100)

Total re-use and recovery (x2 = X2/\W1.100)

Total utilization (x3 = (D1+D2) /W1.100)

Energy recovery of materials gained from shredding of old vehicles (C2)

o kD

Disposal from shredding of old vehicles
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When predicting the first three variables we use data from Eurostat in the period 2006 — 2013. We
tested basic trend models and then selected the best fit models further described below.

Total re-use and recycling

x1 = 83.63 + 4.051.In(trend) (6)
where:

x1 — estimated total re-use and recycling

In(trend) — log transformation of time trend (year 2006 ...In(1), year 2007 ...In(2) etc.)

Total re-use and recovery

X2 = 84.59 + 4.267.In(trend) @)
where

X2 — estimated total re-use and recovery

In(trend) — log transformation of time trend (year 2006 ...In(1), year 2007 ...In(2) etc.)

Total utilization

X3 = 79.43 + 5.908.In(trend) (8)
where

x3 — estimated total utilization

In(trend) — log transformation of time trend (year 2006 ...In(1), year 2007 ...In(2) etc.)

Enerqgy recovery of materials gained from shredding of old vehicles

Average proportion of energy recovery C2 to the total weight of processed vehicles in years 2010 —
2013 was 0.0008 %. Calculation of predicted value is the product of the share (0.0008 %) and total
weight of processed vehicles (W1) in thousands of kg.

Disposal from shredding of old vehicles

After forecasting E2 we used a trend of E2/W1 proportion in years 2010 — 2013 and selected this
model:

E2/W1 =2.46 + 0.1941.trend 9

where

E2/W1 — estimated share of materials gained from shredding of old vehicles on the total weight of
processed vehicles

trend — linear time trend (year 2016...0, year 2017 ...1, year 2018...2 etc.)

Table 8 provides forecasted values of summary variables based on models described above for
period 2016 — 2020.

Table 8: Forecast of summary variables for 2016 — 2020

2016 2017 2018 2019 2020
X1/W1.100 [%)] 93.34 93.70 94.02 94.32 94.60
X2/W1.100 [%)] 94.83 95.20 95.54 95.86 96.15
(D1+D2) /W1.100 [%] 93.60 94.11 94.59 95.02 95.43
Energy recovery C2 [thousands of kg] 0.21 0.22 0.22 0.23 0.23
Disposal E2 [thousands of kg] 643.44 609.47 571.93 531.00 486.88

Source: authors’ calculation
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D. Calculation of material streams based on average values of ratios from previous time
periods

Missing values of remaining summary variables were calculated as follows.

B2 — Volume of processed vehicles from shredding method ... B2 = C2 — E2

A — Total re-use and recovery minus Total utilization ... A = x2.W1/100 — x3.W1/100

B1 — Total re-use and recycling (x1.W1/100) ... B1 = A-B2

C1 — Total utilization (x3.W1/100) ... C1 =B1-B2 - C2

E1 — Volume of processed vehicles from de-pollution and dismantling ... E1=A-B1-Cl1

Table 9: Predicted weight of all summary variables [thousands of kg]

Year 2016 2017 2018 2019 2020
A. Re-use 321 292 263 235 208
B1. Total recycling 4 690 4904 5106 5295 5472
C1. Total energy recovery 388 404 419 434 448
E1. Total disposal 710 683 660 642 627
B2. Total recycling 19411 20 014 20 594 21 153 21 688
C2. Total energy recovery 0 0 0 0 0
E2. Total disposal 643 609 572 531 487

Source: authors’ calculation

In Table 9 we can read predicted weight of all summary variables for the period 2016-2020. Next, we
forecasted individual material streams in the next step based on predictions of summary variables. We
used average proportions of material streams in period 2010 — 2013. Material streams from de-pollution
and dismantling are batteries, liquids (excluding fuel), oil filters, other materials arising from de-pollution
(excluding fuel), catalysts, metal components, tyres, large plastic parts, glass, other materials arising
from dismantling, material streams from shredding are ferrous scrap (steel), non-ferrous materials
(aluminium, copper, zinc, lead, etc.), shredder light fraction (SLF) and other. We present forecasts of
above-mentioned material streams for period 2016 — 2020 in Appendix (see details in appendix 4 — 10).

2. Estimation of waste streams during the use of passenger cars in SR for 2016

The operation of motor vehicles represents, apart from the treatment of old vehicles, the decisive
source of waste from the automotive industry. The methodology and system of equations reflects the fact
that only a part of the waste streams from motor vehicles is a precursor of the registration and monitoring
system, statistical reports, their processing into aggregate data. The contribution therefore contains only
an attempt for a qualified estimate of the amount of selected waste streams in 2016. A potential source
of waste for motor vehicles in the Slovak Republic is a fleet whose dynamics in the Slovak Republic was
restored in 1998 and 2005, with the number of registered vehicles in the SR in the year 2016 it reached
a threshold of 3 million. Since 1989, their number has almost doubled. The dominant share of the total
number of passenger cars is 72 %. The main sources of waste streams from motor vehicles are the
wastes that arise, first, due to warranty inspections, repairs or repairs related to insurance events.
Although there is no integrated system of correction structure data, we will focus on the first two sources
when estimating currents.*

! Based on expert estimation it was not possible to separate the waste, which comes from insurance covered
repairs.
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2.1 Input parameters

The main variables that affect motor-vehicle waste are the quantity, average age and mileage of M1
vehicles. Due to the absence of data by age structure, all these characteristics are approximated by the
average values for the year 2016. The average number of passenger cars in 2016 in the SR was
2 078 174 vehicles, according to Ministry of Interior SR statistics [9]. In that year, 88 504 new vehicles were
registered and 44 708 vehicles were decommissioned. After deducting them, the number of 1 944 962
vehicles was the main source of waste that caused the operation of M1 vehicles [9].

Data sources on the average number of km per vehicle and the average age of vehicles in the Slovak
Republic are available from several publicly available sources. Based on this, the following input
variables and their values were used in estimating the waste source:

Table 10: Waste source variables

POS — number of passenger motor vehicles in 2016: 1 944 962

PA — average age of vehicles in 2016: 12.84 years
NKM — estimation of mileage of a vehicle in 2016: 150 000 km
YNKM — average mileage in 2016 per one vehicle: 11 682 km

SDV - share of diesel engine vehicles: 45 %

Source: authors’ calculation

2.2 Methodology and estimation procedure

Due to the unavailability of some data, the estimation process combines some statistically reported
data with expert estimates. Criteria for the estimation of the waste streams from the operation of motor
vehicles can be considered as the input expert's estimated parameters. To objectify these parameters
we consulted experts on the issue or sought advice directly in selected operations. The subject of
interest was in particular the area of average life cycle estimation of selected liquids / parts / spare parts
for registered vehicles, according to individual waste streams. Expert consultation has shown the need to
divide expert input estimates into two groups of waste streams.

2.3The first group of waste streams and their determinants

The first group represents the streams of waste generated by the limited or prescribed lifetime of the
producers, where due to the possible serious consequences of their "non-replacement" by the owner of
the vehicle there is an acute risk of damage or a significant deterioration of the vehicle's driving
characteristics. In particular, it is the waste streams of the oil type and the filters. This group of waste
could be approximated precisely by estimating the average life of individual oils and filters according to
the number of km as well as on the basis of an estimate of the average volume of litres, of the pieces
that are exchanged for the year and based on the following general equation:

WS; = TNPC . AAWC;. ANKM/LP; (10)

where

WS; — i stream waste

TNPC — total number of personal car in use (2016)

AAWC,; — average amount of waste stream by one cycle of servicing
ANKM - average mileage in year 2016

LP; — life time of the i source of waste
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Table 11: Expert estimation of average service life of oils and filters

Waste No. of | Average | Lower Upper Average Unit Lower Upper
streams for | experts | service estimate | estimate | volume per estimate per | estimate per
M1 vehicles life [km] [km] [km] replacement replacement replacement
Engine oil 4 22 625 18 000 25 000 4.3 Litre 4.1 4.5
Zirlansm'ss'on 4 | 122500 | 100000 | 150 000 2.2125 Litre 15 3
Qil filter 4 22 625 18 000 25 000 1 Piece

Fuel filter 4 72 500 65 000 75 000 1 Piece

Air filter 4 27 500 25 000 30 000 1 Piece

Pollen filter 2 21250 | 12500 | 30000 1 Piece

Spark plug * 1 25 000 4 Piece

Diesel Particle .

Filter * 1 150 000 1 Piece

* Petrol engine vehicles, ** Diesel engine vehicles
Source: authors’ calculation based on experts’ opinions on service life

2.4 The second group of waste streams and its determinants

The second group of waste streams is the waste from the exchange of liquids, parts and components
that have overproduced lifetime but their actual depreciation and replacement (especially after the
warranty period and warranty repairs) is dependent on the driver's driving technique. It dependes also on
the discipline or the financial situation of the vehicle owner whether these parts are actually replaced. In
addition, it has been shown that it also partly depends on regular repairs due to damage to parts of the
vehicle (whether with or without insurance). These are mainly waste streams such as metals, plastics,
tires, batteries, cooling and brake fluids, electrical waste.

In view of the number of stochastic impacts that affect the flow of this group of waste, the data of the
experts (addressed owners and service staff, old vehicle processors and other experts) are estimated.
These flows have been estimated on the basis of their inventory or expert corrections of the amount of
the respective waste, which arises on average per year for 1 000 passenger cars (as part of service
repairs, exchanges, etc.). The individual waste streams were individually defined by the experts and
depending on the type waste was considered important by an individual expert.

The starting point for estimating the second group of waste is the equation:

WS; = TNPC . ATCW; . 1000 (11)
where ATCW; is an average amount of waste for 1000 serviced cars in 2016.
Table 12: Expert estimation of other waste types

Volume /
Type of waste weight / Unit

pieces

Cooling liquid 120 Litre
Breaks liquid 60 Litre
Batteries 40 Piece
Catalysts 5 Piece
Tires 200 Piece
Ferrous metals (breaks, exhaust pipes etc.) 1000 kg
Non-ferrous metals (Al, Cu) 100 kg
PVC 250 kg
Glass 1000 kg
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Electric waste 500 kg
Other unspecified waste 500 kg
Mixture of fuels (wrongly mixed diesel and petrol) 200 kg
Dangerous particles (seals, engine pipes) 100 kg
Cleaning chemical agents 100 kg
Packages - paper based 1200 kg
Packages — PVC based 300 kg
Absorbents 100 kg
Packages — containing leftovers of NL 300 kg

Source: authors’ calculation based on experts’ opinions on service life

2.5 Quantities of waste streams from the operation of passenger cars in 2016

Estimation of quantities for the first group of waste streams is based on the number, age and mileage
of vehicles according to Table 13. Further, from the average life expectancy for oils and filters of their
reversed coefficients and expert estimates from the Table 11. The total number of registered M1 vehicles
in 2016 in the number of 1 944 162, the reversed oil and filter life coefficients for the average amount of
oil and filter waste that is associated with a single change, the current estimate is as follows:

Table 13: Estimation of oils and filters waste in 2016 in SR (based on average volume per
replacement)

Waste streams for M1 Volume per Volume per !_ower Volumelper _Upper _

. Average service service life service life Unit

vehicles . . .
life estimate estimate

Engine oil 4318 344 5427 918 3908 101 | Litre
Transmission oil 410 378 502 714 335 142 Litre
Oil filter 1 004 266 1262 307 908 861 | Piece
Fuel filter 313 400 349 562 302 954 | Piece
Air filter 826 237 908 861 757 384 | Piece
Pollen filter 1 069 248 1817 721 757 384 | Piece
Spark plug * 1999 494 Piece
Diesel Particle Filter ** 68 165 Piece

* Petrol engine vehicles, ** Diesel engine vehicles
Source: authors’ calculation

In order to determine the quantities of the second group of waste, the expert estimates of the waste
that are in the SR on average for 1 000 vehicles (Table 12) are decisive - for the number of registered
M1 vehicles in 2016. The estimated quantities are as follows:

Table 14: Estimation of volumes of other waste types in 2016 in SR

Volume / :
Type of waste weight / pieces Unit
Cooling liquid 233 | Thousands of litres
Breaks liquid 117 | Thousands of litres
Batteries 78 | Thousands of pieces
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Catalysts 10 | Thousands of pieces
Tires 389 | Thousands of pieces
Ferrous metals (breaks, exhaust pipes etc.) 1945 | Thousands of kg
Non-ferrous metals (Al, Cu) 194 | Thousands of kg
PVvC 486 | Thousands of kg
Glass 1 945 | Thousands of kg
Electric waste 972 | Thousands of kg
Other unspecified waste 972 | Thousands of kg
Mixture of fuels (wrongly mixed diesel and petrol) 389 | Thousands of kg
Dangerous particles (seals, engine pipes) 194 | Thousands of kg
Cleaning chemical agents 194 | Thousands of kg
Packages — paper based 2 334 | Thousands of kg
Packages — PVC based 583 | Thousands of kg
Absorbents 194 | Thousands of kg
Packages — containing leftovers of NL 583 | Thousands of kg

Source: authors’ calculation

Conclusions

Several important findings of the Slovak Republic's policy on waste management, as well as the
policy of long-term sustainability and competitiveness of the Slovak economy, were confirmed in our
contribution. In particular, the research focused on the verification of the ability of the old vehicle
processing system in SR to comply with the 2020 binding limits resulting from the Directive of the
European Parliament and of the Council No. 2000/53 / EC on end-of-life vehicles. Using the proposed
methodology, forecasts of waste sources, quantities of individual waste streams were processed. On the
basis of the updated data, the high ability of the proposed system to reliably predict the sources of waste
that affect the individual waste streams defined by the Directive has been retrospectively verified.

Our findings with a high degree of probability confirmed the sustainability of comprehensive system
of post-life vehicle processing in Slovakia, which besides legislation as the main system elements
includes a network of authorized processors and their technologies, logistics and distribution channels of
each type of waste, reporting system. The possible negative impacts of non-compliance with the EU's
sanctions targets in the form of negative fiscal implications on the growth of the Slovak economy and the
lack of consistency of SR policies with EU cohesion policy are perceived as minimal. However, certain
risks generated by the prices on the waste markets are still worthwhile in the future to be monitored or
eliminated by changes in national legislation and additional instruments.

This call concerns not only the treatment of waste streams from old vehicles, but also the waste that
enters during the lifetime of vehicles. As the study demonstrated by estimating the potential quantities of
individual waste streams generated by the maintenance and repair of passenger cars in the SR in 2016,
it is a huge amount of waste, especially streams of fluid types. Authors of studies and other experts
assume that only part of this waste appears to enter the reuse and recycling, reuse and recovery
system. As well as the overall evaluation, respectively "ecologically friendly" method of their
depreciation. In this area, there is room for system setup, better data collecting, more information to
public and economic incentives for all types of service in the SR or vehicle owners who self-repair and
repair personal cars.
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Appendix
Appendix 1: The estimated models for the total number of registered vehicles
@) &) ©) @) ) (6) Q) ®)
year 2005 -36889.3 -97763.0% | -94547.1%* -7824.7 -24301.0 -21023.4**
(-0.42) (-3.76) (-5.72) (-0.85) (-1.07) (-2.41)
GDP 18.44%x 18.66** 3.426%* 3.474%x
(12.67) (14.32) (22.30) (24.61)
trend 79200.0%** 98071.3*** 13525.2%%* | 32758.4%*
(42.76) (20.07) (8.36) (12.69)
trend2 -1342, 9% -1368. 7%
(-3.98) (-7.67)
constant 476066.0* | 459862.0%* | 1022456.9* | 974713.2%* | 11523.2 8086.2 121794.4% | 73135,1%*
(5.19) (5.73) (67.19) (63.27) (1.19) (0.93) (9.16) (8.99)
N 13 13 13 13 13 13 13 13
Adj. R? 0.940 0.944 0.994 0.998 0.980 0.981 0.873 0.981
R’ 0.950 0.949 0.995 0.998 0.983 0.982 0.894 0.986
DW 0.473 0.580 0.883 2.259 1.560 1.671 0.353 1.420
Appendix 2: The estimated models for the total number of deregistered vehicles
@) @ ® @) ®) (6) Q) ®)
registeredM |  0.0214** 0.0198*** 0.0111* 0.0205***
(3.46) (26.23) (2.37) (20.26)
registeredN 0.0308** | 0.0165** 0.0130** 0.0170**
(6.94) (18.50) (3.02) (16.14)
year 2005 124463.1%* | 129187.5%* 13776.2%* 14150.4**
(22.98) (22.98) (15.39) (17.70)
year 2009 70098.9* | 69849.2*** | 67956.0** | 68656.8"* | 1680.0** 1702.3* 1630.2* 1574.8*
(15.74) (17.07) (13.59) (11.99) (3.65) (2.49) (1.95) (1.90)
constant -2834.9 15682.9* -3520.6** 920.2
(-0.27) (2.04) (-3.27) (0.95)
N 10 10 13 13 10 10 13 13
Adj. R? 0.965 0.993 0.983 0.992 0.874 0.977 0.953 0.983
R? 0.973 0.994 0.988 0.993 0.902 0.981 0.965 0.987
DW 1.625 1.596 1.641 1.063 1.848 0.713 0.743 0.710
BG 0.927 0.879 0.609 0.208 0.935 0.0670 0.0371 0.0408
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Appendix 3: The estimated models for the total number of scrapped vehicles

(€] 2 3 4 5 (6) @ 8
deregisteredM 0.931** 0.651*+* 1.026*** 0.969*+* 0.880*** 0.8971*+* 0.971%+* 0.97 1%+
(3.20) (5.54) (5.91) (29.99) (5.02) (5.49) (32.59) (32.59)
deregisteredN -0.383 -0.654 -0.507
(-0.23) (-0.31) (-0.34)
year 2009 -22400.3 -28545.3** -25627.3*** -19661.5 -20502.7 -25811.6***
(-1.25) (-2.91) (-5.89) (-1.58) (-1.78) (-6.44)
years 14 and
15 -11723.7*+* -11944.8** | -12091.5*** | -11809.6***
(-4.18) (-4.67) (-5.13) (-4.63)
years 14 and
15x
deregisteredM -0.323*** -0.330*** -0.330%**
(-5.12) (-5.68) (-5.68)
year 2009 x
deregisteredM -0.255***
(-6.44)
constant 2765.9 10674.0 3036.3 2698.7
(0.42) (1.55) (0.52) (0.50)
N 10 10 10 10 10 10 10 10
Adj. R? 0.951 0.840 0.993 0.994 0.959 0.965 0.995 0.995
R’ 0.973 0.875 0.996 0.996 0.972 0.976 0.996 0.996
DW 2.466 0.773 2.549 2.544 2.478 2.464 2.523 2.523
BG 0.200 0.116 0.158 0.154 0.188 0.246 0.212 0.212
Appendix 4: Material streams from de-pollution and dismantling re-use
Material 2016 2017 2018 2019 2020
Batteries 4.70 4.27 3.85 3.44 3.04
Liquids (excluding fuel) 10.58 9.62 8.67 7.75 6.85
Oil filters 0.25 0.22 0.20 0.18 0.16
Other materials arising from de-pollution (excluding fuel) 0.15 0.13 0.12 0.11 0.09
Catalysts 1.16 1.05 0.95 0.85 0.75
Metal components 179.57 163.17 147.18 131.53 116.18
Tyres 43.56 39.58 35.70 31.90 28.18
Large plastic parts 19.24 17.48 15.77 14.09 12.45
Glass 16.35 14.86 13.40 11.98 10.58
Other materials arising from dismantling 45.46 41.31 37.26 33.30 29.42
A. Re-use 321.0 291.7 263.1 235.1 207.7
Appendix 5: Material streams from de-pollution and dismantling recycling
Material 2016 2017 2018 2019 2020
Batteries 145.34 151.98 158.22 164.08 169.58
Liquids (excluding fuel) 94.54 98.86 102.92 106.73 110.31
Oil filters 5.38 5.62 5.85 6.07 6.27
Other materials arising from de-pollution (excluding fuel) 29.44 30.78 32.04 33.23 34.34
Catalysts 2.70 2.82 2.94 3.04 3.15
Metal components 2773.38 2899.96 3019.02 3130.88 3235.80
Tyres 549.07 574.13 597.70 619.84 640.62
Large plastic parts 407.30 425.89 443.38 459.81 475.22
Glass 319.45 334.03 347.74 360.63 372.71
Other materials arising from dismantling 363.82 380.43 396.04 410.72 424.48
B1. Recycling 4 690.4 4904.5 5105.8 5295.0 54725
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Appendix 6: Material streams from de-pollution and dismantling energy recovery

Material 2016 2017 2018 2019 2020
Batteries 0.00 0.00 0.00 0.00 0.00
Liquids (excluding fuel) 16.80 17.49 18.16 18.80 19.41
Oil filters 0.14 0.14 0.15 0.16 0.16
Other materials arising from de-pollution (excluding fuel) 0.37 0.39 0.40 0.42 0.43
Catalysts 0.00 0.00 0.00 0.00 0.00
Metal components 0.00 0.00 0.00 0.00 0.00
Tyres 74.79 77.89 80.86 83.71 86.44
Large plastic parts 122.64 127.72 132.60 137.28 141.76
Glass 0.00 0.00 0.00 0.00 0.00
Other materials arising from dismantling 172.86 180.03 186.90 193.50 199.81
C1. Energy recovery 387.6 403.7 419.1 433.9 448.0
Appendix 7: Material streams from de-pollution and dismantling disposal
Material 2016 2017 2018 2019 2020
Batteries 0.00 0.00 0.00 0.00 0.00
Liquids (excluding fuel) 13.00 12.50 12.08 11.74 11.48
Oil filters 4.18 4.02 3.89 3.78 3.69
Other materials arising from de-pollution (excluding fuel) 61.92 59.52 57.54 55.93 54.67
Catalysts 0.07 0.07 0.07 0.07 0.06
Metal components 0.29 0.28 0.27 0.26 0.26
Tyres 10.48 10.08 9.74 9.47 9.25
Large plastic parts 88.95 85.50 82.65 80.34 78.52
Glass 73.50 70.65 68.30 66.39 64.89
Other materials arising from dismantling 457.88 440.12 425.45 413.57 404.23
E1. Disposal 710.3 682.7 660.0 641.5 627.1
Appendix 8: Material streams from shredding recycling
Material 2016 2017 2018 2019 2020
Ferrous scrap (steel) 18251.1 18817.9 19363.8 19888.5 20391.9
Non-ferrous materials (aluminium. copper. zinc. lead. etc.) 836.6 862.5 887.5 911.6 934.7
Shredder Light Fraction (SLF) 307.9 317.4 326.6 335.5 343.9
Other 15.6 16.0 16.5 16.9 17.4
B2. Recycling 19411.1 20 013.9 20 594.5 21 152.6 21 688.0
Appendix 9: Material streams from shredding energy recovery
Material 2016 2017 2018 2019 2020
Ferrous scrap (steel) 0.00 0.00 0.00 0.00 0.00
Non-ferrous materials (aluminium. copper. zinc. lead. etc.) 0.00 0.00 0.00 0.00 0.00
Shredder Light Fraction (SLF) 0.00 0.00 0.00 0.00 0.00
Other 0.21 0.22 0.22 0.23 0.23
C2. Energy recovery 0.21 0.22 0.22 0.23 0.23
Appendix 10: Material streams from shredding disposal
Material 2016 2017 2018 2019 2020
Ferrous scrap (steel) 0.00 0.00 0.00 0.00 0.00
Non-ferrous materials (aluminium. copper. zinc. lead. etc.) 0.00 0.00 0.00 0.00 0.00
Shredder Light Fraction (SLF) 353.93 335.24 314.59 292.08 267.81
Other 289.51 274.23 257.34 238.92 219.07
E2. Disposal 643.44 609.47 571.93 531.00 486.88
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Udrzatelnost’ systému spracovania vozidiel po dobe zivotnosti v Slovenskej
republike a odhad prudov odpadov z prevadzky osobnych motorovych
vozidiel
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Suhrn

Osobné motorové vozidla maju pocas svojho Zivotného cyklu vyznamny vplyv na Zivotné prostredie.
V tomto &lanku sa zameriavame na odhad prudov odpadov zo spracovania vozidiel po dobe Zivotnosti
v Slovenskej republike. Vzhladom na relativne kratke historické ¢asové rady pri odhadoch pouzivame
kombinéaciu metéd predikcie ¢asovych radov a expertnych odhadov. Prudy odpadov prognézujeme spolu
s vyhladovymi trendami do roku 2020. Tam, kde to udaje umoZriuju, overujeme presnost predikcie
porovnanim so skuto¢nostou. NaSe zistenia potvrdzuju, Ze ak budu pokraCovat trendy z minulych rokov,
systém spracovania vozidiel po dobe Zivotnosti v Slovenskej republike bude spifiat ciele udrzatelnosti
EU &o sa tyka pomerovych ukazovatelov opétovného pouZitia, recyklécie a zhodnotenia. Okrem toho na
zaklade expertnych odhadov prinaSame prognézu prudov odpadov, ktoré sa rocne vyprodukuju pri
udrzbe osobnych motorovych vozidiel v Slovenskej republike.

Klicova slova: vozidla na konci Zivotnosti, prudy odpadu
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Method of determination of the boundary strength of
pressed sheets of car bodies for categories
from 1300 cm® to 1900 cm*®
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Slobody 17, 812 31, Bratislava, Slovakia

e-mail: iveta.onderova@stuba.sk, juraj.ondruska@stuba.sk,
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Abstract

Pressed steel sheets, in this case compacted vehicle bodies represent the structure diversity of the
non-homogeneous material. There is necessity to determine the shear strength for the development of
the construction of new processing equipment (cutting) of steel sheets. To calculate the shear strength it
is necessary to know the ultimate firmness of the material. For homogeneous materials this parameter is
normally available in the tables. The article discusses the experimental detection of boundary strength of
pressed metal of vehicle bodies. To gain some relevant statistical evaluation the samples of the car body
have been divided into three groups according to the engine capacity. The experiment was evaluated by
the following statistical methods, analysis of variance using the AIC criterion and Grubbs test for outliers.
According to the analysis of the measured parameters the resulting mathematical model, which is used
for determination of optimal values of boundary strength, has been established. The resulting
mathematical model can be used to determine the boundary strength, which serves as an input
parameter for the calculation of shear strength required for the development of new equipment designed
for the processing of scrap metal, with cutting.

Keywords: shearing machine, cutting force, old vehicle, ultimate strength, mobile and modular line

Introduction

Pressed steel sheets, in this case compacted vehicle bodies represent the structure diversity of the
non-homogeneous material. There is necessity to determine the shear strength for the development of
the construction of new processing equipment (cutting) of steel sheets. To calculate the shear strength it
is necessary to know the ultimate firmness of the material. For homogeneous materials this parameter is
normally available in the tables. The article discusses the experimental detection of boundary strength of
pressed metal of vehicle bodies. To gain some relevant statistical evaluation the samples of the car body
have been divided into three groups according to the engine capacity. The experiment was evaluated by
the following statistical methods, analysis of variance using the AIC criterion and Grubbs test for outliers.
According to the analysis of the measured parameters the resulting mathematical model, which is used
for determination of optimal values of boundary strength, has been established. The resulting
mathematical model can be used to determine the boundary strength, which serves as an input
parameter for the calculation of shear strength required for the development of new equipment designed
for the processing of scrap metal, with cutting.

Studies carried out in recent times unequivocally emphasize that the era of rich and relatively cheap
resources is coming to an end. Even today many companies face increases in the costs associated with
obtaining basic materials. The lack of raw materials and the cost instability connected with this has an
unfavourable impact on the development of the economy. There exist a number of ways to react to the
looming situation. The main method could be described as support for the effective usage of resources,
which enables the securing of higher value with lower outlays in order to use resources in a long-term
sustainable way and to reduce undesirable effects on the environment. If, therefore, waste is to be
accepted as a source of secondary raw materials which it will be possible to reintegrate into the
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economy, it will be necessary to devote constant attention to material recovery, which can contribute to
a significant degree to a reduction in the exploitation of primary raw materials and at the same time
provide new opportunities, among others those which may be considered as the most important, in other
words opportunities of an economic character. In my work | will concentrate in particular on the
reprocessing of old vehicles, with a concentration on the minimization of the volume of the chassis and
its handling from the very beginning right up to its dispatching for final processing. One part of the work
looks at facilities for the handling of the vehicle body, with the final share and the quality of the metal
waste conditioned by the requirements of the processors.

Experiment

In this section of the article | focused on the planning of an experiment whose goal is the
determination of the actual shear strength of presently operating facilities for shearing the chassis of old
vehicles. The entire section dedicated to the planning of the experiment can be divided into several
interrelated parts:

- Selection of experimental equipment
Description of the experimental equipment
Description of the principle of the experiment
Description of the experimental samples

Selection of experimental equipment Subchapter

The basic criterion for the selection of an experimental facility was the constructional composition of
the shearing equipment, which must correspond to the technical principle of shearing with inclined
knives. Another criterion was the availability of such a facility. Equipment from the Acros-Henschel
CIV600 firm satisfies the stated criteria.

Figure 1: CIV 600 Experimental equipment

Description of experimental equipment

A machine from the Acros-Henschel firm, the CIV 600, was selected to carry out the experiment. The
main criterion for the selection of this equipment was its constructional composition, which corresponded
to the desired technical shearing with inclined knives. A second but not less essential criterion was the
availability of this equipment. It is equipment designed for the complete processing of a variety of metal
waste and scrap.

Table 1:Basic dimensions of the CIV 600 machine

Basic dimensions of the CIV 600 machine

Length of the machine A 12 500
Width of the machine B 2 500
Height of the machine C 3355
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Principle of CIV 600 compacting

The basic principle is the hydraulic pressing of two wings which close into each other from the outer
side, creating inside a compressing chamber of a square shape. Movement of the compressing material
into the shearing area is managed by a hydrometer (sliding block), which is fitted in the back part of the
compacting area.

Principle of CIV 600 shearing

The shearer is manufactured as a massive cast, to which the knives are fixed at a certain angle since
it involves technological cutting with inclined knives. The machine allows for the setting of the shearing
gaps at optimal dimensions.

Principle of the experiment

The principle of the experiment consists in determining the actual shear strength during the cutting of
the compacted metal chassis of old vehicles. The monitored value of the experiment is the pressure in
the hydraulic valves necessary to deduce the power capable of shearing non-homogenous compacted
material. Another monitored value is the thickness of the compacted metals. In order to be able to
determine the shear strength with the deduced parameters it was necessary to perform the following
transformations of the values into Sl system units:

a) The calculation of the pressure for the force by the determination of the area of the hydraulic
cylinders on which the force acts. This is a basic calculation of the pressure for the force.

b) The compacting thickness determined from the value of the maximal lift of the hydraulic cylinders
and the subtracted value, which was measured with an interferometer.

Another parameters which influences the process of shearing non-homogenous metals from the
compacted bodies of the old cars is the cross section of the compactor, which changes in dependence
on the cutting point of the chassis. It can be assumed that at places with a reinforced body, the
compacted material too will be stronger. In order to obtain the most precise values possible for
a statistical evaluation, the cutting cycle used a span of 100 mm along the entire car chassis, the
smallest movement possible for the given experimental equipment.

All the monitored values can be visually checked on the display which is part of the equipment. From
the machine’s control unit these are copied onto a USB device. The visual control display is shown in
Figure 2, with the monitored parameters highlighted.

B == g 1ot
e R s st i s RS

Figure 2: Display of the CIV 600 experimental equipment for visual control of the monitored
parameters

Description of the experimental samples

Involved was a sample of the usual processing of the chassis of old cars, and so it is possible to claim
that the experimental sample fully corresponds to the actual portfolio of written-off vehicles destined for
processing in Slovakia.
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Figure 3: Experimental samples

Description of the experiment

The preparation of the vehicles was carried out in harmony with the standard usual in this authorized
company. This means that the samples were completely stripped so that it would be possible to run the
experiment according to the plan that was created on the basis of previous analyses. About 30 cuts were
made on each sample vehicle, with the cycle set at 100 mm. intervals. The experimental samples were
transported to the working premises by a scraper loader controlled by an employee of the company
where the experiment was carried out. After loading, the chassis was compacted under a previously set
pressure. The compacting pressure was set at a constant value. The criterion of pressure value was
defined with respect to the size and shape of the compacting area. After the compacting, the compacted
material is moved to the shearing space by a rear hydraulic block. The course of the pressures in the
hydro-motors of the shearing equipment during the shearing period was recorded. The shearing
thickness of the compacted material was recorded by means of laser interferometers built into the
machine. So the monitored values were the pressure during shearing and the corresponding thickness of
the sheared material. Both monitored values could be visually checked on the machine’s display and
were automatically recorded on a USB device. The final phase after the shearing was the delivery of the
outcome pieces to the sheared material stores.

Figure 4: lllustration of shear levels
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Assessment of the measurement of the boundary strength of the compacted
material

This part was focused on an assessment of the results of the experiment for finding the boundary
strength of non-homogenous compacted material. For the needs of my dissertation | will identify this
value with the sign 1w (boundary strength of the non-homogenous compacted material). In the
calculation of the actual boundary strength, | began with the generally known theoretic calculation of
shear strength.

a}
Fge = tgn TMP 1)

where :
ay [mm] is the thickness of homogeneous shear material
A [°] angle of inclination of the knife
mp [MPa] boundary strength for non-homogenous material

After the transformation of this relation for the conditions of the experiment, where we worked with non-
homogenous compacted material from the chassis of old vehicles, we obtained the following relation:

HZ
Fgr = tg_;\TMP (2)
then:
Fse.tgh
T™MP = S;I—zg (3)
where:

H [mm] is the thickness of the non-homogenous sheared material, measured value,
A - [°] angle of inclination of the knife, A = 10°,
Tmp [MPa] boundary strength for non-homogenous material

The thickness of the compacted material was calculated according to the following relation:
H = Hpy — Hp; (4)

where :

Hp, equals the value 618 mm, which represents the value of the movement of the clamper at zero
thickness of sheared material

Hp; is the monitored value of the movement of the pamper when shearing the experimental sample.

Hp, =618 mm

>i

~

Figure 5: Diagram of the principle of calculation of sheared thickness

As with samples 1, 2 and 3 | processed and assessed all measured results from the experiments for
all 10 experimental samples of the category of automobiles with a volume capacity of up 1300 cm?® to
1900 cm®. From the graphs shown above it follows unambiguously that with reducing thickness of the
compacted material the boundary strength of this non-homogenous material increases. This
phenomenon can be explained in the following way. The set pressure on the clamper is constant, in our
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case at a value of 320 bars, which represents 32 MPa. It can be explained simply that the clamper
compacts until it reaches precisely this value. The more plastic the compacted material, the more it
compacts, and accordingly the more its properties approach the properties of homogenous material.
Prior to the shearing phase, compacting of the chassis takes place by means of the clamper. The
compacting of the chassis itself is the process in which there occurs a random arrangement of the
individual particles of the car body. And this “chaotic” arrangement to a significant degree influences the
boundary strength typ of the sheared non-homogenous material.
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Figure 6: Dependency boundary strength - sheared thickness of sample 1
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Figure 8: Dependency boundary strength - sheared thickness of sample 3
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Statistical analysis of the range of boundary strength values of compacted
material in the category up 1300 cm?®to 1900 cm?®

A statistical analysis of the range of the boundary strength of the sheared material in dependence on
its thickness includes:
v" The resultant mathematical function describing the dependency between boundary strength and

sheared thickness for the individual volume categories and for all categories together.

v" A graphic illustration of the dependency between boundary strength and sheared thickness for the
individual volume categories and for all categories together.

v' Analysis of the results of the Grubbs test of outlying values

Tables of measured and calculated values for all experimental categories.

v A graphic illustration of the dependency between boundary strength and sheared thickness for the
individual samples.

v' Assessment of the executed statistical analyses.

<\

Resultant power function in the form:
y=ax" (5)
where : a, k — numerical values of the exponential equation
M A — result uncertainty.

The parameters of this function are stated in the following table 2.

Table 2: Parameters of this function

Equation Uncertainty
k
c M A
3 3 a 2.54 E4 2.54 E4
Up 1300 cm® to 1900 cm K 158 158

In table 2 are presented the real values of the resultant function for the dependency between
boundary strength and thickness of the sheared material for automobiles with an engine volume of up
1300 cm® to 1900 cm®.

Boundary strength - Thickness of the compacted metal [mm]
‘@
(a —
T 100
=
()]
[
L
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S 504
k=]
[
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o
@
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0 300

Thickness of the compacted metal [mm]

Figure 9: Dependence of boundary strength — thickness of sheared material for volume
capacities of up 1300 cm?®to 1900 cm?®
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Results of the Grubbs test of outlying values

The values of the measured thicknesses of the sheared material, along with the assigned calculated
values of boundary strength, were used as test input parameters. The thickness values were graduated
in 15 mm intervals. The thickness ranges that are not stated in the test results are homogenous, as
confirmed in the performed test. For the calculated ranges, the relevant maximum value and also the
alpha coefficient were determined. The maximum value is the outlying value and it may also be claimed
that it is an exceptional value. The alpha coefficient represents the probability that we are rejecting the
stated hypothesis. Essentially it is the probability of the occurrence of an outlying value in the given
category of sheared thicknesses.

Test results:

Automobile engine volume up 1300 cm® to 1900 cm®

Thickness range of the sheared material [mm]/ 25 — 55: max. value =162.05; alfa= 0.01
Thickness range of the sheared material [mm]/ 86 — 100: max. value =34.78; alfa= 0.01
Thickness range of the sheared material [mm] / 116 — 130: max. value =22.75; alfa= 0.05
Thickness range of the sheared material [mm] / 146 — 160: max. value =24.7; alfa= 0.01

The results of the differences between the different categories of each other:
Statistically significant differences are between 1900 cm?® and 1300 cm?®

For a thickness range of 86 — 100 mm, p <0.02

For a thickness range of 116 — 130 mm, p <0.02

Statistically significant differences are between 1900 cm® and 1300 cm® — 1900 cm?®

For a thickness range of 71 — 85 mm, p <0.05

For a thickness range of 116 — 130 mm, p <0.01

There are no statistically significant differences between categories up to 1300 cm?® and 1300 cm? to
1900 cm®.
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Figure 10: Dependence of boundary strength — thickness of sheared material for all cars
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Conclusions

The boundary strength of a material is easily accessed information for a material that is homogenous,
but | needed to know the boundary strength of compacted metal, which was a demanding task. Since the
tables that form a usual part of the life of every engineer did not help, | had to proceed with an
experimental determination of the boundary strength. In the first step it was necessary to experimentally
determine the size of the shear strength. In our work are a detailed description and a plan, as well as the
methods and equipment used in the performed experiment. The result of the experiment was the
determination of the shear strength necessary to cut the compressed metal. After further mathematical
calculations it was possible to find the boundary strength of the sheared material (a detailed method of
the calculation of the boundary strength is stated in the dissertation work). The results of the experiment
for measuring the shear strength as well as the boundary strength were assessed by the standard
methods. It was necessary to logically divide the sheared samples to achieve a reliable statistical
evaluation. After the division of the samples, 3 groups appeared, these being:

- Engine volume up to 1300 cm®

- Engine volume from 1300 cm® up to 1900 cm®
- Engine volume over 1900 cm®

In this paper | dealt exclusively with an assessment of the measured data in the category
up 1300 cm? to 1900 cm®.

Acknowledgments

The research presented in this paper is an outcome of the project No. APVV-16-0485 “ Biomass
compacting tools cast from the advanced wear-resistant cast irons“ funded by the Slovak Research and
Development Agency.

Literatura

CACKQ V.: OPTIMALIZACIA KONSTRUKCIE ZARIADENIA NA STRIHANIE KAROSERIi ZO
STARYCH VOZIDIEL. Dissertation. Slovak University of Technology in Bratislava, Bratislava, SR, 2015.

CACKO, Viliam - ONDEROVA, Iveta - SOOS, Lubomir - ONDRUSKA, Juraj - IZRAEL, Gregor.: Method
of determination of the boundary strength of pressed sheets of car bodies for categories to 1300 cm?®.
In: MM Science Journal. Vol. 2017, March (2017), s. 1798 — 1802. ISSN 1803-1269(P). V databaze:
SCOPUS.

SOBOTOVA, Lydia - DULEBOVA, Ludmila - GOMBAR, Miroslav - KMEC, Jan - BICEJOVA, Luba: The
evaluation of press-ability of thin steel sheets according to new criteria formability, In: Academic Journal
of Manufacturing Engineering. Vol. 11, no. 1 (2013), p. 114 — 118. - ISSN 1583-7904

GAJDOS, lvan - §OBOTOVA, Lydia: Recyklovanie plastovych odpadov zo starych vozidiel,
In: Ekotechnika. C. 1 (2010), s. 1 = 5. - ISSN 1337-0022 Spésob pristupu:
http://www.ecotechnika.sk/rocnik-2010.html.

Patronem tohoto ¢isla je Tyden vyzkumu a inovaci pro praxi a Zivotni prostfedi TVIP 2018, 6. — 8. 3. 2018, Hustopece
WASTE FORUM 2017, &islo 5, strana 4 76


http://www.ecotechnika.sk/rocnik-2010.html

Iveta ONDEROVA, Juraj ONDRUSKA, Viliam CACKO, Lubomir SOOS: Method of determination of the boundary
strength of pressed sheets of car bodies for categories from 1300 cm® to 1900 cm?®

Metoéda stanovenia medznej pevnosti lisovanych plechov karosérii pre

kategérie od 1300 cm® do 1900 cm?

Iveta ONDEROVA, Juraj ONDRUSKA, Viliam CACKO, Lubomir SOOS

Ustav vyrobnych systémov, environmentalnej techniky a manazmentu kvality, Strojnicka fakulta,
Slovenska technicka univerzita v Bratislave, Nam. Slobody 17, 812 31, Bratislava, Slovakia
e-mail: iveta.onderova@stuba.sk, juraj.ondruska@stuba.sk, vilo.cacko@gmail.com,
lubomir.soos@stuba.sk

Suhrn

Lisované ocelové plechy, v tomto pripade zhutnené karosérie vozidiel, predstavuju Strukturainu
diverzitu nehomogénneho materialu. Je nevyhnutné urCit pevnost v strihu pri vyvoji konstrukcie nového
spracovatelského zariadenia (rezania) ocelovych plechov. Na vypocet pevnosti v Smyku je potrebné
poznat’ konecnu pevnost’ materialu. Pre homogénne materialy je tento parameter zvyCajne dostupny
v tabulkach. Clénok sa zaoberé experimentalnou detekciou medznej pevnosti lisovanych kovov karosérii
vozidiel. Na ziskanie niektorého relevantného S$tatistického vyhodnotenia boli vzorky karosérie
automobilov rozdelené do troch skupin podfa objemu motora.

Experiment bol vyhodnoteny nasledujucimi Statistickymi metédami, analyzou rozptylu s pouZitim
kritéria AIC a Grubbsovym testom pre odlahlé hodnoty. Podla analyzy nameranych parametrov bol
stanoveny vysledny matematicky model, ktory sa pouZiva na stanovenie optimalnych hodnét hrani¢nej
sily. Vysledny matematicky model sa mbze pouZit na stanovenie hrani¢nej sily, ktora sluzi ako vstupny
parameter pre vypocet pevnosti v Smyku poZadovanej pre vyvoj nového zariadenia uréeného na
spracovanie Srotu strihanim.

Kracové slova: strihadlo, strizna sila, staré vozidla, maximalna strizna sila, mobilna a modularna linka
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Souhrn

Jednym z najdélezitejSich environmentalnych problémov dneSného zlievarenstva je efektivna
a ucinna recyklacia formovacich zmesi, ktorych hlavnu zlozku, az 95 %, tvori kremicity piesok.
Celosvetovo zlievarensky priemysel produkuje miliobny ton réznych druhov priemyselnych odpadov,
pricom viac ako 70 % z tychto odpadov, ktoré st zneSkodriované na skladkach, tvoria prave pouZité
formovanie zmesi. S ciefom zvySit rozmerovu presnost a kvalitu povrchu odliatkov sa v ostatnom obdobi
stale viac uplatriuja pri vyrobe foriem a jadier chemicky spevriované formovacie zmesi. Ich SirSie
vyuZivanie vSak prinasa mozné ekologické rizikd spojené tak sich regeneraciou ako aj so
znesSkodriovanim alebo recyklovanim po ich pouZiti.

Prispevok uvadza vysledky vyskumu zameraného na overenie mozZnosti regenerovania ostriva
modernych samotuhnucich zlievarenskych formovacich zmesi so spojivovym systémom na baze fenol-
formaldehydovych Zivic vytvrdzovanych esterolom aplikaciou tzv. mokrého procesu a Studium vplyvu
regenerovaného ostriva na mechanickych vilastnosti formovacich zmesi.

Vysledky ukazali, Ze v prostredi vody spojivovy systém zmesi podlieha degradacii a samotny polymér
désledkom mechanického mieSania vstupuje do roztoku s vodou a da sa zo zmesi odstranit v podobe
vyplavitelnych latok alebo vyluhu. Testovanie formovacich zmesi s obsahom 20 % regenerovaného
ostriva pri vyrobe jadier v priemyselnych podmienkach ukéazalo, Ze tieto jadra vykazovali lepSiu
oteruvzdornost’ pri zakladani do foriem a menS$iu nachylnost’ ku poSkodeniu nez jadra vyrobené zo zmesi
S novym pieskom.

Kldcoveé slova: zlievarenska formovacia zmes, chemicky spevriovana, fenol-formaldehyd, kremicity
piesok, recyklacia, mechanické vlastnosti.

Uvod

Jednym z najdélezitejSich environmentalnych problémov dneSného zlievarenstva je efektivna
a ucinna recyklacia formovacich zmesi, ktorych hlavnu zlozku, az 95%, tvori kremicity piesok SiO,.
Celosvetovo zlievarensky priemysel produkuje milidony ton réznych druhov priemyselnych odpadov. Viac
ako 70 % z celkového mnozstva tychto odpadov, ktoré su zneSkodnované na skladkach, tvoria pouzité
formovanie zmesi, ktoré je vS8ak mozné dalej regenerovat, aby sa po uUprave technologickych viastnosti
dali opatovne pouzit vo vyrobnom procese. Odhaduje sa, Zze vyroba 1 tony ocelovych odliatkov
predstavuje sucasne produkciu 0,8 — 1 tony pouzitych formovacich zmesi. V roku 2016 svetova
produkcia odliatkov odlievanych do chemicky speviiovanych zmesi dosiahla priblizne 30 miliénov ton,
potom s odhadovanou mierou recyklacie asi 40 — 50 % mozno predpokladat, Zze kazdy rok sa asi 15 —
18 miliénov ton pouzitych formovacich zmesi zneskodfuje alebo spractiva mimo zlievarensky sektor™.
Situacia v EU je este nepriaznivejSia, pretoze miera recyklacie sa pohybuje na Urovni iba 2 — 10 %.
Podla platnej environmentalnej legislativy je zneSkodrovanie poslednou, najmenej Ziaducou alternativou
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nakladania s odpadom a to hned z niekolkych dévodov: vysoké naklady na jeho zneSkodnenie, nevratna
strata piesku ako suroviny alebo administrativne opatrenia.

V minulosti sa chemicky speviiované zlievarenské formovacie zmesi pouzivali prevazne na vyrobu
jadier, ale v ostatnom obdobi sa stale viac uplatfuju aj vo vyrobe samotnych foriem s cielom zvysSit
rozmerovu presnost a kvalitu povrchu odliatkov. Ich SirSie vyuzivanie vSak prinasa mozné ekologické
rizika spojené rovnako s regeneraciou, ako aj so zneSkodnovanim alebo recyklovanim materialu foriem
a jadier po ich pouZiti. Dnes sa v zlievarenskej praxi uspesSne presadzuju samotuhnuce formovacie
zmesi so spojivovym systémom na baze fenol-formaldehydovych Zivic vytvrdzovanych esterolom
v literatire zname ako STFE zmesi. Zakladom spojivovej sustavy je alkalicky fenolicky rezol s hodnotou
pH vySSou ako 7, u ktorého su vodikové atémy hydroxylovej skupiny nahradené atomami alkalického
kovu Ca, Na a pod. Druha Cast systému, ester je produktom reakcie karbonovej kyseliny a jedno- alebo
viacmocného alkoholu. Vytvrdzovacia reakcia prebieha dvojstuprfiovo, pricom najskér déjde k prvému
zosietovaniu, pri ktorom vznika nestabilna fenolicka zivica, soli alkalickych kovov a alkohol.
K sekundarnemu vytvrdeniu potom dochadza ucinkom tepla pri odlievani, kedy sa forma alebo jadro
este viac spevnia a aZ v dalSej faze déjde k rozkladu a rozpadu spojiva® °.

Tieto zmesi maju vyhodné technologické zlievarenské vilastnosti, vyznacuju sa nizkym vyvinom
zapachu, dymu a absenciou SO, v exhalatoch pri odlievani* °>. Samotna Zivica je rozpustna vo vode bez
potreby organickych rozpustadiel a prisad redukujucich viskozitu, o je prinosom pre hygienu prace®.
Literatura uvadza informacie o moznosti priemyselného regenerovania ostriv STFE zmesi, spravidla
mechanickou alebo tzv. teplou cestou, ale autori upozornuju na vysoké obstaravacie a prevadzkové
naklady, potrebu 3pecidlnych zariadeni, hromadenie sa alkalickych soli v cirkulujicom ostrive
a produkovanie rizikového odpadu® " 8. Prispevok sa orientuje na overenie moZnosti regenerovania
ostriva tzv. mokrym procesom, pri ktorom zvySky spojiva odstrafiované pranim prechadzaju do vodného
roztoku.

Experimentalne prace

Pre experimentalne prace sa zvolil material zlievarenskych foriem vyrobenych zo samotuhnucej
zmesi typu STFE so spojivovym systtmom na baze fenol-formaldehydovej zivice PF SL-ST
vytvrdzovanej pridavkom esterolu. Formovacia zmes sa pripravovala v davkach na kolesovom miesic€i
tak, ze v prvej faze sa suchy kremicity oceliarsky piesok S22 s vihkostou pod 0,5 % premieSaval po
dobu 2 minut so Zivicou a 1 minutu s vytvrdzovadlom. V praxi sa osvedcilo davkovanie 2,5 | zivice a 0,67
| esterolu na 97 kg piesku. Takto pripravena formovacia zmes je spracovatelna pri teplote 20 °C do
6 minut s uplnym vytvrdenim do 15 minut a pri teplote 25 °C do 12 minut.

O spravani sa polyméru daného spojivového systému v prostredi vody literatira neposkytla
pouzitelné informacie. V prvej etape prac boli preto vzorky zmesi podrobené vybranym Standartnym
skuskam formovacich zmesi podfa STN 721078 na zistenie obsahu vody a vyplavitelnych latok, t.j.
Castic menSich ako 0,02 mm prilepenych na povrchu zfn ostriva odstranitefnych sedimentacnou
skuskou. Tieto skusky boli doplnené meranim tvrdosti vzoriek materialu pouzitych foriem, ktoré boli po
uréitt dobu Uuplne ponorené do vody, a vzoriek z Cerstvej zmesi. Ku skuSkam obsahu vody
a vyplavitefnych latok sa pripravili vzorky piesku S22, vzorky z €erstvej zmesi cca 1 hodinu po ukon&eni
mieSania a z materialu pouzitych foriem, ktoré boli po odliati skladované 1 tyzden v prostredi haly
Zlievarne s relativnou vlihkostou okolo 40 %. Vzorky materialu pouzitych foriem boli odobrané z miest
foriem vzdialenych od povrchu odliatku viac nez 50 mm a rozdrvené na fragmenty s rozmermi max.
2 mm. Skuska obsahu vody sa robila tak, Ze navazka 50 g zmesi alebo piesku sa po 2 hodinach susenia
v peci pri teplote 110 £ 5 °C odvazila a z rozdielu hmotnosti sa urcil obsah vody.

Zistovanie obsahu vyplavitefnych latok spocivalo v priprave navazky 50 g vopred vysusenej zmesi pri
teplote 110 £ 5 °C po dobu 2 hodin, jej zaliatie 200 ml vody s pridavkom 10 ml 1% roztoku NaOH, var po
dobu 10 minut a mixovanie po dobu 10 minut. Takyto postup sa pouZil iba v pripade piesku. Pri
skuSkach materialu z pouzitych foriem sa zamerne upustilo od vstupného susenia, varu a pridania
NaOH, aby sa vylu€ili ich mozné dbésledky na spojivovy systém, kedze takéto faktory sa poclas
skladovania nebudu uplatiiovat’ a vzorky sa pri skuske podrobili iba mixovaniu, Standarthému postupu
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sedimentacie a zavereénému vysuSeniu. Pri orientacnych skuskach sa vSak nepreukazal vplyv varu
a pritomnosti NaOH na zisteny obsah vyplavitelnych latok. Na overenie vplyvu réznej doby pbsobenia
vody na zmes sa pripravilo celkove 10 navazok po 50 g, ktoré sa zaliali 200 ml destilovanej vody,
z ktorych dve sa ihned podrobili skudke a zvysné 4 dvojice po uplynuti 1, 2, 4 a 6 hodin.

Vychodiskovl informaciu o vplyve vody na spojivovy systém poskytli skusky tvrdosti vzoriek
z materialu foriem po odliati, potom €o boli po dobu 0, 1, 4 a 6 hodin celé ponorené vo vode. Vzorky boli
vyrezané z hladkych Casti vonkajSieho povrchu foriem, ktoré boli po odliati skladované v suchu. Na
kazdej vzorke po stanovenej dobe zotrvania vo vode sa urobilo 5 merani tvrdosti. Skuska tvrdosti sa
uskutoénila tvrdomerom HUF1, ktorého &innost je zaloZzena na merani hibky vniku tladeného telieska
s priemerom @ 5 mm s gulovym ukonéenim silou 1 N do povrchu formy. Nulova hibka vtlagenia
zodpoveda hodnote tvrdosti 100 j.t. a vnik do hibky 3 mm nulovej hodnote tvrdosti formy. Zistené stredné
hodnoty tvrdosti v j.t., obsahu vody a obsahu vyplavitelnych latok v hm. % su uvedené v tabulke 1.

Taburlka 1: Zistené obsahy vody, vyplavitel'nych latok a tvrdosti

Material Plsegg K Czer:]s(:\s'é Zmes z pouzitych foriem
Vydrz vo vode (hod) — 0 0 1 2 4 6
Vyplavitelné latky (%) 0,1 1,8 1,6 1,6 1,8 | 1,9 1,9
Tvrdost (j.t.) — 100 100 98 96 94 | 93-91
Obsah vody (%) 0,2 0,8 0,2 (pred skuskou vo vode)

Pouzita Zivica PF SL-ST je dodavana ako vodny roztok fenol-formaldehydu s obsahom vody 42 az
54 %, v danom pripade podfa dodacieho listu obsahovala 46 % vody. Pri davkovani 2,5 | Zivice s 0,6 |
esterolu tieto spolu vnesu do 97 kg piesku 3,1 | zloziek spojiva vratane 1,15 % vody v zivici, ¢o
predstavuje priblizne 1,9 kg vlastného spojiva. Pri 97 kg piesku vniesla Zivica do spojivového systému
1,15 % vody, €o spolu s obsahom vody 0,2 % v samotnom piesku predstavuje 1,35 % vody. Rozdiel
0,55 % medzi vnesenym obsahom vody, t.j. 1,35 %, a maximalnym odparenym 0,8 % (tabulka 1) je
mozné vysvetlit tym, Ze po uUniku alkoholu &ast vody zostadva v zmesi viazana v spojivovom systéme
a tiez v podobe alkalickych soli. Obe zlozky, Zivica 2,5 | a esterolu 0,6 |, v mnozstve cca 3,1 % vytvorili
vo formovacej zmesi spolu s obsahom vyplavitefnych latok 0,1 % vo vychodiskom piesku (tabufka 1)
spojivovy systém, v ktorom zastupenie suSiny spojiva je priblizne 2 %. Ak tuto hodnotu porovnavame so
zistenymi obsahmi vyplavitelnych latok vzoriek zmesi v tabulke 1, je zrejmé, Ze prevazna vacsina susiny
zo spojivového systému, 80 az 95 %, sa odstranila zo zmesi vystavenej pésobeniu vody 0 az 6 hodin
v podobe vyplavitelnych latok. Za pdsobenia vody iba po dobu samotnej skusky dosSlo ku vyplaveniu cca
90 % spojiva z Eerstvej zmesi a 80 % z tyZdeh skladovanych foriem.

Vysledky skuSok tvrdosti zmesi uvedené v tabulke 1 ukazali, ze degradacia vlastnosti spojiva nastava
uz po 2 az 4 hodinach pésobenia vody. Po viac nez 6 hodinach zotrvania vzoriek vo vode uz merania
tvrdosti poskytovali nekorektné hodnoty. Pri overovani dbsledkov pésobenia vody sa zistilo, Zze 1 kg
suchej zmesi je schopny absorbovat 0,3 | vody® '° a tato vsiaknuta voda uZ po 2 hodinach pésobenia
zaisti Ziaducu uc€innost vyplavovania spojiva. Skusky obsahu vyplavitelnych latok, u ktorych sa
skracovala doba mixovania postupne z 10 na 5, na 2,5 minuty az na nulu, kedy sa zmes s vodou iba
mierne premiesala, ukazali, Ze ucinnost vyliUhovania zavisi hlavne od poctu cyklov sedimentacie a ovela
menej od doby a intenzity mieSania. Rozhodujucu ulohu ma pritom doba zotrvania materialu foriem vo
vode, ktora by mala byt pre dosial testované zmesi 2 hodiny. U takto pripravenych zmesi skracovanie
doby mieSania z 10 minut na 2,5 minuty neviedlo ku preukdzatelnému poklesu mnozstva vyplavitelnych
latok. Ukazalo sa tiez, Ze postaCuje aplikovat iba jedno mixovanie zmesi po dobu 2,5 minuty na zaciatku
pred prvou sedimentaciou a pri dalSich cykloch sedimentacie postacuje vzorku po zaliati vodou iba
premieSat. Overovala sa tiez moznost ziskania vyluhu bez mixovania iba s naslednou viacnasobnou
sedimentaciou, kde sa ocCakavalo uvolnenie spojiva v priebehu drvenia materialu foriem. Ziskané
vysledky su zachytené na obrazku 1.
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Zistenie, ze uz pri drveni foriem dochadza ku uvolneniu vacsiny spojiva, je v sulade s predpokladanym
poklesom adhézie spojiva s povrchom zfn piesku po 2 hodinach pdsobenia vody na material foriem. Napriek
tomu vysledky poukazuji na vhodnost jednorazového kratkodobého mixovania, teda intenzivneho
premieSavania, pri ktorom sa jednotlivé zrna ostriva vzajomne otieraju aspori pred za¢atim cyklu sedimentacii.
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Obrazok 1: Zavislost’ obsahu vyplavitelnych latok od poc¢tu sedimentacnych cyklov
s aplikovanim mixovania a iba s mokrym drvenim

Vysledky ukazali, Ze v prostredi vody spojivovy systém danej zmesi podlieha degradacii, a hlavne, Ze
samotny polymér désledkom mechanického mieSania vstupuje do roztoku s vodou a da sa zo zmesi odstranit
v podobe vyplavitelnych latok alebo vyluhu. Uz uvodné experimenty vyhladavacieho charakteru poukazali, ze
vyluhy maju charakter velmi zriedenych vodnych koloidnych roztokov, ktoré je potrebné pokladat za
nebezpetny odpad. Laboratérne sa overila moznost ziskania susiny spojivového systému odparenim vody
s naslednym zneskodnenim horfavej susiny spalenim. Mnozstvo susiny ziskané z vyluhu bolo vzdy priblizne
010 % menSie nez teoreticky oCakavané podla zisteného mnozZstva vyplavitelnych latok a po spéleni sa
mnozstvo ziskaného popola pohybovalo okolo 12 % Ccistej hmotnosti susiny. Napriek priaznivej technologickej
a ekologickej charakteristike Ukonov regenerovania ,mokrou cestou®, akymi su ziskanie vyluhu, spalenie
susiny, odstranenie popola a vysuSenie regenerovaného ostriva, realnost’ zavedenia testovaného postupu
spochybriuje potreba energeticky naroéného odparenia velkého mnozstva vody z vyluhu.

Skusky formovacich zmesi

Pre zistenie vlastnosti regenerovanej zmesi sa pripravili v pieskovom laboratériu standartné skusobné
telieska podla CSN 721077 na skusky fyzikalnych a mechanickych vlastnosti — val€eky ¢ 50 x 50 mm,
hranolCeky R11 x 22 x 172 mm a tzv. osmickové telieska na skusky tahom (obrazok 2).
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$50°% | 22

a b c

Obrazok 2: Normalizované skisobné telieska CSN 721077: a — skusobny valéek; b — skisobna
osmicka; ¢ — skusobny hranoléek
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Skusky pevnosti v tahu a v ohybe sa uskuto€nili na univerzalnom pevnostnom pristroji LRu a skusky
priedudnosti na pristroji LPIiLR1. Ku experimentom sa pripravili tri formovacie zmesi, a to s pouzitim
nového ostriva (0 %) a s pouzitim dvoch regenerovanych ostriv so zvySkovym obsahom spojiva 25
a 10 %. Namerané hodnoty priedusnosti, pevnosti v ohybe a pevnosti v tahu vratane aritmetického
priemeru vypocCitaného z nameranych hodnét su uvedené v tabulke 2.

Tabul'ka 2: Namerané hodnoty priedusnosti, pevnosti v ohybe a pevnosti v tahu

Obsah & priedusnost’ v ?/e(;,r?;bs(: 5 pevnost’ 5

zvyskového vzo;ky Vv l.p.SI o [MPfa] v tahu g, [MFt>a]
spojiva li.p.SI] -P- [MFga] [MPa]
0% Al 200 9.08 0.397

(nové) A2 390 280 7.25 7.78 0.402 0.398
A3 250 7.01 0.395
B1l 390 11.27 0.591

25% B2 200 260 11.96 10.73 0.565 0.505
B3 190 8.96 0.359
C1 350 10.38 0.412

<10% C2 180 250 11.47 10.42 0.537 0.461
C3 220 9.42 0.435

Ako vyplyva z tabulky 2, hodnoty priedusnosti zmesi z nového a regenerovaného ostriva sa velmi
neliSili a zistené rozdiely sa pohybovali v rozsahu obvyklych tolerancii merania. Pokles priedus$nosti
zmesi s pouzitim regenerovaného ostriva bol v sulade s oCakavanim, v rozpore s oakavanim bola
nizSia hodnota priedusnosti u zmesi s 10% zvySkovym obsahom spojiva, ktorid mozno vysvetlit' tym, Ze
po odchode povrchovych vystupkov spojiva dochadza ku tesnejSiemu styku zfn ostriva. Velkym
prekvapenim boli vysSie hodnoty ohybovej a tahovej pevnosti zmesi pripravenych z regenerovaného
ostriva ato najma v pripade ostriva s 25 % zvySkového spojiva, ked tuto skutoCnost potvrdili aj
opakované skusky. Zistené vysledky mézeme vysvetlit tym, Ze na regenerovanom ostrive ostali zvysky
spojiva, ktoré sa aditivhe spolu s novym spojivom podielali na vyslednych mechanickych vlastnostiach.

Testovanie vlastnosti regenerovaného ostriva vo vyrobnych podmienkach

V tejto faze sa testovali vlastnosti formovacich zmesi pripravenych z regenerovaného ostriva so
zvyskovym obsahom 20 % pripraveného z vlastnych pouzitych foriem a pre porovnanie bola pouzita
zmes s novym kremicitym pieskom. Formovacie zmesi sa pripravovali na kolesovom miesici. Ako prvy
sa daval kremenny piesok S22 alebo regenerované ostrivo, nasledne sa pridala fenol-formaldehydova
zZivica typu Bakelite PF6290GN v mnozstve 2.5 | na 97 kg a nakoniec vytvrdzovadlo typu Bakelite
PF6142H v mnozstve 0.67 | na 97 kg. Formovacia zmes bola pouZitd na vyrobu jadier i foriem, do
ktorych sa odlievala ocel alebo liatina s guf6ckovym grafitom. Po odliati a vychladnuti sa z foriem uvornili
surové odliatky, u ktorych sa ihned’ posudzovala dosiahnuta kvalita povrchu. Je mozné konstatovat, ze
u odliatkov neboli zistené rozdiely v kvalite povrchu ani odliSnosti vo vyvoji plynov pri odlievani. Vyrobca
odliatkov zvlast ocenil pouZitie regenerovaného ostriva na vyrobu jadier pouzitych vo formach pre
odlievanie roStov zo ziaruvzdornej ocele. Testované jadra vykazovali lepSiu oteruvzdornost’ pri ich
zakladani do foriem a menSiu nachylnost ku poSkodeniu nez jadra vyrobené zo zmesi s novym pieskom.
U vyrobenych odliatkov bola subjektivne zistena vysSia akost povrchu odliatkov a dier, ktord je mozné
vysvetlit vy$8im podielom organickych latok v zmesi, pretoZze polymérne spojivo plni rovnaku funkciu pri
zlepSovani akosti povrchu ako pomocné latky v bentonitovych zmesiach, napr. dextrin alebo grafit.
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Zaver

Napriek znamej odolnosti polymérnych spojivovych systémov vodi navihavosti materialu foriem,
uskutoCnené experimentalne prace ukazali, ze skimany spojivovy systém pri dlhodobom pdsobeni vody
podlieha degradacii a samotny polymér je mozné z materialu foriem prakticky Uplne odstranit v podobe
vyplavitelnych latok alebo vyluhov, ktoré maju charakter koloidnych roztokov. Je zrejmé, ze
mechanizmus odstrafiovania spojiva zo zfn ostriva ich vzajomnym dynamickym p&sobenim vyZaduje
intenzivny mieSaci pohyb — mixovanie. Pre praktické vyuzitie by to vyzadovalo vyrieSenie otazky
Zivotnosti extrémne namahanych materialov miedacej vrtule ako aj samotnej nadoby mieSaca. Nizku
ucinnost’ vyplavovania sedimentaciou je mozné vysvetlit tym, Zze po mixovani obsahuje vyluh sice
maximalne mozné mnozstvo Castic spojiva, ale usadzujici sa piesok so sebou strhava vela spojiva do
usadeniny. V idealnom stave bez strhavania spojiva zrnami ostriva by vyluh odsaty po prvej sedimentacii
mal obsahovat' 75 % spojiva, ¢o predstavuje 1,9 % vyplavitelnych latok. V skutoénosti vo vyluhu po prvej
sedimentacii sa nachadza tretina az polovica z celého mnozstva spojiva.

Overovanim funkcie mixovania pri oddelovani spojiva zo zfn ostriva ich vzajomnym oterom vo vode
sa ukazalo, Ze dynamické pOsobenie je mozné nahradit pomalym oterom za pomerne malého tlaku.
Skuto€nost, Ze jednoduchym oterom, & uz suchym alebo mokrym postupom, je mozZné odstranit
z povrchu ostriva vacsinu spojiva sa da vysvetlit tym, Zze zrnka kremicitého piesku su obalené velmi
tenkou vrstvickou polarne viazanej vody, ktora zabranuje priamemu adhéznemu spojeniu polyméru so
samotnym SiO, zrniek ostriva.

Zavedenie regeneracie kremicitého piesku z formovacich zmesi s polymérnymi spojivami méze byt
napriek vysokym nakladom na samotny proces ekonomicky opodstatnené, ak sa sucCasne eliminuje
tvorba rizikovych odpadov a s nimi spojené naklady na ochranu Zivotného prostredia.
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Summary

One of the most important environmental issues of foundries today is the efficient and effective recycling
of the moulding sands which consist of the silica sand up to 95 %. In the world, the foundry industry
produces millions of tonnes of various kinds of industrial waste. More than 70 % of that waste, which is
disposed of in landfills, has made up the spent moulding sands. To increase the dimensional accuracy
and surface quality of castings recently the chemically hardened moulding sands are increasingly
applied in producing of moulds and cores. Their extended application, however, has entailed the
potential ecological risks related to reclamation as well as to disposal or recycling of the used moulds
and cores materials.

The paper presents results of experiments focused on (1) the wet reclamation of the chemical bonded
self-hardening mould sands with a bonding system based on the phenol-formaldehyde resin hardened
by an addition of esterol and (2) studying the properties of the mould sands produced from the reclaimed
sands. The experiments showed the mould sands can degrade after long-run water acting, and a
polymer can be eliminated as drift substances or a leach. In comparison to cores produced from new
sands, the cores made from the reclaimed sands exhibited the better wear resistant at inserting into the
mould, and the surface quality of castings and holes was also higher.

Keywords: Foundry mould sands, chemical bonded self-hardening, phenol-formaldehyde resin, silica
sand, reclaimed sands, mechanical properties.
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Summary

EU directives require from EU Member States to increase their share of energy production from
renewable sources and waste and follow the line waste-fuel-energy. In the "Waste Management Plan of
the Slovak Republic (SR) 2016 — 2020", the strategic objective of waste management of the SR remains
a major diversion from waste disposal by landfilling, especially by landfilling of municipal waste. This type
of waste represents the greatest potential for energy recovery. In the SR, the year 2013 saw about 10 %
of municipal waste energy outsourced, but 69 % landfiled. One alternative technology for energy
recovery from waste is gasification, from which the produced synthesis gases can be used as alternative
fuels for combustion engines and via the CHP technology in cogeneration units they are able to produce
electric and thermal energy.

The presented article analyses the power and economic characteristics of the internal combustion
engine propelled by various kinds of synthesis gases, which represent different gasification technologies
of municipal waste. The lower calorific value of the selected and impurified gases ranges between 6 and
16 MJ.kg™. Three various compositions of synthesis gases, designated as G1, G2 or G3, give an idea of
the influence of various gas components, in other words, of the influence of gas production technology
settings on the overall achieved parameters of an engine or a cogeneration unit.

Keywords: combustion engine, energy recovery, municipal waste, synthesis gases

Introduction

Process gases of organic origin based on CO, H,, CH, and possibly other components, are referred
to in the article as process-synthesis gases (also referred to as synthesis gases or syngas). They are the
product of biomass gasification (wood, pulp, straw, etc.) and waste that allow such processes (e.g. used
tires) and they are CO, neutral. Gasification appears to be an effective alternative to conventional
incineration in waste incinerators. The usual composition of the basic components of synthesis gas
(% by volume) from different gasification technologies can come as follows: H, 5 — 25 %, CO 10 - 40 %,
CO, 0-30 % and CH,4 0 — 20 %. The rest is nitrogen, water vapour, tar, solid particles, benzene and
other aromatic compounds. After purification, the composition of synthesis gas from municipal waste
under gas-assisted plasma-gasification can consist of gases such as CO 59 — 62 %, H, 17 — 15 %, the
rest is CO, 24 — 23 %. In general, depending on the gasification technology used, and specific conditions
for parameter setting, we can produce a rather wide range of synthesis gases of various composition.
The components which cause great problems when combusted in the combustion engine are in
particular tars, which can be represented in the synthesis gases at the outlet of the gasification reactor or
at the inlet to the combustion engine only in very small amounts. Certain research sources state the
maximum permitted amount of tars in the synthesis gas for combustion in combustion engines up to
0.1 vol. % or up to 10 mg/Nm?®. In Europe, the development of distributed energetics based on waste
gasification is mainly addressed in Denmark, Germany and Spain. The operation for gasification of
biomass, closest to Slovakia, is located in Austria, in Strem village near Gussing. After being cooled, the
produced gas is purified and incinerated in the gas combustion engine of a cogeneration unit. The plant
produces the output of 2 MWe and the heat output of 4.5 MWt. The electrical efficiency is 28 % and the
thermal efficiency is 56.3 %. The total energy efficiency is 84.3 %. The operation is equipped with MAN
supercharged combustion engines.
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Combined production of electricity and heat (CHP) from renewable energy sources (RES) is currently
supported by the EU Framework Program for Research and Innovation - Horizon 2020. In Slovakia (SR),
the use of RES is supported by Government documents™?* and EU Directives®. These stipulate for SR
the share of energy from RES of 14 % to 2020 (in 2015 it was 13 %). The use of RES contributes to the
reduction of greenhouse gases in the atmosphere, which is also the objective of the Climate Agreement®.

Effective material and energy recovery from raw materials and wastes, development of new
machinery and nodal designs for the treatment and recovery of waste, as well as applications of
combustion engines, focusing on energy utilisation from alternative fuels, have been researched into at
the Faculty of Mechanical Engineering of STU for two decades. So far we have analysed the effect of
approximately 50 different synthesis-gas compositions on the overall parameters of the combustion
engine, or cogeneration unit. The composition of these gases corresponded in particular to the
composition that can be obtained by gasifying municipal waste, as mentioned in various publications®’?®.
In Slovakia, there is currently no power plant for the recovery of energy from municipal waste by this
technology. Although there were only about one hundred such plants in the world (2012), this waste-
treatment technology, in terms of cost, reliability and operational flexibility, suggests that gasifying will
become the future waste management strategy or at least it will be a strong competitor of classic
combustion®.

Experimental results

The presented paper compares the parameters of combustion engine powered by natural gas (NG)
as reference fuel, with the parameters of combustion engine powered by different synthesis gases. The
properties are shown in Table 1. Synthesis gases G1, G2 and G3 were selected as representatives of
different municipal waste gasification technologies. According to their weight lower heating values (LHV),
these gases can be classified as low-energy (G1 — 6565 kJ.kg™), medium-energy (G2 — 11307 kJ.kg™)
and high-energy synthesis gases (G3 — 16031 kJ.kg™). The lower heating value of gas produced from
standard municipal waste in the EU is around 10 — 12 MJ/kg. The utilisation of such gases as alternative
fuels for combustion engines or cogeneration units is in the Slovak Republic at its beginning as to
acquisition of knowledge from research and practical applications. In total, about 65 % of the energy
contained in the waste can be converted into synthesis gas '°. The parameters of the combustion
engine, thus also the parameters of the cogeneration unit, are primarily influenced by the volume heating
value of the stoichiometric mixture (LHVmixwure, Table 1) of the given gas with air and by the character of
the combustion of such a mixture in the combustion chamber of the engine. Catalyst technology can be
used to significantly reduce harmful emissions, moreover, carbon dioxide generated by combustion of
synthesis gases is environmentally neutral.

The experimental results were obtained by measuring the Lombardini LGW 702, two-cylinder,
naturally aspirated, spark-ignition gas engine, the basic data of which are given in Table 2. The
advantage of such a small-stroke volume engine is relatively low gas consumption and hence reduced
cost of providing synthesis gases of the desired composition. The results obtained can be applied to
high-volume combustion engines with relatively good match. The measured results are processed in
a tabular and graphic form. In Table 3, depending on the engine speed (n) the following parameters are
given: the power parameters, i.e. torque (M,) and engine power (P, ) and the economic parameters which
include the volume (Myrp) and hourly (My) fuel consumption respectively as well as the brake specific
fuel consumption (bsfc) and its corresponding total or effective efficiency (n.) of the engine. The results
from Table 3 are graphically processed into the engine speed characteristics in Figure 1 through to
Figure 4. By comparing the power parameters listed in Figure 1 and Figure 2, we can see that,
compared to natural gas, they have dropped by 9 % at 1500 min™ for G3, by 22 % for G2, and by 34 %
for G1 and the situation is similar in the entire engine speed range. This occurs not only due to different
heating values of the stoichiometric mixture, but it occurs due to various amounts of inert gas (CO, + N,
60 % by volume at G1, 45 % by volume at G2 and 31 % by volume at G3) in the specific synthesis gas.
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Table 1: Basic selected properties of natural gas (NG) and synthesis gases (G1, G2, G3) with
lower heating value (LHV) in the range of 6 — 16 MJ/kg
The gases are ranked upward by volume heating values (LHV mixure) Of the stoichiometric
mixture of synthesis gas and air. (* NG composition by volume: 94.96 % methane, 2.76 %
ethane, 0.82 % propane, 0.12 % isobutene, 0.12 % n-butane, 0.03% is-pentane, 0.02 %
n-pentane, 0.02 % higher hydrocarbons, 0.39 % carbon dioxide, 0.76 % nitrogen. Ingredients
of NG by mass: 89.558 % methane, 4.885 % ethane, 2.129 % propane, 0.425 % isobutene,
0.109 % n-butane, 0.109 % is-pentane, 0.077 % n-pentane, 0.103 % higher hydrocarbon,
0.966 % carbon dioxide, 1.253 % nitrogen), NTP = 20 °C, 101325 Pa

Parameter unit/gas Gl G2 G3 NG*
CH, [% vol.] 12 21 38 94.9
H, [% vol.] 9 24 12 0
(6{0) [% vol.] 19 11 19 0
CO, [% vol.] 12 22 24 0.39
N, [% vol.] 48 23 7 0.76
CH,4 [% wt.] 7.36 | 14.79 | 25.21 89.56
H, [Y0 wt.] 0.69 2.12 1.00 0
CO [% wt.] 20.35 | 1353 | 22.01 0
CO, [% wt.] 20.19 | 42,50 | 43.68 0.97
N, [Y0 wt.] 51.41 | 27.06 8.11 1.25
LHV [kJ.kg™] 6565 | 11307 | 16 031 | 48 635
LHV [kJ.m™] 7138 | 10708 | 16118 | 34371
Air to Fuel ratio [kg.kg™] 2.00 3.59 5.20 16.89
Molar mass [kg.kmol™] 26.16 | 22.78 | 24.18 17.01
Densitynp [kg.m™] 1.087 | 0.947 | 1.005 0.707
H/C [-] 1.53 2.44 2.17 3.882
o/C [—] 1.00 1.02 0.83 0.007
LHV mixture [kJ.m] 2538 | 2794 | 3009 3142
LHV mixture [kJ.kg™] 2188 | 2464 | 2586 2719
Fuel in mixture [% vol.] 35.56 | 26.09 | 18.67 9.14
Fuel in mixture [Y0 wt.] 33.33 | 21.79 | 16.13 5.59

Table 2: Basic parameters of combustion engine Lombardini LGW 702

Crankshaft throw angle [°] 360

Swept volume [cm?] 686

Bore/ Stroke [mm] 75177,6
Compression ratio [] 12.5:1

Valve gear/ Drive OHC/Belt drive system
Fuel NG and alternative gasses

Lubrication system

Pressure circuit, full-flow
filtration, oil filling 1.6 |
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Table 3: Table of measured values for compared gases NG, G1, G2, and G3
(n — engine speed, M, — torque, P, — engine power, Myrp — volumetric fuel consumption,
My, — mass hourly fuel consumption, bsfc — brake specific fuel consumption, 7. — effective
engine efficiency, NTP =20 °C, 101325 Pa)

NG
n M, P, Mntp M, bsfc Ne
[min™] [N.m] [kW] [l.min™] [kg.h™] [g.kw™.h"] [%0]
1200 40.24 5.06 30.2 1.279 253 29.1
1400 42.44 6.22 34.8 1.478 238 30.9
1500 43.15 6.78 37.3 1.582 233 31.6
1600 43.36 7.27 39.5 1.676 231 31.8
1800 43.17 8.14 44.2 1.875 230 32.0
2000 42.58 8.92 48.3 2.049 230 32.0
2200 42.04 9.69 53.0 2.248 232 31.7
G1
n M, P, Mntp My, bsfc Ne
[min™] [N.m] [kW] [l.min™] [kg.h™] [9.kw™.h?] [%0]
1200 30.66 3.85 134.1 8.633 2242 25.8
1400 31.68 4.64 152.2 9.801 2112 27.3
1500 32.19 5.06 160.7 10.347 2045 28.2
1600 32.50 5.45 170.3 10.962 2011 28.7
1800 32.91 6.20 190.6 12.269 1979 29.2
2000 32.91 6.89 210.7 13.568 1969 29.3
2200 32.40 7.46 228.9 14.736 1975 29.2
G2
n M, Pe Mnp M bsfc MNe
[min™] [N.m] [kW] [l.min™] [kg.h™] [g.kw™.h?] [%0]
1200 33.43 4.20 90.8 5.056 1204 26.8
1400 34.76 5.10 102.9 5.731 1124 28.7
1500 35.37 5.56 110 6.125 1102 29.2
1600 35.78 5.99 117 6.514 1087 29.6
1800 35.78 6.74 130.2 7.249 1076 30
2000 35.58 7.45 143.3 7.978 1071 30.1
2200 34.76 8.01 154.3 8.593 1073 30
G3
n M; P, MnTe My bsfc Ne
[min™] [N.m] [kW] [l.min™] [kg.h™] [g.kw™.h™] [%0]
1200 36.48 4.58 59.6 3.66 799 27.6
1400 38.73 5.68 69.0 4.24 746 29.6
1500 39.55 6.21 74.2 4.556 734 30.1
1600 39.96 6.70 79.0 4.853 724 30.5
1800 39.75 7.49 87.9 54 721 30.6
2000 39.34 8.24 96.4 5.921 719 30.7
2200 38.53 8.88 104.4 6.416 723 30.5
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Figure 1. Course of torque (M) in the engine speed characteristics
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Figure 2: Course of power (P.) in the engine speed characteristics

Due to the combustion of unpurified synthesis gases, with the above mentioned percentages of inert
gases (Table 1) present, compared to NG the fuel consumption increases significantly in all the gases. If
we evaluate the increase in consumption (Figure 3, Table 3), then at 1500 min™ for G3 it is higher by
186 %, for G2 it is higher by 285 % and for G1 it is higher by 550 %. The situation is influenced by
a small amount of air and a large amount of fuel (see Air to Fuel Ratio, Table 1) in the stoichiometric
gas-air mixture.
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The quality of combustion of synthesis gas in combustion engine, in other words,
conversion of the chemical energy bonded in fuel to the mechanical energy available for further use at
the crankshaft is expressed by the value of effective efficiency in the engine speed characteristic in
Figure 4. For NG at 1500 min™ it is 31,6 % and for synthesis gases the value of effective efficiency is
lower by 1.5 -3.4 % (G3 — 30,1 %, G2 — 29,2 % a G1 — 28,2 %). It can be presumed that with a fuel
purified from inert gases, the effective efficiency of combustion of individual gases would be even closer

to the NG values.

the overall quality of
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Conclusions
From the measured results we can draw the following conclusions:

1. The performance parameters of the combustion engine (Figurel, Figure 2) for all measured gases
closely follow the values of volumetric heating value of the stoichiometric mixture (LHV qixwure, Table 1). In
other words, the gas with the lowest volumetric heating value reaches the lowest power and vice versa.
In actual percentages, comparisons to NG show that at 1500 min™ the power and torque with G3 have
dropped by 9 %, with G2 by 22 % and with G1 by 34 %. Similar differences have been measured in the
whole range of the engine speed.

2. The amount of synthesis gas in the stoichiometric mixture of this gas with air (Fuel in mixture, Table
1) indicates the trend in fuel consumption. With increasing amount of synthesis gas in the stoichiometric
mixture the overall fuel consumption also increases when the fuel is burned in the engine. Compared to
NG at 1500 min™, the consumption is higher for G3 gas by 186 %, for G2 gas by 285 %, and for G1 gas
by 550 %. Purification of synthesis gases from their inert components can significantly decrease these
differences.

3. The effective efficiency of conversion of the energy bonded in the fuel to the mechanical energy
utilised at the engine crankshaft (Figure 4) is even with synthesis gases rather high. The highest
percentage is for synthesis gas G3 and reaches 30.1 % at 1500 min™. Compared to NG, the percentage
is only 1.6 % lower. Even in this case the direct dependence for the volumetric heating value of the
stoichiometric mixture applies as valid, i.e. the higher is the heating value the higher is the effective
efficiency achieved.

4. Setting of gasification technology results in varied composition of synthesis gases (e.g. see
Table 1). As to energy and economic utilisation, it seems advantageous to analyze and optimize the
composition of synthesis gases to meet parameters of engines, or possibly parameters of cogeneration
units that can be found in small naturally aspirated or supercharged spark-ignition engines, and use the
results of optimised composition of synthesis gases also for larger power units.
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Suhrn

Smernice EU poZzZaduju od jej ¢lenskych Statov stale vacsi podiel vyroby energie z obnovitelnych
zdrojov a odpadov sledujuc liniu odpad-palivo-energia. V ,,Programe odpadového hospodarstva SR na
roky 2016 — 2020“ strategickym cielom odpadového hospodarstva SR zostava zasadné odklonenie
odpadov od ich zne$Skodriovania skladkovanim obzviast pre komunalne odpady. Tieto pri tom
predstavuju najvacsi potencial pre ich energetické zhodnocovanie. V SR sa v r. 2013 priblizne 10 %
komunalneho odpadu energeticky zhodnocovalo a 69 % sa skladkovalo. Jednou z alternativ
energetického zhodnocovania odpadov su aj technoldgie ich splynovania a vyrobené syntézne plyny je
potom mozné vyuZit ako alternativne palivo pre spalovaci motor a cestou kogeneracie kombinovane,
technolégiou KVET, vyrabat’ elektricku a tepelnu energiu.

Predkladany ¢lanok analyzuje vysledky vykonovych a ekonomickych parametrov spalovacieho
motora s pohonom na rézne druhy syntéznych plynov, ktoré reprezentuju rézne technolbgie splynovania
komunalneho odpadu bez asistencie plazmy. Dolna vyhrevnost vybranych a necistenych plynov je
vrozsahu 6 az 16 MJ.kg". Spolu tri rézne zloZenia syntéznych plynov oznacené ako G1, G2 a G3
davaju predstavu o vplyve réznych zloziek plynu, resp. o vplyve nastavenia technologie vyroby plynu na
celkové dosahované parametre motora pripadne kogeneracnej jednotky.

Kluéové slova: spalovaci motor, zhodnotenie energie, komunalny odpad, syntézne plyny
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Abstract

By sintering of a dusty mixture from polypropylene we were able to prepare compacts with low
porosity, good hardness and absorbency as in the original polypropylene. Electrostatic surface charge
prevented the use of the dusty thermoplastic waste intended for 3D printing. While preparing the
composites with a wood flour, the biggest problem were wooden particles that prevented a wetting of the
polypropylene with a melt. From the practical point of view, with the technology used, there is a real
preparation of the wood-plastic composite, which contains up to 15 % of the wood flour. Second type of
composite was prepared from powder mixture of polypropylene with 30 % graphite. The waste graphite
from pyrolysis was used considering to the beneficial antistatic action what is desirable for pre 3D
printing technology. The hardness of the composite with graphite slightly dropped and the sliding
characteristics have greatly improved.

Keywords: polypropylene, grafith, sintering, dust particles

Introduction

Extensive use of thermoplastics is currently linked to more areas. The consumer area is mainly
represented by packaging technology, but thermoplastics are increasingly represented in technical and
even in design applications. Significant increase in plastic products increases demands for recycling.
Plastic recycling is categorized for material recycling, substance recycling and energy recycling. Part of
the material recycling is also primary recycling which is aimed at the processing of technological waste at
production. Thermoplastic rubbish from recycling mills is uncontaminated raw material with properties
practically identical to the original material.' Therefore, it is often used in the manufacture of original
products. Milling of technological waste creates not only a plastic pulp, but also a dusty waste. It is
characterized by similar properties like the plastic pulp, but the small particle size prevents its processing
by conventional injection and extrusion processes. One of the possibilities of efficient use of the dust
fraction is the preparation of a particles composite materials. A binder phase is formed from the starting
dust particles. The aim of this paper is to study the possibilities of processing the polypropylene waste in
the preparation of plastics and WPC composites.

Experimental part

For the composite experiment we used a polypropylene dust fraction with a grain size of less than
0.25 mm. From the detail of the dusty plastic particles, their scaly two-dimensional character is evident
(Figure 1).
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Figure 1: Polypropylene at 10000 magnification

In Figure 2, the wood particles are captured on a 0.25 mm mesh screen which was used in the
preparation of the mixture. It can be seen from the figure that the particles of wood have an irregular
elongated shape and a fiber character.

SED 5.0kV  WD17.9mm  Std.-P.C.30.0  HighVac. x1,20 ]
3355 2017 05 11

Figure 2: Wood at 10000 magnification

Another experimental material was composite material from PP mixture and graphite, which was
obtained as pyrolysis waste with a grain size of less than 0.2 mm and a scaling similar to that of
polypropylene. The shape and particle size was measured using a Morphology G3 instrument. The
instrument measures the range of morphological properties for each particle. Individually stored gray-
shaded images for each particle provide qualitative verification of quantitative results (Figure 3).
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Figure 3: Shapes of particles the grafith dusty waste

Measured samples had a relatively narrow particle size distribution which was evaluated on the basis
of their volume (Figure 4).
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Figure 4: The distribution of particles measured at based on their volume

The amount of binder phase was made by computing, with respect to previous works.? We
considered a 10um layer, which took account of the irregularity of the filler.

The powder blends were homogenized in the air stream and then sintered at 230 °C.

Due to the assumed use of the composite materials, the properties for WPC absorbability and
hardness were observed. For the polypropylene and graphite composites, the hardness and sliding
properties determined by the Pin-on-Disc method were observed.

Results and discussion

The results of determining the amount of binder phase according to the thickness of the coating layer
were 58.65 % of polypropylene and the amount of wood phase was 41.35 %. Based on these results, we
prepared the first mixture at a percentage of plastic waste to 60:40 wood waste.

A total of 9 samples were prepared, the designation of which can be seen in Table 1.
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Proportions
ngplg wood -
designation | dust polypropylene particles additive

1 60 35 5
2 55 40 5
3 65 30 5
4 100 % 0 0
5 100 % 0 0
6 50 40 10
7 60 30 10
8 50 40 10
9 80 15 5

Table 1: The designation of of samples

In the samples with designation 1, 2, 3, 6, 7, 9 was like compatibilizer used additive Melamine. In the
samples with designations 4 and 5 an additive was not used. The sample 8 is prepared form mixture
where was used an additive VUCHTALINK BMI/6 — 80. The sample 4 is from dusty polypropylene which
was sieved and it is a fraction that was captured on a 0.25 mm mesh sieve. The sample 5 is the material
which was not sieved and contains a different fractions.

The samples which was prepared by us had almost 10 % lower hardness compared with
a polypropylene regranulat which was prepared by injection molding.® The cause is the porosity of the
sintering samples. In a wood plastic composites were even more pronounced differences in the
hardness registered. The wood plastic composites prepared by extrusion with the almost no defects in
structure had up to 30% more hardness. The cause is the porosity caused mainly by poor wetting of the
wood particles with polypropylene. The adsorption decreases evenly with the decreasing proportion of
wood flour. The non-absorbability was confirmed on the samples 4 and 5. The absorbability lower than
1 % can be explained by the porosity of samples, the material from a particles which were not sieved has
higher absorbability because the higher porosity.

Figure 5 shows the structure of sample 4. which is from sieved polypropylene. From the picture it is
clear that there is a relatively good sintering between the powders with different kinds of polypropylene
(area 1). Porosity is relatively low, the pores are rounded and discontinuous.

Figure 5: Sample structure No. 4
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In the Figure 5 we can see the structure of the sample 9 which contains 80 % of polypropylene and
15 % of wood flour. The high contain of polypropylene did not ensure full coverage the parts of wood
flour (area 2). Substantial increase of the porosity is mainly due to the lost (fall) of the particles of wood
flour (area 4) and also because the porosity on the plastic — wood interface (area 5). The lost of wood
particles has been caused by the formation of agglomerates of wood pulp caused by electrostatic charge
on the surface of the particles.*

The samples with a higher content of wood particles did not comply because the lost particles and
a low wettability.

For composite materials with graphite particles, a coefficient of friction was determined for three
different loadings on two samples. The first sample contains a dusty portion of polypropylene and the
second sample contains 80 % of polypropylene particles and 20 % of graphite particles. At the lowest
load, the difference between the friction coefficient of the samples was about 26 %. At the higher loads,
the differences between the friction coefficient was minimal and gradually declined. The friction
coefficients both samples are in compare to PTFE in the figure 6.

PTFE

117N m1,20N 552N m5,60N m9,29N 11,30N

0,35
0,3

0,25

0,2
0,15
0,1
" I I
0
1 2

Figure 6: Graphical dependence of friction on load forces for comparing materials

w

The hardness values measured on both samples can be seen in Table 2. The composite material
containing graphite exhibited slightly lower hardness and in both samples was measured hardness after
15 seconds lower than the hardness measured immediately.

Table 2: The hardness values measured

Polypropylene
Polypropylene (80 hm.%) + graphite (20 hm.%)
Measurement Immediately Hardness after Immediately Hardness after
hardness [HSh] | 15 sek. [HSh] hardness [HSh] 15 sek. [HSh]
1 59 49 53 42
2 59 50 58 48
3 61 51 52 42
4 62 52 58 45
5 61 51 50 41
6 62 52 51 41
Average 60,7 50,8 53,7 43,2
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Conclusions

Compacts obtained by sintering of dusty parts of polypropylene showed limited closed porosity. The
result was a slightly decreased in hardness compared to original polypropylenes and negligible
increased of absorbability. The absorbability lower than 1 % was due to pores on the surface of the
samples.

The use of polypropylene dust in the preparation of WPC was limited by the high electrostatic charge of
the starting particles, which caused clumps of wood flour in the compacts. As a result, it was acceptable
to prepare a WPC composite with a 15 % wood content. Higher levels have resulted in the formation of
clumps of wood flour in prepare samples.®

PP-graphite composites exhibited a reduced friction coefficient compared to polypropylene at reduced
hardness. The values of the friction coefficient of the PP + 20 % graphite composite were comparable to
Teflon.
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Souhrn

Spekanim pradnej zmesi z polypropylénu sme boli schopny pripravit kompakty s nizkou poérovitostou,
dobrou tvrdostou a nasiakavostou ako pri pévodnom polypropyléne. Elektrostatické povrchové napétie
spésobovalo problemy pri pouZiti praSného termoplastického odpadu uréeného pre 3D tlaé. Pri priprave
kompozitov s drevnou muckou spdsobovali najvaési problém drevené C(Castice, ktoré zabrariovali
zmacaniu polypropylénu s taveninou. Z praktického hladiska je pri pouzitej technologii vhodna priprava
drevoplastového kompozitu, ktory obsahuje 15 % drevnej mucky. Druhy typ kompozitu bol pripraveny
z praSkovej zmesi polypropylénu s 30 % grafitu. Odpadovy grafit ziskany z pyrolyzy bol pouZity
vzhladom na priaznivé antistatické poésobenie, Co je Ziaduce pre technolégiu 3D tlace. Tvrdost
kompozitu s grafitom mierne klesla a kizne charakteristiky sa vyrazne zlepsili.

Klicova slova: polypropylén, grafit, spekanie, prasné castice
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Duté sklené mikrogulicky pripravené z odpadového

automobilového skla

Peter SIMURKA 2, Stefan SKULTETY 2, Jozef KRAXNER °

& Slovenska sklarska spolocnost, Sklarska 117, 02061 Lednické Rovne,
Slovenska republika

> \ITRUM LAUGARICIO, Spoloéné pracovisko UACH SAV, ThU AD a FCHPT
STU, Studentska 2, 911 50 Trendéin, Slovenska republika

e-mail: psimurka@gmail.com, skultety@zvsp.sk, kraxnerjozef@gmail.com

Sahrn

Duté sklenené mikrogulicky patria medzi nové lahké anorganické nekovové materialy vyvinuté
v poslednych rokoch. Su ultra-fahké, maja duta Strukturu a patria medzi vSestranné, vysoko vykonné
nové kompozitné materialy 21. storoCia. Je to vysoko-objemovy material s nizkou hmotnostou, nizkou
tepelnou vodivostou, vysokou pevnostou v tlaku, fahkou mobilitou apod. Vdaka svojim unikatnym
vlastnostiam maju duté mikrogulicky Siroké pouzitie. St vhodné na pouZitie ako plniva pre rézne
organické a anorganické matrice, mdzu najst aplikacie v oblasti mediciny, na vyrobu lahkych
kompozitnych materialov, vznasadiel, tepelnych izolaénych materialov resp. na skladovanie plynu.

V prezentovanej praci boli metédou plameriovej syntézy pripravené mikrogulicky z odpadového
automobilového skla. Morfolégia mikrogul6¢ok bola skimana metédou SEM, chemické zloZenie
odpadového automobilového skla metodou XRF ako aj EDX. Vzhladom na pripravu mikrogulé&ok
Z odpadového automobilového skla je zaujimava moZnost ich pouZitia ako plnivo do plastov
umiestnenych v novych automobiloch. VyuZitim mikrogulé¢ok pri vyrobe nového vyrobku pouZitého
v automobile by sa tak zrealizoval cyklus odpad z automobilu - novy vyrobok v automobile.

Kruacové slova: mikrogulicky, odpadové, sklo, automobilové, duté, plameriova syntéza

Uvod

Recyklacia viacvrstvovych skiel je zlozitejSia ako recyklacia sklenenych flias§ z dévodu ich konstrukcie.
Celné sklo automobilu je vytvorené z dvoch vrstiev skla ajednej vrstvy plastovej félie z PVB
(polyvinylbutyral). Aby bolo mozné sklo z okna automobilu recyklovat je nevyhnutné oddelit’ plastovu
féliu od skla. Proces recyklacie zahfha drvenie Celnych skiel na prach, a v dalSom kroku oddelenie
plastovej félie od sklenenych ¢repov alebo drveného skla. Na Slovensku sa vyvoju technolégie
oddelovania vrstvenych skiel venovali na Ustave vyrobnych systémov, enviromentalnej techniky
amanazérstva kvality SjF STU v Bratislave'. Vysledkom $tvoretapového procesu spracovania
vrstvenych skiel je oddelenie plastovej folie od skla. Av8ak jednoduché pouzitie odpadového plochého
skla pouzivaného v automobilovom priemysle nie je vo vyrobe obalového skla mozné. Problémom
aplikacie takéhoto odpadového skla nie je chemické zlozenie, ale jeho vhodna granulometria.

Okrem vyuzitia skleneného odpadu vo forme druhotnej suroviny pri vyrobe skla, existuje mnoho
alternativnych spdsobov jeho efektivneho vyuzitia. Upraveny skleneny odpad je mozné vyuzit' tak na
nahradu réznych materialov, ako aj na vyrobu novych vyrobkov so $pecifickymi vlastnostami. V praci® su
vymenované hlavné alternativy vyuZitia odpadového skla spolu s materialmi, ktoré moézu nahradit’ s ich
vyhodami resp. nevyhodami.

Duté mikroguliCky patria medzi vSestranné a vysoko vykonné nové kompozitné materialy dvadsiateho
prvého storocCia so Sirokym vyuzitim. Prezentovana praca ukazuje spbsob pripravy dutych mikrogul6cok
v laboratérnom meritku, ich charakterizaciu ako aj moznost vyuzitia odpadového skla z automobilov na
ich vyrobu.
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Duté mikrogulicky

Duté sklenené mikrogulicky patria medzi nové lahké anorganické nekovové materialy vyvinuté
v poslednych rokoch. Su ultra-fahké, maju dutu Strukturu a patria medzi vSestranné, vysoko vykonné
nové kompozitné materialy 21. storoCia. Je to vysoko-objemovy material s nizkou hmotnostou, nizkou
tepelnou vodivostou, vysokou pevnostou v tlaku, fahkou mobilitou a pod. Mézu byt pouZzité vo farbach
a povlakoch, gume, plaste, umelych kamerioch, tmeloch a inych produktoch, ako su plniva a hmotnost
znizujuce Cinidla. Taktiez mézu byt pouzité ako stabilizator emulznych vybusnin.

Duté sklenené mikrogulicky vdaka svojim vlastnostiam znizuju viskozitu a vnutorné napatie
v Ziviciach, v désledku ¢oho sa vyvija v kompozitnych materidloch menej tepla. Zaberaju menej
povrchovej plochy, maju nizku rychlost vstrebavania oleja a rovnomerny rozptyl v zmesi. Ich lahka
stlacitelnost’ a integracia umoznuje zabezpecit’ vysoku uroven plniva. To vyrazne znizuje spotrebu Zivice,
zvySuje mnozstvo plniva, a tak znizuje naklady. Vdaka nizkemu zmrsteniu a deformacii duté sklenené
mikrogulicky mozu vyrazne zlepSit huzevnatost' vyrobkov, ich odolnost voCi narazu a povrchovu tvrdost.
Vzhladom k ich vysokej tlakovej pevnosti, sa pouzivaju na vyrobu vysoko-pevnych cementov s nizkou
hustotou a kvapalin s nizkou hustotou pri vftani v ropnom a plynarenskom priemysle®*. Dal§ou moznou
aplikaciou je uskladnenie vodika v nadrziach automobilov jazdiacich na vodik ®’, ako aj v medicine®.

Studia®, v ktorej sa porovnavali ekonomické a ekologické aspekty pouzivania sU&asnych
kompozitnych materialov pri vyrobe palubnych dosiek v automobilovom priemysle a kompozitného
materialu vystuzeného dutymi mikrogulé¢kami, ukazala, Zze z ekologického hladiska je lepSie pouZitie
dutych mikroguldcok.

Experimentalna ¢ast

Na pripravu mikrogulé&ok bolo pouzité odpadové automobilové sklo, spracované na SjF STU
Bratislava. Z automobilového skla bola odseparovana fdlia, a sklo bolo sitovanim rozdelené na jednotlivé
frakcie.

Z uvedeného skla bola urobena analyza chemického zlozZenia, tak XRF ako aj EDX metddou.

S ciefom ziskania ¢o najvacsieho podielu dutych mikrogulé¢ok bol do skla pridany Na,SO,, tak aby
tvoril hmotnostny podiel 3,2 % z celkovej hmotnosti zmesi. Tato bola homogenizovana po dobu 1 hodiny
v destilovanej vode a po vysusSeni tavena v kantalovej peci. Podmienky tavby:

* 0d 400 °C nérast teploty 15°C/min.,

* pri 1000 °C vydrz — 180 min.,

» ohrev na 1500 °C s narastom teploty 15 °C/min.,
* pri 1500 °C ru¢éné mieSanie 3x po 10 min.,

* vylievanie do H,0.

Po vysuSeni bolo pripravené sklo (A1P) mleté a presitované na pozadovanu frakciu pre plamenovu
syntézu 40 — 63 um. Schéma pripravy skla pred pripravou mikrogul6¢ok je znazornena na obrazku 1.
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Postup/priprava/metéda

(Vitrum Laugaricio, TnU AD v Trencine)

Automobilové sklo Homogenizacia

1H v dest. vode

Mietie 0-40 um : .
N —— Suienie

Blowing agent

{Na,50,) (3.2 hmot. %)

* Od 400°C 15°C/min.,

* Vydrk « 1000°C (180 min.),

* Ohrev na 1500°C (15'C/min.)

* Pri 1500°C (rulsé mielanie 3% po 10 min.)

Mietie na
poiadovanid

frakciu pre

plamenovu

syntezu
(40-63xm).

Obrazok 1. Schéma pripravy skla pred pripravou mikrogul6¢ok

Mikrogulicky boli pripravené plamenovou syntézou na pracovisku VITRUM LAUGARICIO, Trencin.
Schéma pripravy je uvedena na obrazku 2.

Plamenovou syntézou boli pripravené mikrogulicky tak plné ako aj duté. Tieto sa odseparovali vo
vode. Duté plavali na hladine, zatial’ €o pIné klesli na dno.

Metdda - plamenova syntéza

plamen: CH4-0, (2800°C) Vytaznost MG:
nosny plyn: O, 70-85 % 1!

H,0

Produkt MG
(SEM-analyza)

Obrazok 2. Schéma pripravy mikrogulé¢ok plameriovou syntézou
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Na obrazku 3 je vidiet separaciu mikrogul6cok vo vode ako aj rozdiel v rozmere — duté mikrogulicky
su objemovo vacsie.

Separacia mikrogulécok (MG)

Separacia v H,0

Obrazok 3. Mikroguli¢ky po separacii vo vode

Vysledky a diskusia

Chemické zlozenie odpadového automobilového skla pred Upravou ako aj po pretaveni s pridavkom
Na,SO, (A1P) je uvedené v tabulke 1.

Tabulka 1. Chemické zlozenie odpadového skla stanovené XRF a EDS analyzou (hm. %),
A1P - sklo po pretaveni

Oxid XRF EDS EDS
A1P
Sio, 72,25 73,89 71,38
Al O, 0,77 0,82 0,99
FeZO3 032 |
TiO2 004 |
CaO 8,52 8,08 7,98
MgO 3,92 3,85 3,68
Na O 13,80 12,90 14,77
K,O 0,38 0,46 0,34
SO, 0,77

Vytaznost pripravy mikrogulé&ok zo skla plamefiovou syntézou bola 70 — 85 %, pricom podiel dutych
mikrogul6¢ok z celkového mnoZstva mikrogul6¢ok bol 48 hm. %.

Na obrazku 4 su porovnaneé v reze duté a piné mikrogulicky.
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100pm JEOL 6/8/2017 ) ) JEOL /8/2017
10.0kv LET s WD 14.7mm 14:48:24 x 10.0kv LET WD 15, lmm 14:12:51

Obrazok 4. Porovnanie dutych a plnych mikrogulécok v reze

Na obrazku 5 je znazornena distribucia rozmerov dutych mikrogul6Cok. Priemer prevaznej
vacsiny dutych mikrogufé€ok bol v rozsahu od 50 do 100 pm.

Diameter Distribution

20

201

154

Number

104

20 30 40 50 60 70O 80 90 100 110 120 130 140

100pm JEOL 6/2/2017
WD 15.0mm 11:44:24

Obrazok 5. Rozdelenie velkosti ¢astic dutych mikrogul6¢ok v um

Jednou z mozZnosti vyuzZitia dutych sklenenych mikrogulé¢ok pripravenych z odpadového
automobilového skla je ich pouzitie ako plnivo do plastov tvoriacich €asti nového automobilu.

Pouzitim dutych mikrogul6&ok sa

znizi redlna hmotnost dielu o 10 —15 %,

skrati sa cyklus ¢asu vstrekovania o 10 %,

ZlepSi sa rozmerova stabilita vyrobku,

zniZia sa problémy s rovinnostou dielov,

material bude homogénnejsi v porovnani s chemickym napefiovanim.

Vyuzitim mikrogul6&ok pri vyrobe nového vyrobku pouzitého v automobile by sa tak zrealizoval cyklus
odpad z automobilu — novy vyrobok v automobile.

Zaver

Metddou plamenovej syntézy boli z odpadového automobilového skla pripravené tak plné ako aj duté
mikroguli¢ky. Vytaznost pripravy mikroguld&ok zo skla bola v rozmedzi od 70 do 85 %. Podiel dutych
mikroguld€ok zich celkového mnozstva bol 48 hm. %. Priemer dutych mikrogulé¢ok bol vacsi
v porovnani s plnymi mikroguli¢kami, pri€¢om vyrazna vac¢sina mala rozmer v rozmedzi 50 — 100 ym.

Patronem tohoto ¢isla je Tyden vyzkumu a inovaci pro praxi a Zivotni prostfedi TVIP 2018, 6. — 8. 3. 2018, Hustopece
WASTE FORUM 2017, &islo 5, strana D03



Peter SIMURKA, Stefan SKULTETY, Jozef KRAXNER: Hollow Glass Microspheres Produced from the Automotive
Waste Glass

Vdaka svojim unikatnym vlastnostiam maju duté mikrogulicky Siroké pouzitie. Vzhladom na ich
pripravu s odpadového automobilového skla je zaujimava moznost ich pouzitia ako plnivo do plastov
umiestnenych v novych automobiloch. Vyuzitim mikrogulé&ok pri vyrobe nového vyrobku pouzitého
v automobile by sa tak zrealizoval cyklus odpad z automobilu — novy vyrobok v automobile.
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Summary

High-performance hollow glass microsphere is a kind of ultra-lightweight inorganic non-metallic material
with hollow structure, and it is a versatile and high-performance new lightweight material developed in
recent years. It will be the new composite materials at twenty-first century. Hollow glass microspheres
are a unique class of materials with number of various applications. They are desirable in many
industries for use as fillers for various organic and inorganic matrices, or can find applications in the
medical field, for fabrication of lightweight composite materials, buoyancy materials, thermal insulation
materials and for gas storage. This paper illustrates the production of hollow glass microspheres by
flame synthesis from automotive waste glass. The morphology of the microspheres was examined by
scanning electron microscopy (SEM) and their composition was determined by Energy Dispersive X-Ray
Spectroscopy (EDX). With regard to the preparation of microspheres from waste automotive glass, it is
interesting to use them as a filler in plastics placed in new cars. By using microspheres in the production
of a new product used in an automobile, a cycle of car waste - a new car product - would be realized.

Keywords: hollow, glass, microspheres, waste, automotive, flame synthesis
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Recyklace stavebnich a demoliénich odpadi v CR
v podminkach novelizované legislativy

Miroslav SKOPAN
Vysokeé uceni technické v Brné, FSI, Technicka 2, 616 69 Brno,
e-mail: skopan@fme.vutbr.cz

Souhrn

Clanek analyzuje ve své prvni &asti zplisoby nakladéni se stavebnimi a demoli¢nimi odpady v CR
v letech 2007 az 2015. Poukazuje také na anomalie pfi sbéru dat produkce a nakladani s nimi
v legislativnich podminkach CR. Déle jsou uvedeny nékteré legislativni problémy, které omezuji moznost
dalSiho rozsifovani recyklace stavebnich a demolicnich odpadl zejména s ohledem na limitni hodnoty
Skodlivin. Tyto hodnoty jsou porovnany s limitnimi hodnotami shodnych skodlivin v Rakousku.

Klicova slova: recyklace, stavebni a demoli¢ni odpady, druhotna surovina, limitni hodnoty skodlivin.

Uvod

Produkce stavebnich a demoli¢nich odpadl je neoddéliteiné spjata s takika jakoukoliv stavebni
¢innosti a vyrobou. Vznika jich znaéné mnozstvi a jejich recyklaci vznikaji produkty, které jsou schopny
ve vétSiné pfipadld nahradit primarni nerostné suroviny. K tomu je vSak nezbytné zvladnuti a Fizeni
kvality technologie dekonstrukce staveb i vyroby recyklovaného kameniva, a to jak po strance stavebné
technologické, tak i ohleduplnosti k Zivotnimu prostiedi.

Analyza produkce a nakladani se stavebnimi a demoliénimi odpady v CR

Tato €ast ¢lanku analyzuje produkci a zpUsoby nakladani se stavebnim a demoli¢nim odpadem na
zakladé dat ziskanych z databaze Ministerstva Zivotniho prostfedi (MZP). Druhym subjektem v CR, ktery
zpracovava data o produkci a nakladani s odpady (véetn& stavebnich a demoliénich odpad() je Cesky
statisticky ufad. Ten data ziskava na zakladé statistickych vykazu jednotlivych pravnickych a pfipadné
i fyzickych osob. Odchylky dat v oblasti vzniku a nakladani se stavebnimi a demoli¢nimi odpady jsou
v jednotlivych letech dosti znaéné. PFiCiny tohoto stavu jsou mimo jiné zejména v odliSné metodice sbéru
a vykazovani dat od jednotlivych subjektd. Tato problematika je nad ramec tohoto pfispévku.

Skuteéna produkce stavebnich a demoliénich odpadi je vSak jesté vy$si, nez uvadéji data MZP.
Totéz se tyka i produkce recyklovanych stavebnich materiald. Je to dano zejména dikci zakona ¢.
185/2001 Sh., o odpadech v aktualnim znéni, ktery v odst. 1, § 3 uvadi: ,Odpad je kazda movita véc,
které se osoba zbavuje nebo ma umysl nebo povinnost se ji zbavit.“. Pokud zminéna osoba (at jiz
pravnicka nebo fyzickd) nema umyslu se odpadu zbavit, protoze jej hodla dale vyuzivat, byt
v pfepracované a recyklované podobé, neni povinna takovyto ,odpad” do hlaseni uvadét. Podminkou je
jen to, Zze tento material neohrozuje dle odst. 4 § 3 Zivotni prostfedi,

Toto se projevuje velmi vyznamné pravé u stavebnich a demoli¢nich odpadu v pfipadech, kdy
puvodce odpad vyuzZije pro sebe. Jako typicky priklad Ize uvést napf. demolici nadzemni stavby,
recyklaci vzniklé suté a jeji vyuziti ve stejné lokalité napf. pro uCely budovaného parkovisté apod.
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Produkce a nakladani se SDO v letech 2007 az 2015
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Obrdzek 1: Celkova produkce a nakladani se SDO v letech 2007 az 2015
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Obrazek 2: Zpusoby nakladani se SDO v letech 2007 az 2015

Na obrazku 1 je graf, ktery ukazuje na produkci a zpusob nakladani se stavebnim a demoli¢nim
odpadem. Z grafu je zfejmé, Ze produkce stavebnich a demoli¢nich odpadu se v uvadénych letech 2007
az 2014 pohybovala v rozmezi 13 az 16 miliond tun ro¢né, v roce 2015 byl vykazan velmi vysoky narust
na hodnotu 21 milion(i tun. Tento skokovy rast MZP nijak nekomentovalo a mlZe byt zplisoben
dislednéjSim sbérem dat. Rozhodné vsak tento rist neodpovida vyvoji produkce stavebni vyroby v roce
2015, jak ji uvadi CSU. S ohledem na zpGsoby nakladani se vzniklymi SDO je tfeba mit na zieteli
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skuteCnost, ze nejvétSi mnozstvi z nich pfedstavuji vykopové zeminy a hluSiny, které v jednotlivych
letech tvofi 67 az 71 % celkového vykazovaného mnozstvi.

Spodni ¢ast jednotlivych sloupcl v grafu uvadi mnozstvi recyklovanych materialt (kéd R5), nad ni je
Cast s materialy vyuzitymi k terénnim upravam, rekultivacim a technologickym upravam skladek (koédy
N1, N11 a N12), dale mnozstvi skladkovanych stavebnich odpadu (svisle Srafovano) a prazdné horni
¢asti sloupcu uvadéji mnozstvi, ktera nejsou ve vysSe popsanych zplsobech nakladani zachycena.

Byla provedena analyza produkce jednotlivych druhd SDO (obrazek 2). Za 100 % v kazdém roce je
povazovana celkova produkce stavebnich a demoliénich odpadl. Z obrazku je jednoznacné
prokazatelné, Zze dominantnim zpusobem nakladani se SDO je jeho vyuziti v neupravené podobé
k terénnim upravam (N1). Timto zpusobem je vyuZito ca 40 az 50 % vzniklych SDO. Druhy nejCastéjsi
zplUsob nakladani se SDO je jejich recyklace, ktera se za obdobi let 2010 az 2015 zvysSila ze 17 % na
takika 31 %, tedy vuci stavu roku 2010 o vice nez 80 %. DalSi zpusoby nakladani se SDO — tedy vyuZiti
k rekultivacim (N11) a vyuziti jako technologické vrstvy skladek (tedy vyuziti neupraveného SDO) C&ini
v jednotlivych letech 5 az 8 %. Skladkovani SDO v letech 2007 az 2015 postupné klesalo z ca 6 % na
hodnotu 1,3 %, coz prokazuje, Ze SDO nejsou takika vibec skladkovany.

Jak je vy3e uvedeno, dominantni slozkou SDO je vykopova zemina a hlusina. Z pohledu moznosti
vyuziti SDO jako kvalitniho recyklovaného kameniva vyuZitelného pro dalSi stavebni vyrobu, jsou
rozhodujici sloZzkou odpady skupiny 1701, tedy zejména betony, cihelné zdivo a keramika a jejich smési.
Dale jsou to odpady z rekonstrukci komunikaci — zejména skupina 170302 — asfaltové smési bez
nebezpecnych vlastnosti. Dale je pro svoji velikost k tomu zapoc&tena i skupina 170904 (smésny stavebni
a demoli¢ni odpad bez nebezpelnych vlastnosti), ktery na zakladé praktickych poznatk(l zpravidla
v sobé zahrnuje odpady skupin 1701 a 170302.

Produkce a zplsoby nakladani s odpady vySe popsané skupiny je patrna z obrazku 3, ktery je
strukturovan obdobné jako obrazek 1. Spodni ¢ast jednotlivych sloupcl v grafu uvadi mnozstvi
recyklovanych materialt (kéd R5), nad ni je ¢ast s materialy vyuzitymi k terénnim Upravam, rekultivacim
a technologickym upravam skladek (kody N1, N11 a N12), dale mnozZstvi skladkovanych stavebnich
odpadu (svisle Srafovano) a prazdné horni Casti sloupcl uvadéji mnozstvi, ktera nejsou ve vyse
popsanych zpusobech nakladani zachycena.

Produkce a nakladani se SDO skupin 1701 + 170302 a 170904
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Obrazek 3: Celkova produkce a nakladani s vybranymi skupinami SDO v letech 2007 az 2015
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Nakladani se SDO v letech 2007 az 2015
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Obrazek 4: Zplsoby nakladani s vybranymi skupinami SDO v letech 2007 az 2015

Z grafu na obrazku 3 je zfejmé, ze produkce uvedenych skupin SDO c¢inila v jednotlivych sledovanych
letech 4 az 4,5 milionu tun, v roce 2015 to bylo takika 6 miliond tun. Je jednoznacné patrné, ze
dominantnim zpusobem nakladani s odpadnimi betony, cihlami, keramikou, asfaltovymi smésmi
a smésmi z uvedenych materialu je recyklace. Mnozstvi recyklovanych materialt z téchto skupin se
pohybovalo v rozmezi od 1,8 milionu tun v roce 2009 do 3,4 milionu tun v roce 2015. S ohledem na
mnozstvi produkce stavebniho kamene, které se pohybuje kolem 40 milionad tun roéné a pisku
a Stérkopiskd, jejichz ro¢ni produkce €ini dalSich ca 30 miliond tun ro¢né, se jedna o mnozstvi relativné
nizké, které ovliviuje produkci pfirodnich nerostnych surovin z ca 5 %.

Relativni grafy na obrazku 4 znazoriuji zpusoby nakladani s vybranymi skupinami SDO (obdobné
jako obrazek 2). Mira recyklace beton(, cihel, keramiky a asfaltovych smési a jejich smési se v letech
2007 az 2015 pohybovala v rozmezi 43 % az 61 %. Prokazuje se, ze i pfes narust produkce stavebnich
a demoli¢nich odpadd vhodnych k recyklaci zvlada toto odvétvi vzniklé odpady recyklovat.

Nékteré legislativni podminky pfi produkci recyklovanych stavebnich
materiala

Soucasna legislativa relativné podporuje proces recyklace SDO. Od 1. 1. 2017 plati vyhlaska
€. 387/2016 Sb., kterou se méni vyhlaska ¢. 294/2005 Sb., o podminkach ukladani odpadud na skladky
a jejich vyuzivani na povrchu terénu.

v

Hlavni zménou ve vyhlaSce €. 294/2005 Sb., ktera se tyka zpuUsobl nakladani se stavebnimi
a demoli¢nimi odpady, je zruSeni vyjimky pro jejich vyuzivani v neupravené podobé na povrchu terénu.
V § 12 odst. 1 je nyni mimo jiné uvedeno: ,Na povrchu terénu dale nelze vyuZivat stavebni a demolicni
odpady s vyjimkou zeminy, jalové horniny, hluSiny, sedimentd, recyklatu ze stavebniho a demoli¢niho
odpadu a vybouranych betonovych nebo Zelezobetonovych blokl vyuZivanych jako nahrada za lomovy
kamen k uceliim, pro které neni technicky mozné vyuZzit recyklat ze stavebniho a demolicniho odpadu.

Patronem tohoto ¢isla je Tyden vyzkumu a inovaci pro praxi a Zivotni prostfedi TVIP 2018, 6. — 8. 3. 2018, Hustopece

WASTE FORUM 2017, islo 5, strana D08



Miroslav SKOPAN: Recyklace stavebnich a demoli¢nich odpadii v CR v podminkach novelizované legislativy

Zakaz vyuzivani stavebnich a demolicnich odpadu podle tohoto odstavce se nevztahuje na jejich
vyuZzivani pfi uzavirani skladek k vytvareni uzaviraci tésnici vrstvy skladky.” Z toho je patrné, ze stavebni
a demoli¢ni odpady, jako jsou betony, cihly, keramika a jejich smési, pfipadné i asfaltové smési bez
obsahu dehtu, Ize ukladat na povrch terénu pouze ve formé recyklatu.

Protoze vyhlaska pracuje s pojmem recyklat, je tento material definovan v § 2 této vyhlasky. Zde se
v odstavci v) uvadi: ,recyklat ze stavebniho a demoli¢éniho odpadu — materiadlovy vystup ze zarizeni
k vyuzZivani a dpravé stavebnich a demoli¢nich odpadl kategorie ostatni odpad a odpadi podobnych
stavebnim a demolicnim odpadum, spocivajici ve zméné zrnitosti a jeho roztfidéni na velikostni frakce
recyklovaného umélého kameniva v zarizenich k tomu uréenych.*

Z této dikce je zcela zfejmé, ze vytvofit recyklat ze stavebniho a demoli¢niho odpadu lze pouze
v zafizeni k tomu urCeném, které ma udéleny souhlas mistné pfislusného krajského uradu a dalSich
instituci, ktery je nezbytny k nakladani s timto materialem v souladu s platnou legislativou.

Jeden z hlavnich problému vyuzivani recyklatd ve stavebnictvi vSak spociva v tom, Ze z hlediska
moznych Skodlivych U¢inkd jsou jejich vlastnosti stale posuzovany podle pfilohy 10 zminéné vyhlasky.
Jde zejména o limitni hodnoty nékterych Skodlivin v suSiné odpadu (tab. 10.1. vyhlasky). Z hlediska
dodrzeni limitnich hodnot je dosti problematicka nizka limitni hodnota arsenu (10 mg/kg)
a polyaromatickych uhlovodik PAU (6 mg/kg). Tabulka naprosto nezohledruje skute¢nost, pro jaky ucel
budou vyrobené recyklaty vyuzity, coz je zcela nelogické. Jeden pfiklad za vSechny — odfrézovana
asfaltova vrstva z vozovky obsahuje zpravidla vice PAU, nez udava limitni hodnota. Tato skute¢nost je
typicka u vSech asfalti a vyhlaska nedokaze zohlednit, zda bude material ulozen v sypkém stavu
v hydrogeologicky citlivéem misté, nebo zda bude teplou cestou zapracovan do nové pokladkové
asfaltové smési. V sousednim Rakousku je dle platné legislativy vzdy zohlednéno to, jakym zpUsobem
Ize material s konkrétnimi hodnotami Skodlivin vyuzit. Obecné Ize konstatovat, Ze rakouské predpisy [3,
4] maji pro vyuzivani recyklovanych stavebnich materiald stanoveny vysSi dovolené limitni hodnoty
$kodlivin nez v CR. Dal$i zcela nelogickou skutednosti nové vyhlasky je i stanoveni limitni hodnoty
obsahu arsenu v susing pro kaly z COV — 30 mg/kg. Tyto kaly jsou pfitom uréené k aplikaci na
zemeédélskou pldu, coz predstavuje prokazatelné vyrazné vyssi ohrozeni zivotniho prostfedi nez drceny
recyklat pouZity jako podkladni vrstva pfi stavbé komunikaci nebo plnivo do betonu. Pfehled nékterych
problémovych a diskutabilnich limitnich hodnot je v tabulce 1.

Tabulka 1: Porovnani limitnich hodnot skodlivin dle riznych predpisu

Limitni hodnoty

Dle predpisu | Vyhl. C. 294/2005 Sb. Rakouska vyhlaska®
Ukazatel jednotka odpady kaly U-A? u-B%
Arsen (As) mg/kg 10 30 nestanovuje | nestanovuje
Pb mg/kg 100 100 150 150/500%
Cr mg/kg 200 200 90/300% 90/700%
Hg mg/kg 0,8 0,8 0,7 0,7
NikI mg/kg 80 80 60/100% 60°
PAU® mg/kg 6 6 12 20

1) Viz literatura [3, 4]

2) Pro nestmelené propustné kryci nebo nosné vrstvy, pinivo do betonu a asfaltovych smési
3) Pro nestmelené nepropustné kryci nebo nosné vrstvy, plnivo do betonu a asfaltovych smési
4) Plati v pfipadé vy3si hodnoty pFfirodniho pozadi

5) Pri vy§si hodnoté pfirodniho pozadi bez omezeni

6) V CR se provadi PAU ¥ 12, v Rakousku je to PAU Y 16 — obsahuje tedy o 4 latky vice
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Zaveér

Stavebni a demoli¢ni odpady jako jeden z hlavnich hmotnostnich proudd v materialovém toku odpadu
predstavuji i vyznamny zdroj druhotnych surovin. Pro jejich smysluplné vyuziti v dalSi vystavbé bylo
v uplynulych letech vénovano nemalo Usili jak ze strany fady dotéenych organu statni spravy, ale
zejmeéna ze strany firem, které se touto €innosti zabyvaji. Navic v oblasti vyzkumu bylo dosaZeno fady
vysledku, které jednoznaéné prokazuji, ze recyklované stavebni materialy Ize s fadou vyhod vyuzit i ve
stavebni vyrobé.

Soucasné legislativni podminky v8ak v sobé& obsahuji fadu omezujicich podminek, které daldimu
rozvoji recyklace brani. Tuto nepfiznivou situaci by bylo mozZno zlepSit pouze pfijetim komplexni
legislativy upravujici podminky pro vznik a nakladani se SDO, obdobné jak to bylo u¢inéno v letech 2015
a 2016 v Rakousku.

Podékovani

Dékujeme Ceskému ekologickému manaZerskému centru za umoznéni vydavat tento recenzovany
c¢asopis.
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Recycling of construction and demolition waste in the Czech Republic
under the current low conditions

Miroslav SKOPAN
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Summary

The article analyzes in its first part the methods of handling of construction and demolition
waste in the Czech Republic in the years 2007 to 2015. It also points to the anomalies in the
collection of production data and their handling in the legislative conditions of the Czech
Republic. There are also some legislative issues that limit the possibility of further expansion of
the recycling of construction and demolition waste, especially with regard to the limit values of
pollutants. These values are compared with Austria's limit values for the same pollutants.

Keywords: recycling, construction and demolition waste, secondary raw material, limit values of
dangerous substances
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Suhrn

Téma c¢lanku sa zaobera vyvojom konS$trukéného rieSenia tlakového uzaveru na principe briketovania.
Prototyp tlakového uzéveru umoZzriuje efektivnejsie susenie kalov COV pomocou pary. Zékladom
procesu vyvoja boli teoretické znalosti fyzikalnych a mechanickych parametrov kompaktovanych
materialov a merané parametre za réznych podmienok na funkénom modeli zariadenia. Determinujicim
faktorom bolo pochopenie vplyvu a kontextu nameranych fyzikalnych parametrov na navrh zariadenia.

Na zavitovkovej lisovacej komore uzaveru bolo vykonanych niekolko merani. Pozorované parametre
boli kratiaci moment, otaCky v reakcii na konStrukéné parametre kliestiny zariadenia. Po¢as skuSok sa
merala aj hustota brikety, ktora sa vyhodnocovala v zavislosti od prevadzkovych parametrov procesu.
Na zaklade vysledkov bola vytvorena unikatna konS$trukcia tlakového uzaveru. V' procese merania
a vyhodnocovania boli pouZzité vhodné Statistické metody. PouZitim progresivnych metéd konStruovania
bola navrhnuta jedine¢na konStrukcia. Navrh bol overeny fyzikalnymi vypoctami a metodami MKP.
Funkény model bol experimentalne overeny. Aktualne prebiehaju prevadzkové testy u zakaznika.

Kradové slova: tlakovy uzaver, briketovanie, susenie parou, kal z COV, zavitovka, kliestina, klapka

Uvod

V €lanku popisujeme niektoré kfuCové poznatky ziskané pri vyvoji a optimalizacii kontinualneho
tlakového uzaveru. Sucastou opisovaného vyvoja je subor merani a ich vyhodnotenie. V zariadeni sa
predpoklada celoro¢na prevadzka, t.j. 8000 prevadzkovych hodin ro€ne. Prostredie je korozivne. Pri
procese sudenia sa zo su3eného materialu uvolfuje vlhkost v podobe beztlakovych vodnych par
a uvolfujucich sa latok vzniknutych pri suSeni v priestore dopravy kalov. Dopravovana surovina je
vysoko abrazivna s velkym obsahom jemného prachu.

Z prvotnej pripravnej fazy vyvoja sme zistili, ze pri mimoriadnych prevadzkovych stavoch moéze
material obsahovat aj Castice do 20 mm, cesty mézu byt zaplavené vodou. Material ma tendenciu
nalepovat’ sa na vnutornej konstrukcii vratane presypov. Pri chladnuti ma tendenciu tuhnut a tvrdnut. Pri
vySSich lisovacich tlakoch dochadza k tvorbe pevnych a kompaktnych Struktur zlisovaného materialu, ktoré
ucpavaju dopravné trasy. Prevadzkovy rezZzim zariadenia je nepretrzity, s ob&asnymi preruSeniami
v prevadzkovych odstavkach. Maximalny surovinovy tok predstavuje celkom 550 kg/h, tj. 1,32 m%h.
Vysusené haly dosahuju teplotu az 120 °C, obvykle 90 st. °C.

Navrh koncepéného rieSenia

Ciefom prvej etapy vyvoja bol navrh koncep&ného rieSenia celého zhutfiovacieho modelu ako
uzaveru pretlakového priestoru su8iarne a jeho implementacia do existujucej technologickej linky
susenia kalov pretlakovou parou v uzavretom cykle odlu€ovania prebyto¢nej vody. Vystupom rieSenia
bol navrh celkového usporiadania zhuthovacej jednotky. Pre tato jednotku sme navrhli vhodny pohon,
spbsob automatickej regulacie protitlaku, odsavania pary, €i chladenia. Vyvojova praca zariadenia
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zahrnuje koncepény navrh komponentov ako su: lisovacia zavitovka, lisovacia hubica, lisovacia komora,
kliestina so systémom regulacie protitlaku, pohon. V ramci rieSenia ulohy bola navrhnuta logika riadenia
a stabilizacie procesu.

Obrazok 2: Implementacia zariadenia do prevadzky susiarne

Vyroba funkéného prototypu

Vramci naSich dielenskych moznosti s podporov digitalnych modelov, vypoctov, simulacii
aj rucnych nacrtkov prebehla komplexna vyrobno-montazna faza prvého prototypu experimentalneho
zariadenia. Na obrazku 1 je skuSobny prototyp zariadenia.

Vychadzajuc z nameranych vysledkov zlisovatelnosti materialu za studena pri jednoosovom lisovani
a dodanych parametrov linky sme ur€ili vhodny priemer ako i stupanie zavitovky. Vnutorny priemer
komory bol ur€eny na @ 85 mm, zavitovka @ 85 mm so stupanim 1:1 a otacky 110 ot/min s vykonom
2,2 kW. Vychodiskovy stav dizky lisovacej komory vo&i priemeru bol navrhnuty v pomere 1:1. Na zaklade
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prvych skusok v désledku vysokych tlakov a nedostatoéného regulaéného rozsahu kliestiny bola dizka
komory skratena na vhodny rozmer, pricom Kliestina sa prediZila. Pozadovana dizka (dosiahnuty tlak
v komore) bol stanoveny na zaklade vlastnosti vystupnej ,brikety“. Dostato¢ny regulany rozsah kliestiny
bol povazovany za spravny, ak bolo mozné pohon v experimentalnych ota¢kach zastavit len zvySenim
odporu na vystupe a nasledne pri uvolneni kliestiny a zvy$eni momentu na 200 Nm bolo mozné proces
briketovania nastartovat do stabilného stavu prevadzkovych momentov a otaok pri spravnej kvalite
vystupu.

Prilig zhutnend briketa Briketa optimAlnej hustoty

Obrazok 3: Zakladny skuSobny prototyp zariadenia na STU, kvalita vystupu.

Verifikacné poloprevadzkové skusky

Po upravach konstrukcie do stavu schopného udrzat stabilny chod lisovania bolo nutné overit
spravanie konstrukcie v podmienkach podobnych realnej prevadzke. Na zaklade naSich skusenosti
a v minulosti realizovanych vyskumnych a vedeckych poznatkov sme predpokladali, Ze teplota bude mat
zasadny vplyv na proces tvorby tlakového uzaveru, pozZzadované parametre pohonu a samotny vykon
zariadenia z hladiska priemernej hmotnosti materidlu spravovaného za 1 h. Prvotné merania na
jednoosovom lise v uzavretej komore sa pre tento pripad nedali povazovat za dostatoéné pre
kons&trukénu optimalizaciu prototypu. Pred fazou merania nebolo mozné jasne urcit aky vykon v kg/h
bude mat tlakovy uzaver. Pred skuSkami v prevadzke bolo preto nutné overit
funkénost, vykon, moznosti regulacie zastavovania arozbehu. Na obrazku 3 je upraveny prototyp
zariadenia a pracovna zavitovka.

Posledné skusky na péde STU boli zamerané na verifikaciu funkénosti zostavy experimentalneho
prototypu, stanovenie predpokladaného vykonu zariadenia pri prevadzkovych teplotach a vhodnej kvalite
vystupu. Dal$im cielom bolo urgit tendenciu zmeny vykonu a hustoty vylisku s narastajticou teplotou.
Doévodom zistovania tendencie boli zadavatefom uvedené informacie o predpokladanej teplote
v lisovacej komore, ktord sa mdéze pohybovat od 90 do 120 °C. Vzhladom na naro¢nost simulovania
prevadzky zariadenia pri teplote vy$Sej ako 90 °C s pripadnym vplyvom prevadzkovych par bolo nutné
urit’ predpokladany trend zmeny vlastnosti so stupajucou teplotou, abysme vedeli predvidat spravanie
sa systému pocas realnej prevadzky.
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Z hladiska minimalizacie rozdielov vo vlhkosti lisovanej suroviny bol dodany kal uzavrety
v nadobach tak, aby sa zachovala jeho prevadzkova vihkost. Lisovacia komora bola vopred nahriata na
45 °C, 55 °C a 85 °C. Kal na vstupe sa ohrieval v uzavretych nadobach pomocou mikrovinného ohrevu
na 45 °C, 55 °C a 85 °C aby sa minimalizovala zmena vlhkosti suroviny na vstupe. Abysme
kompenzovali vplyv pretlaku prevadzkovych par v procese realnej prevadzky 6,5 kPa pri plneni, tak sme
na material v nasypke tlacili ekvivalentnou silou na primeranu plochu. Meranie bolo kontinualne. Vzorky
sa odoberali v stabilnom rezime extruzie. Vzhfadom na obmedzeny objem suroviny sme meranie
»hodinového" vykon zariadenia stanovili len pri teplote najpodobnejSej prevadzkovej, ¢o je 85 °C. Aby
bolo mozné zabezpedlit efektivny ohrev suroviny, otacky sme museli obmedzit na maximalnu hodnotu
5,6 ot/min. Namerané a odvodené hodnoty su v tabulke 1.

Obrazok 4. Vzorky pri réznych teplotach. Pk [mm] - stipanie po kompresii, p6vodné stipanie

zavitovky Pz = 80 mm

Tabulka 1: Zistovanie vplyvu teploty na hustotu vylisku a uréenie vykonu zariadenia prie
teplote 85 °C

Dizka , Cas Pohon | Kratiaci | Priemer| | . .| objem | hustota | pomer |x-rozmer| Stipanie
o Hmotnost . . vykon |objemové| L . ol .
Vzorka |T[°C] | vzorky mg] extruzie ot moment | lis. kom. [ke/h] |zhutnenie vylisku V | wvylisku [zlisovani|zavitu po |zavitovky
L[mm] & vzorky t[s]|[1/min]|Mk [Nm]| D [mm] & [dmA"3] [[kg/m~"3]| avosix |zlisovani| P[mm]
1 45 |60 318 1,4 0,34 934 3,3 24,5
2 55 140 882 1,7 0,79 1110 4,0 20
3 85 (145 1006,8 120,8 5,6 200 85 30,016 (1,9 0,82 1224 4,7 17 80
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Obrazok 5. Orientacna zavislost hustoty brikety od teploty

Na obrazku 5 je vidiet zhutnenie v smere osi lisovania v podobe parametrov stopy po zavite. Miera
zhutnenia v smere osi lisovania je vyrazne vys$Sia, ako je objemové zhutnenie. Stupanie zavitovky je
80 mm, ale po zlisovani hrubka zlisovania na jeden zavit nezodpoveda objemovému pomeru zhutnenia.

Vzhladom na obmedzené technické a materialové zabezpecéenie vyhradené na tento verifikany
experiment je potrebné vysledky brat len ako orientacné. UrCenie presnejSich zavislosti planujeme urcit
z hodnét nameranych priamo v realnej prevadzke, kde je prototyp dlhodobo skusSany. Tam je mozné
odobrat vacsi pocet vzoriek a nebudeme obmedzeny vykonom mikrovinného ohrevu.

Na zaklade nameranych vysledkov boli ur€ené pozZiadavky na pohon pri pozadovanom vykone
zadkaznikom 550 kg/h. Aproximované otacky pohonu pre poZzadovany vykon su priblizne
550/30*5,6 = 102,66 ot/min, tomu zodpoveda vykon motora P = 2*PI1*200*102,66/60 = 2,150 kW.
Priblizne takéto parametre boli povazované za akceptovatelné pri skuske v realnej prevadzke. Pri
prevadzkovej teplote 90-120 °C sa na zaklade trendu zvySovania hustoty s teplotou
a predpokladaného znizovania pozadovanych krutiacich momentov pri stabilizovanej extruzii
v prevadzke urcil pohon s motorom 2,2 kW, otaCkami 1395 ot/min s prevodovkou s prevodovym
pomerom i = 15. Nominalne otacky pohonu pri 60 Hz su 93 ot/min, ale pomocou frekvenéného menica je
mozné ich zvySovat na pozadovanu hodnotu.

Obrazok 6: Prototyp zariadenia so skiiSobnym pohonom 2,2 kW; 93 ot/min, prevodovkou
i=15 a frekvenénym meni¢om
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Prototypové skusky v prevadzke

Po dokoné&eni vSetkych pripravnych faz a finalizacii spojenou s instalaciou zariadenia do komplexnej
technolégie bolo zariadenie doru¢ené zadavatelovi. Prvotna predmontaz a pripravu realizoval zadavatel
vo vlastnej rézii. Pri finalizacii montaze a prvom nabehu zariadenia boli aktivne u¢astny pracovnici STU.

Obrazok 7. Implementacia tlakového uzaveru v prevadzke

V ramci prebiehajucich experimentov bol rieSeny aj nabeh a dobeh systému, ¢o sa pri tychto
zariadeniach povazuje vzdy za kriticky prevadzkovy stav. K nabehu zariadenia bola navrhnuta
samoregulacna klapka, kde cinnost je zabezpeCena mnozZstvom zavazia vyvolavajuceho protitlak na
vychadzajucu surovinu, pokial nedéjde k zhutneniu na potrebnu hustotu. Po ustaleni hustoty brikety sa
klapka dviha a nadalej napomaha regulacii procesu zhuthovania v sucinnosti s klieStinou. Pri dobehu
zariadenia je potrebné odlahcit klapku a nasledne nechat dobehnut’ proces az po vyprazdnenie celej
komory, kedy uz kliestina straca ucinnost a material ostava sypKky.

Rozmer celého dopravnika so zhutfiovanim bol prispdsobeny k technologickej linke. Vyrobila sa
nova nasypka podfa rozmerovych poziadaviek s moznostou napojenia sekundarneho toku materialu
Z cyklénového odlucovaca.

Obrazok 8: Regula¢na klapka

Po montézi zariadenia na technologicku linku sme urobili zdkladné merania pri plnej prevadzke. Na
nasledujucom obrazku je zaznam momentu motora a vykonu motora. Z priebehov je vidno prudké narasty
momentu (vykonu) zapri€inené prili§ hustou briketou, ktora narézala do zavitovky dalSieho dopravnika
a pokial nedoslo k rozruseniu, sila rastla. Po zmene hustoty sa parametre na urciti dobu ustalili, ale potom
opat nastalo pozvolne zvySovanie zhutfiovania a nasledné narazanie brikety do zavitovky dalSieho
dopravnika. Nasledne bolo potrebné urcit potrebné nastavenie regulacne;j kliestiny a klapky.

Vramci implementacie zariadenia do prevadzky bolo upravené riadenie celej linky. Udaje
v nasledovnom grafe boli prevzaté z riadiacej jednotky linky na suSenie kalov. V pociato€nom stave bola
komora zariadenia zaplnena materialom, v klieStine bola briketa. Pri rozbehu je vidno prudky narast
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vykonu, ktory je potrebny na prekonanie trecieho odporu brikety vo vystupnej komore a kliestine.
Postupne dochadza k ustaleniu, priCom frekvencia sa udrzuje na 25 Hz vzhladom na malé mnozstvo
dodavaného materialu. Po nabehu na plny vykon linky je vidiet zakolisanie vykonu a z logiky riadenia
i frekvencie. Nasledne v8ak dochadza k ustéleniu parametrov pri plnej prevadzke linky. Vykon pri
ustalenom chode sa pohybuje medzi 0,4 kW az 0,6 kW. Pri odstavke linky treba zabezpecit plynuly
dobeh, aby sa material v kliestine uvolnil, v opaénom pripade dochadza po vychladeni k nadmernému
vytvrdnutiu brikety a prilepeniu ku kliestine, ktoru je potrebné pracne mechanicky uvolfovat.

72 Moment = | e > "> Vykon MT (== Foh ==
nmo|e-3-Q-QA- 90 | T Sd D] nmo|/e-3-Q-Q- 90 K Fles@ D>

4.61 [Nm] Range: -3.00 - . | Timebase: 180.X: 1701736 [ms.| Y: 23.00 [Nm] Time: 0:2€

Range: -2.00 - 5.|Timebase: 180.0 | X: 215730 [ms] Y: 3.78 [kW] Time: 0:2€

Obrazok 9: Priebeh momentu

Casovy priebeh vykonu a frekvencie
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Obrézok 10: Casovy priebeh vykonu a frekvencie pohonu doddvaného zariadenia pocas
skusobnej prevadzky; f [Hz], P [kW]

Zaver

V sucasnosti prebiehaju dlhodobé skusky zariadenia s cielom ziskat informacie potrebné pre jeho
optimalizaciu. Ako bolo aj planované komercné rieSenie zariadenia si bude vyzadovat dlhodobejSie
skusky a aplikaciu drobnych inovacii pre zabezpefenie pozadovanej kvality procesu, ceny a Zivotnosti
zariadenia. Samotné zariadenie funguje a je mozné ho dostato¢ne riadit vramci poziadaviek na
verifikaciu funkénosti a spolahlivosti. Ugelom zariadenia je vytvarat kontinualny tlakovy uzaver v podobe
brikety braniacej uniku technologickej pary zo systému. FunkCnost sa potvrdila v plnom rozsahu. V ramci
dalSieho vyvoja planujeme optimalizovat konsStrukciu zariadenia do podoby realizatnej vykresovej
dokumentacie a vyroby prototypu zariadenia uréeného pre komerénu priemyselnu aplikaciu. Na
su€asnom prototype sa planuju zosuladit poZiadavky na riadenie a automatizaciu s aktualnym stavom
celkovej technoldgie, narokov na obsluhu.
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Abstract

The theme article is a structural design pressure shutter on the principle of briquetting. The prototype
of the pressure shutter allows more efficient drying the sewage sludge produced from the wastewater
treatment plants with steam. The basis of the development process are the theoretical knowledge of the
physical and mechanical parameters of the compacted materials and the measured parameter on the
functional model under different conditions. The essence of the development was to understand the
impact and context of measured physical parameters to design the device. On pressing chamber with
a screw were realized several measurements. The observed parameters were the torque, the speed in
response to the design parameters of the collet device. During the test, the density of the briquette of
the cap where also evaluated, depending on the operating parameters of the process. Based on the
results, a unique construction of the pressure cap where designed. In the process of evaluation
measurement, data were used appropriate statistical methods. Unique design was been developed by
using progressive engineering methods. Design where verified by physical calculations and FEM
methods. Functional model was been experimentally verified. Currently ongoing operational tests at the
customer.

Keywords: Pressure shutter, briquetting, drying with steam, sludge from WWTP, screw, collet device,
pressure cap
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Nova technolégia dekompozicie lepenych skiel
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Sahrn

V automobilovom a stavebnom inzZinierstve sa zvySuje vyznamnost dekompozicie lepenych skiel.
Oddelené priehladné sklo, folia alebo kovové Ccasti su zaujimavymi materialovymi komoditami.
V sucasnosti je tento odpad spracovavany mechanickou dezintegraciou s naslednou separaciou.
Ziskovost' Cistych materialovych komodit je priblizne 55 — 65 percent. Neseparovany odpad zo skla je
prakticky nepouZitelny a v znacnej miere kon¢i na skladkach.

Ciefom prace je navrhnut novy spbsob rozkladu lepeného skla. Zakladom opisaného principu je
kombinacia mechanickej a chemicko-tepelnej technologie.

Kracové slova: lepené sklo, progresivna technolégia, dekompozicia

Uvod

Tak v automobilovom ako aj v stavebnictve vzrastd vyznam dekompozicie lepenych skiel.
V automobilovom priemysle ro€ne vznika len na Slovensku priblizne 3 000 ton vrstvenych €elnych skiel,
v stavebnictve to bolo v minulom roku 13 700 ton vrstvenych skiel'. Tieto mnozstva odpadov najma
v stavebnictve radikalne narastaju. Vyseparované Cisté sklo, félia, ¢i kovové Casti su pritom zaujimavé
materialové komodity. Problém spodiva v Cistote vyseparovania jednotlivych frakcii. Odpad z lepenych
skiel v stave v akom sa nachadza nie je mozné spracovat u jediného recyklatora odpadového skla v SR
- vo Vetropack Nems$ova, s.r.o. Problémom je Cistota vyseparovaného skla. V sucasnosti sa tento odpad
spracovava mechanickou dezintegraciou s naslednou separaciou jednotlivych frakcii. Vysledkom takejto
technologickej upravy je odstranenie neziaducich komponentov, s ktorymi je sklo spojené.

Problémom pri Uprave skla je percento vytazitelnosti Cistych frakcii. Pri suasne dostupnych
technoldgiach je tato vytazitelnost maximalne 55 — 60 %. Neseparovany skleneny odpad je prakticky
nerecyklovatelny a v prevaznej vacsine konéi na skladkach. Ur€ité mnozstvo sklenenej frakcie z
vrstveného skla sa vyuziva pri vyrobe penového skla, ktoré spifia poziadavky noriem EN 13 055-1 a EN
13 055-2 ako zasypovy material, alebo ako prisada v reflexnych farbach. PVB félie je mozné vyuzit
namiesto syntetického latexu?.

Cielom prispevku je navrh progresivnej technolégie dekompozicie lepenych skiel. Zakladom novej
technoldgie je kombinacia mechanickej a chemicko-termickej technolégie. Podmienkou pri tom je aby
sme pri separacii nedoSlo k podrveniu vrstveného skla, ale len k jeho polamaniu, tak aby sme féliu
ziskali pokial mozno vcelku a tym zabezpecili maximalnu uc€innost separacie.
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Experimentalna ¢ast’
Sucasné technolégie vyroby vrstveného skla

Bezpec€nostné tepelne tvrdené sklo je ur€ené pre znizenie rizika zranenia osoby pri nehode. Jeho
vyuZitie je pri aplikacii na predné, zadné a bocné skla vozidla. Vytvrdzovanie ma za nasledok
fragmentaciu skla na malé ulomky pri rozbiti.

Vrstvené (laminatové) sklo je jednym z najvyznamnejSich vyrobkov, s ktorym sa stretavame pri
dalSom spracovani zakladného skla. Jedna sa o celu skupinu vyrobkov, ktora je uréena pre najrdznejSie
aplikacie v dopravnych prostriedkoch, architekture a spotrebioch. Zakladnou myslienkou je vrstvenie
dvoch alebo viacerych tabul plochého skla aich spojenie pomocou prilnavej elastickej medzivrstvy
(obrazok 1), ¢im sa zaisti bezpecné spravanie sa skla po jeho rozbiti alebo sa zvysi odolnost’ zasklenia
voci nasilnému vniknutiu.

2 tabule skla + mezivrstva z polyvi-

. A “~ . — r,\yliyrcﬂu (PVB)
zivrsiva Pl & skl
z polyvinylbutyralu (PVB) menefe"""'» l
— - — T VNEJS] STRANA
4 4
2 tabule > Distonéni
skla A ramedek !
A v = ™ .
_— k. | e N r VNITRNI STRANA
- [ — s—— [R— | —

Obrézok 1: Priklady vrstveného plochého skla®

Pri vyrobe vrstveného skla sa pouziva ploché sklo, vzorované sklo liate alebo vyrobky odvodené
z tychto zakladnych skiel, ktoré mézu byt dalej upravené napr. tepelne tvrdené (kalené) sklo. Bezne
pouzivanymi materialmi su polyvinylbutyral (PVB) so zakladnou hrubkou 0,38 mm, etylvinylacetat (EVA)
alebo ionoplast SentryGlassPlus (SGP). Samotna technoldégia vyroby laminatového skla zavisi na
pouzitom type medzivrstvy. Laminatové skla s PVB féliou sa obvykle vyrabaju za vysokého tlaku
a teploty v autoklave (obrazok 2).

Obrazok 2: Schéma postupu vyroby vrstveného skla: 1 — ukladanie skla, 2 — umyvanie,
3 — aplikacia PVB félie, 4 — poloZenie horného skla, 5 — predlisovanie, 6 - preloZenie na stojan,
7 — autoklav

V autoklave prebieha tento proces pri danom tlaku a vydrzi pri dostato¢ne vysokych teplotach, aby sa
proces dokoncil a dosiahol sa maximalny stupen adhézie v zavislosti od druhu skla a pouzitej PVB fdlie.
Na obréazku 3 je dokumentovana zavislost pevnosti adhéznej vazby na teplote spracovania v autoklave®.
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Obrazok 3: Zavislost’ pevnosti v Smyku od teploty spracovania v autoklave

Ak sa v zariadeni na pranie/oplachovanie pouziva voda s vysokym obsahom soli mézu nastat
vyrazné vykyvy v prilnavosti, kedze idbnové znedistujuce latky pritomné na rozhrani ,félia PVB — sklo*
vaésinou narusuju vézbovy mechanizmus®. Tato zavislost je dokumentovana na obrazku 4a, kde vysoky
obsah soli rozpustenych v oplachovej vode je vyjadreny prostrednictvom iénovej vodivosti. Naopak na
prilnavost systému ,félia PVB- sklo* ma vyznamny vplyv aj obsah vody v samotnej folii. PVB je
hygroskopicky material, ktory zvySuje svoj obsah vody, ak je vystaveny vihkosti. Aj ked odporucany
obsah vody v samotnej félii laminatu by sa mal pohybovat' okolo 0,4 %, za nepriaznivych podmienok sa
mdbze zvysit az na uroven 2 %, v dbésledku ¢oho dochadza k progresivnemu znizeniu pevnosti adhézne;j
vazby, ako to dokumentuje obrazok 4b.
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Obrazok 4: Zavislost adhézie

Zname technolégie oddelovania vrstveného skla

Pri recyklacii vrstvenych skiel je potrebné hladat efektivny spdsob ako od seba oddelit’ jednotlivé
vrstvy réznych materidlov. Literarny a patentovy prieskum®® ukézal, Ze obecne sa uplatiuju Styri
spbsoby, a to mechanické, termodynamické, chemické aich vzajomna kombinacia. V linkach na
recyklaciu laminovanych skiel prevazuje aplikacia bud samotného mechanického alebo kombinovaného
oddelovania v zavislosti od pozadovaného vysledného produktu a jeho kvality.

Z hladiska pracovnych meédii pritomnych v separaénom procese je mozné spésoby a znich
vyplyvajuce technolégie zoskupit do dvoch kategorii, tzv. suché (mechanické alebo termodynamické
oddelovanie) a mokré spdsoby (napr. chemicka separacia)”.
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Mechanicky sp6ésob oddelovania

Pri aplikacii postupu iba suchého - mechanického oddelovania je vrstvené sklo podrvené na vstupnej
linke vybavenej drvicom schopnym rozdrvit sklo. Drvina potom dalej prechadza sustavou dopravnikov
a separatorov, kde sa vytriedia kovy a ostatné necistoty. Drobné &asti skla su transportované cez zénu
optickych senzorov, kde sa z prechadzajucej drviny skla oddelia necistoty, Casti autofdlie, tesniacej
gumy, atd.

Princip mechanickej separacie je predmetom patentu EP0249094(A2), US8220728, &i slovenskym
patentom SK286370, ktory vyuziva princip valcov otoéne uloZzenych okolo pozdiznej osi s upravenym
povrchom. Mechanicky spbsob oddelovania predstavuje jednoduché, ale iba relativne priaznivé
environmentalne rieSenie, pretoze jeho vyuzivanie je vo vSeobecnosti spojené s vysokou prasnostou.
Vznikajuci produkt — skleny prach méze byt kontaminovany cudzimi latkami a pre sklarsky priemysel tak
nepredstavuje Cistu surovinu vhodnu na dalSie spracovanie a ziskany recyklat PVB félie tiez nedosahuje
100% Cistotu, ¢o limituje jeho dalSie vyuZitie.

Mechanickou recyklaciou vrstveného skla a PVB folie z Celnych autoskiel, ako aj z laminovaného
architektonického a stavebného skla sa UspeSne zaobera aj danska spolo¢nost Shark Solution A/S,
ktora ma patentovanu technoldgiu zaloZzenu na mechanickej separacii. Slovenska spolo¢nost MAVEBA
s.r.o Vranov nad Toplou v spolupraci so Strojnickou fakultou STU v Bratislave vyvinula zariadenie, ktoré
je viac menej prototypom na recyklaciu autoskiel.

Termodynamické oddelovanie

Pomocou tepelnych procesov su zmesi spracovaneé tak, aby sa ziskali suroviny v poZadovanej Eistote
a mohli byt zrecyklované. Tepelné oddelovacie procesy su operacie s prenosom hmoty, kedy mézu byt
oddelené homogénne (jedna faza) alebo heterogénne (dvoj alebo viacfazové) zmesi. Nevyhnutné hybné
sily procesu, koncentraéné a teplotné gradienty vznikaju ako désledok vstupu pomocnej fazy.

Tepelné oddelovanie zmesi prebieha v troch fazach. V prvej faze sa do systému dodava energia
alebo prida pomocna latka. Pridanim alebo odobranim energie dochadza k vymene hmoty a tepla medzi
jednotlivymi fazami zmesi. Proces prebieha az dovtedy, kym sa neoddelia jednotlivé fazy zmesi. Poradie
tepelnych separaCnych procesov je uvedené na obrazku 5. Tepelna separacia umoZznuje sice ziskat na
vystupe vhodnu surovinu v podobe Cistého skla a folie, avSak za cenu vysokej energetickej naro€nosti
a nepriaznivej environmentalnej charakteristiky.

Princip tepelnych separacnych procesov
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Obrézok 5: Princip tepelnych separaénych procesov®
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Chemické oddelovanie

Chemické oddelovanie mozno klasifikovat ako mokry spésob separacie skla a PVB félie. Proces je
zalozeny na vyuziti rozdielov v chemickych alebo fyzikalnych vlastnostiach oddelovanych materialov,
akymi su vefkost, tvar, hmotnost, hustota, ktoré sa pouZivaju na dosiahnutie oddefovania. Existuje
mnozstvo charakteristik, podlfa ktorych sa oddelovanie uskutoCfiuje, napr. rozpustnost, prchavost,
absorpcia, elektrické a magnetické ucinky, atd. Procesy spadajuce tejto kategérie dokazu zaistit
ziskanie Cistého skla alebo félie v zavislosti od aplikovanych reakénych ¢inidiel, ktoré vSak na druhej
strane m6zu mat aj negativny vplyv na Zivotné prostredie.

Je 0 mnoho prijatelnej$i ako mechanické (suché) spdsoby oddelovania, pretoze napriklad vodné
roztoky su schopné zaistit vyrazne efektivnejSie odplavenie sklenenych ¢astic a so zvySujucou sa teplotou
vykazuje retardacny efekt na silu vodikovej vazby, ktora je zodpovedna za intenzitu adhézneho spoja
medzi -OH skupinami na retazci polyméru a polarnym sklom. Je v3ak potrebné vziat do Uvahy tiez fakt, ze
vy$Si obsah vody spdsobuje relativne velkd zmenu mechanickych, fyzikalnych a chemickych vlastnosti
PVB folie. Chemicky postup oddelenia vrstiev skla a PVB folie vyuziva aj patent EP0567876 (A1).

Kombinované oddelovanie

Postupy recyklacie vrstveného skla zaloZzené na kombinovanom oddelovani vyuZivaju viacero
spbsobov oddelovania v jednom slede, napr. mechanické s chemickym alebo mechanické s termickym,
s cielom zefektivnit separacny proces, dosiahnut vysSiu kvalitu vysledného produktu alebo eliminovat
niektoré nevyhody jednotlivych spésobov oddelovania.

Rézne kombinacie vysSie uvedenych spdsobov su podstatou vacsiny patentov. Vychodiskovou
operaciou rieSeni je proces fragmentacie vrstvy skla realizovany bud jednoduchym drvenim alebo napr.
drvenim vysokoenergetickymi pulzami (EP 0792730 (A2)), po ktorom je zaradeny proces separovania
skla z folie v kvapalnom prostredi s rbznym zloZenim a teplotou. Patent EP 0792730 (A2) pracuje
s vodnym roztokom zahriatym na teplotu 40 az 70°C, v ktorom sa sklo zohrieva 10 az 30 minut na
znizenie adhézie medzi vrstvami, a v samotnom procese separacie sa vyuziva vysokotlakovy prud vody
(az do 6 barov) a Skrabka (obrazok 6). Vysledkom procesu podla nemeckého patentu EP 0792730 (A2)
je sklenena drvina a celistva fdlia.

Obrazok 6: Proces separdcie vrstveného skla podla patentu EP 0792730 (A2): 3 — drvi¢
pracujuci na principe vysokoenergetickych pulzov; 8 — vrstvené sklo; 8.1 — sklo; 8.2 — félia;
9 —Skrabka; 7 — kupel’ horucej vody; 10 — zberna nadoba na sklo
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Koncepcia navrhovaného postupu recyklacie vrstveného skla

Charakteristika mechanizmu adhézie systému ,sklo — PVB félia“ a vplyvu vybranych faktorov
ovplyvhujicich kvalitu prifnavosti v negativnom zmysle*, sa stali teoretickym vychodiskom pre navrh
jedného z moznych rieSeni problému recyklacie vrstvenych autoskiel tzv. mokrou cestou, ktory by
umoznil oddelovanie nielen vaéSich ulomkov skla v sulade s poziadavkami sklarskeho priemyslu, ale
suCasne aj ziskanie kompaktnejSich kusov PVB félie vhodnych na d'alSiu recyklaciu.

Vychodiskova koncepcia recyklacného procesu vrstveného skla predpokladala oddelenie vrstiev skla
a PVB folie, pricom z hladiska recyklovatelnosti tychto materialov mali byt splnené zakladné
ohranic€ujice podmienky:

1. pri recyklacii vrstiev skla sa vyzaduje minimalizacia podielu prachovej frakcie skla po
delaminaénom procese,

2. moznost pouzitia recyklatu PVB folie je podmienena obsahom zostatkovych nalepenych €astic
skla na félii, a to do 100 ppm.

S ciefom splnit vy3Sie stanovené podmienky pri zachovani pévodnych fyzikalnych vlastnosti PVB
félie. Navrhovana koncepcia predpoklada trojetapovy recyklaény proces spracovania vrstvenych skiel:

Prva etapa predpoklada realizaciu rovhomerného popraskani alebo nalamania vrstvy skla laminatu za
ucelom zabezpelenia maximalnej plochy priameho kontaktu polymérovej matrice (PVB fdlie)
s delaminovacim prostredim. Popraskanie musi byt rovhomerné po celej ploche skla s velkostou Castic
do 0,5 mm a minimalizaciou prachovych ¢astic.

Druha etapa musi zaistit redukciu adhéznej pevnosti medzi vrstvami PVB félie a skla rozrudenim
adhéznych vazieb prostrednictvom vodného kupela so zvySenou teplotou, ktora podfa literatury
urychluje degradacéné procesy, a alkalického prostredia (roztok alkalickych soli vo vode) pri
atmosférickom tlaku. V delaminaénom kupeli by malo dochadzat k pohybu a ohybu vrstveného skla vo
vS8etkych smeroch, aby sa zaistil efektivny pristup alkalického delaminizatného média prienikom cez
otvarajuce sa praskliny. Pohyb a ohybanie vrstveného skla v kupeli ma dalej podporit aj samotné
oddelovanie Castic skla od PVB félie. V ramci planovanych experimentov sa predpoklada aj testovanie
miery vplyvu prebublavania na zintenzivnenie a urychlenie procesu delaminacie. V ramci realizacie
projektu su skumané a stanovené optimalne podmienky a parametre delaminacného procesu akymi su
druh a koncentracia alkalickej soli, teplota kupela, dizka kupela, spésob premieSavania, prebublavanie
atd..

V tretej etape sme navrhli zaradit’ odlupovanie a oSkrabovanie zvySkového skla z folie. Adhézia PVB
sa chemickym procesom delaminacie vyrazne zredukuje a preto v trefom stupni bude potrebné
odlupovanim odstranit’ len minimalnu zvysSkova adhéziu. Podmienkou pre pouzitie vhodnej technoldgie
tretieho stupna je zabezpecenie, Ze neddjde ku kontaminacii PVB inym materidlom. Vyseparovana PVB
félia bude preprana a neutralizovana v slabom kyselinovom roztoku, priCom budu odstranené aj
posledné zvysSky skla z jej povrchu. Nasledne dbjde k vysuSeniu PVB fdlie.

Navrhované technologické spracovanie vrstvenych skiel delaminaénym procesom ma umoznit
efektivny spbsob oddelenia skla od PVB fdlie a zabezpecit vhodnu kvalitu vystupnych materialov pre
dalSiu recyklaciu. Proces by mal zabezpecit separaciu PVB félie s obsahom prilnutého skla do 100 ppm.
Toto zvySkové mnozZstvo skla je uz akceptovatelné pre priemyselnu recyklaciu PVB félii. Takto oddelena
PVB félia bude pripravena pre opatovnu extriziu a vyrobu novej PVB fdlie pre viacvrstvové skla.
Celkova koncepcia technoldgie na spracovanie vrstvenych skiel je pre lepSie znazornenie uvedena na
obrazku 7.
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Obréazok 7: Ndvrh koncepcie technolégie na spracovanie vrstvenych skiel’

Laboratérne skusky dekompozicie vrstveného autoskla

Pevnostné skusky vrstveného autoskla a testovanie vhodnosti tvaru nastroja

V tejto Casti sme sa zaoberali pevnostnymi skuSkami na vzorkach Celného autoskla, pricom boli
testované na réznych druhoch raznikov’, obrazok 8. Raznik 1 s profilom v tvare ,V* bol vyrobeny, aby
bolo mozné testovat’ vplyv koncentracie tlaku na zmenu ucinnosti drvenia vrstveného autoskla, ktora sa
nasledne porovnavala s raznikom 2. Raznik 2 bol vyhotoveny podfa navrhu valca s radiusom R =
70 mm. Pri pokuse bol pouzity lis VEB Werkstoffprifmaschinen. Presnost zariadenia bola verifikovana aj

ciachovanych silomerom.

a) raznik 1 s profilom v tvare ,V*

b) raznik 2 s radiusom R =70 mm
Obrazok 8: Testovacie razniky
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Pri testovani sme pouZili vopred pripravené kusy narezané z Celného autoskla. PouZitie raznika 1
s profilom v tvare ,V* (obrazok 8a) ukazalo, Ze vrstva skla bola v najvacSej miere porusena v oblasti
hrane raznika, pricom ostatné casti vzorky skla boli len mierne popraskané. Z vyhodnotenie
zaznamenanych udajov vyplynulo, Ze pri pouZziti raznika 1 na popraskanie skla bola potrebna sila vacsia
0,05 kN a na zacCatie procesu drvenia sila vySSia az 2 kN.

a) pri pouziti raznika 1 b) pri pouZii raznika 2
Obrazok 9: Vzorky skla

Oddel'ovanie zvyskového skla pridavnym ohrevom

Na oddelovanie skla podrveného raznikom 2, ktoré ostalo prilnuté k folii, bolo testované pouzitie
teplovzdusnej pistole ako pridavného zdroja tepelnej energie’ (obrazok 10). Plocha skla bola zohrievana
pistolou po dobu niekolkych sekund na priblizne 40 °C, aby sa nepresiahla Vicatova teplota maknutia,
pretoze by sa félia zaCala topit a nedala by sa so 100% uspesnostou oddelit od skla. Po nahriati skla sa
polamané kusky skla s rozmermi mensimi ako 5 x 5 mm dali fahko oddelit od félie, avSak kusky skla
s rozmermi vacsimi ako 5 x 5 mm sa oddeflovali od félie tazsie alebo sa nedali oddelit vobec.

a) teplovzdusna pistol - b) vzorky skla po ohreve
Obrazok 10: Pridavny ohrev testovanej vzorky

Okrem opisanych skuSok sme oddelovanie skla od félie testovali zohrievanim teplovzdusSnou
piStolou a naslednym rychlym ochladzovanim v tekutine s teplotou az -25 °C. Tekutinu sme na
rozrusené sklo nanasali injekénou striekadkou medzi vrstvy skla a félie. Dal$i test bol zamerany na
skumanie moznosti odstrafiovania zvySkovych sklenych ulomkov z félie PVB pbsobenim tepla
a vodného roztoku CaCl,. Pripraveny roztok vody s CaCl, (700 ml H,0, 280 g CaCl, ) bol v pracke
zohriaty na teplotu v intervale 50 az 70 °C. Nasledne sme do pracky vlozili skusobné vzorky a nechali
sme pracku pracovat 15 minut. Cistota vypranej folie bola velmi vysoka.
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Obrazok 11: Foélia po vyprati

Skusky mechanického oddel'ovania vrstvy skla od PVB félie

Druha etapa experimentalnych prac zameranych na skumanie procesu mechanického oddelovania
vrstiev skla afélie PVB pokraCovala realizovanim skusSok na laboratornom vibraénom skuSobnom
modeli, ktory sme pre tento pripad skons$truovali, obrazok 12a. Funkény model sa sklada z dvoch platni.
Na jednej platni je upevneny valec vibrujuci pomocou vibraéného elektromotora umiestneného na druhej
strane platne. Na druhej platni, v polohe oproti vibraénému valcu, je privarenych 8 kusov ty¢i betonarske;j
ocele typu Roxor s charakteristickym €lenitym povrchom, ktoré sluZia na drvenie a zaroven odlupovanie
skla. Vlastné merania sa uskutocnili na 3 testovacich vzorkach, ktoré mali priblizne rovnaké rozmery.
Kazda vzorka vrstveného autoskla bola cez vibracné zariadenie prepustana 3krat z kazdej strany.
Na vzorkach bola zistovana ich hmotnost’ po jednotlivych drveniach a hmotnost’ jednotlivych frakcii skla
po merani. Skusobna vzorka mala rozmery 400x295 mm a hmotnost 1300 g pred testovanim’.

IR

a) skuSobny model b) félia po prechode vibracnym modelom

Obrazok 12: Stroj na odlupovanie skla od PVB

Vysledky a diskusia

Namerané hmotnosti vzorky 1 po 6 cykloch drveniach, t.j. 3 cykly z kazdej strany vrstveného skla, su
uvedené v tabulke 1.2

Tabulka 1: Vyvoj ubytku hmotnosti vzorky 1 pocas sekvencie 6 cyklov drvenia

:OVOdna, 1.drvenie | 2.drvenie | 3.drvenie | 4.drvenie | 5.drvenie | 6.drvenie
motnost

[l [a] la] ] ] a] [a]
vzorka 1 1300 862 558 396 307 192 99
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Odseparované sklo zachytené na zbernom plechu bolo podrobené granulometrickej analyze na
uréenie hmotnosti a podielu skla v 5 velkostnych frakciach — frakcia I. (nad 4 mm), frakcia Il. (2 — 4 mm),
frakcia Ill. (1 — 2 mm), frakcia IV. (0,5 — 1 mm) a frakcia V. (pod 0,5 mm). Na triedenie sklenej drviny —
sitovy rozbor bol pouzity sitovaci pristroj Retsch AS 200. Vysledky granulometrickej analyzy su uvedené
v tabulke 2, z ktorych vyplyva, Ze najvacsi, az 36% podiel ma frakcia Il. s ¢asticami velkosti 2 — 4 mm.

Tabul'ka 2: Granulometricka analyza vzorky 1

Frakcia l. Frakcia Il. Frakcia Ill. Frakcia IV. Frakcia V.
(nad 4 mm) (2-4mm) (1-2mm) (0,5-1mm) (pod 0,5 mm)
Hmotnost’ [g] 42 423 342 164 212
Podiel [%] 3 36 29 14 18

Obrazok 13: Jednotlivé frakcie skla vzorky 1 po sitovom rozbore

Sumarna hmotnost mechanicky odseparovaného skla zo vzorky 1 tak dosiahla 1183 g. Ak sa
k hmotnosti skla pripo€ita zvySkova hmotnost vyseparovanej PVB félie 99 g, celkova vysledna hmotnost
vzorky 1 po procese mechanického drvenia je 1282 g. Rozdiel medzi pdvodnou hmotnostou vzorky 1
(tabulka 1) a celkovou hmotnostou po recyklacii predstavuje 18 g, €o je strata priblizne 1,4 %, ktora
mohla vzniknut po&as procesu drvenia, ked oddefované sklo odskoc€ilo mimo zachytny plech. Jednotlivé
frakcie skla po sitovom rozbore st uvedené na obrazku 13.2

Rovnaky postup a podmienky priebehu experimentu boli aplikované aj pri dalSich 2 vzorkach odobratych
z vrstveného skla. Priemerny tbytok hmotnosti po jednotlivych operéaciach je zrejmy z obrazku 14.’

Hmotnosti po drveniach

1500

1000

Hmotnost autoskla

B Priemernd pévodna hmotnost B Priemerna hmotnost po 1.drveni
M Priemernd hmotnost po 2.drveni B Priemerna hmotnost po 3.drveni
B Priemernd hmotnost po 4.drveni B Priemerna hmotnost po 5.drveni

M Priemernd hmotnost po 6.drveni

Obrézok 14: Vyhodnotenie dbytku priemernych hmotnosti’
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Vyhodnotenie vysledkov experimentalnych prac Il. etapy
Na zaklade znamych udajov o félii PVB, ako su jej hustota p, hriubka félie v lepenom autoskle h,

rozmery, bolo mozné vypocitat pribliznd hmotnost m pévodnej Cistej PVB folie:

m=p.h.(a.b) =1,07.0,076.(39,5.29,5) = 94,56 g
kde p je hustota PVB félie, p= 1,07 — 1,2 g.cm™, pre vypod&et bola zvolena najnizsia,
h je hrabka félie v autoskle, h = 0,76 mm = 0,076 cm,
a, b je priemerny rozmer vzorky s féliou PVB, a =39,5 cm, b = 29,5 cm.

Pri nami ocCistenej folii je priemerna hmotnost 101 g, €o je o 6 gramov viac ako hmotnost folie pred
laminovanim medzi skla.

Namerané a vypocCitané hodnoty granulometrickej analyzy pre v8etky 3 vzorky, ktoré sa podrobili
mechanickej recyklacii potvrdzuju predchadzajuce zistenie, Ze najvacsi priemerny, priblizne 36% podiel
v objeme odseparovaného skla ma frakcia Il. s Casticami s velkostou 2 — 4 mm a najmensi podiel,
priblizne 3 %, pripada na frakciu I. s ¢asticami skla nad 4 mm, obrazok 15.

PRIEMERNE HODNOTY FRAKCIi

M Frakcial. M Frakciall. M Frakcialll. M FrakcialV. M FrakciaV.

Frakcia I.

Obrédzok 15: Vyhodnotenie frakcii’

Zaver

Cielom predloZzeného prispevku je testovanie moznych technoldgii dekompozicie vrstvenych
lepenych skiel a na zaklade experimentalnych laboratornych skusok a poznatkov ziskanych z literatury
a patentov navrhnut novu progresivnu technolégiu. V €lanku boli verifikované rézne technologické
principy a na zaklade vysledkov laboratornych skuSok bola navrhnuta ich optimalna kombinacia tak,
abysme dosiahli maximalny stuperi zhodnotenia dekompozicie vrstvenych skiel pri akceptovatelnej
ekonomickej efektivnosti. Vysledkom experimentov laboratérnych skusok je okrem navrhu optimalnej
technolégie aj potvrdenie pracovnej hypotézy, Ze maximalnu Cistotu jednotlivych komodit dosiahneme
vtedy, ked vrstvene sklo nebudeme drvit ale ho len popraskame tak aby félia zostala celistva.
Vyznamnym vysledkom predloZeného prispevku je aj poznatok, Zze prvykrat bola pri dekompozicii
vrstvenych skiel s uspechom aplikovana vibraéna mechanicka technoldgia.
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Summary

In both automotive and civil engineering, the importance of de-composition of bonded glasses
increases. Separated clear glass, foil or metal parts are interesting material commodities. At present, this
waste is treated by mechanical disintegration followed by separation. The profitability of clean material
commodities is approximately 55-65 percent. Unscheduled glass waste is practically unusable and

largely ends at landfills.

The aim of the paper is to propose a new way of decomposition of glued glass. The basis of the

described principle is a combination of mechanical and chemical-thermal technology.

Keywords: glued glass, progressive technology, decomposition
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Summary

The paper deals with a porous, composite material made completely of recycled aggregate concrete.
In the case of a limited amount of binder being used, the composite has a porous structure. The
composite gaps can be filled by other materials, preferably secondary raw materials. The possibilities of
composite gap filling which have already been researched and it’s intended practical use are described
in the paper.

Keywords: Fibre reinforced concrete (FRC), recycled concrete, one fraction, secondary raw
materials.

Introduction

Recycled concrete should be considered a secondary raw material suitable for building practice.
Demolition of buildings insufficient to the development of society and the development of new industrial
technologies are an unlimited source for recycled concrete production.

In every building demolition, there will be concrete, which has become one of the main building
materials since the invention of cement. It goes without saying that the secondary, used, recycled
material must meet the required criteria, especially chemical purity. The fact is that the criteria for
chemical purity is, in some cases, so strict that they make it difficult or even prevent its use for selected
applications.

Concrete is considered to be natural aggregate due to its structure, therefore the recycling product -
concrete recyclate - may be included in the group of natural aggregate too.

In standards, there is concrete recyclate termed "recycled aggregate", which is not the official name.
Proper naming results directly from the modified form of concrete waste, ie concrete recyclate, reflecting
the origin of recycled aggregate. Naming this product concrete recyclate will make it clearer that the
replacement of natural aggregate by concrete recyclate can be complete or partial. Right at the
beginning of this paper it can be said that concrete recyclate can be used as:

- substitution of natural aggregates in the subbase and backfill,

- partial to full replacement of natural aggregate in the same fractions when designing construction
concrete for a dense composite production

- full replacement of natural aggregates in the creation of new structures of cement composites
without sorting concrete recycle into fractions.

This paper deals with composite formation using only one recycled concrete fraction, wide fraction,
limited by the maximum suitable grain size for the intended application®.
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Experimental part
Structure of composite using concrete recycle of one fraction

As stated in the introduction, the idea of creating concrete composites of one fraction, limited only by
the maximum grain size of aggregate, has proven to be promising for a meaningful use of concrete
recyclate.

The resulting composite structure will always be porous. The size of the gaps is dependent on the
maximum grain of used concrete recycle and the machinery that converts the concrete waste (secondary
raw material) into concrete recycle material.

The volume of the spaces and their uniform distribution in the compacted composite structure’s
volume can be achieved only by designing the mix structure and by fresh composite processing
technology with appropriate consistency. Only the rolling or stamping process ensures a uniform
distribution of the gaps in the composite structure. Cement does not fill the free volume of the gaps. It is
only designed to wrap the grains of the recycled aggregate.

The mentioned compaction methods primarily involve the joining of recycled material with coarse
grains, the formation of the supporting structure® and the determination of free volumes, which can be
filled by other suitable waste materials.

The description of the composite structure based only on the grain size of concrete recyclate and on
the limited volume of cement, shows that cement binder serves only to further fix the bond between
recyclate grains. Therefore, any volumetric changes caused by shrinkage or creep, as in the case of
conventional dense concrete, is not be expected in these structures.

Possible use of porous structures

As the formation of the composite structure shows, the volume of the spaces in the structures can be
very variable. It is up to future devisers which waste converted into secondary raw material fills the
volume of these gaps.

The first utilization of the porous composite structure was the use of synthetic fibres made industrially
and fibres cut from waste PET bottles. These fibres have predominantly interconnected, coarse grains of
recycled material and thus the structure of the composites was reinforced. Composites using only these
fibres were called gap-fibre reinforced concrete, as well as fibre reinforced concrete, which was similarly
named in the case of dense concrete with fibres.

Results and discussion

Proven characteristics on test samples also resulted in identification of areas for the practical
utilization of this gap-fibre concrete®.

Table 1: Basic characteristics of fibre reinforced concrete with recycled materials*

Characteristics Concrete recyclate Brick recyclate
Volume weight [kg/m?] 2000 - 2200 1800 — 2100
Compression strength [MPa] 12-30 12 - 28
Strength in transverse tension [MPa] 16-25 15-33
Tensile strength in bending [MPa] 16-25 15-238
Modulus of elasticity [GPa] 13-18 11-15
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Figure 1: FRC slabs from composite with recycled concrete in bank
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Figure 2: FRC slabs from composite with recycled concrete in ground dam

The applicability of these constructions can be demonstrated by the model of flood control dam
resistant against overtopping (Figure Ill), which was presented at the international exhibition and its
functionality was proved - resistance to flooding during floods.

SROTIPOVODNOVA HRAZ ODOLNA PRI PRELITi VODOU J
£LOOD CONTROL DAM RESISTENT AGAINST OVERTOPPING

Figure 3: Flood control dam resistant against overtopping — model
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During the search process for suitable recycled waste which could fill the gaps, the STERED textile
pulp was identified. Concrete proofing tests have shown both in the technological area and in strength
characteristics that it is a composite which may have wide application in practice in the future. More
details about STEREDBETON, as the composite was called, are contained in a separate
STEREDBETON papers, which were presented on conferencies dealing with recyclate issue.

Production of composites with brick recyclate as as load-carrying material of the structure will be
recommended provided that the origin of the brick recyclate is verified. It is a reality that bricks placed in
old buildings were burnt, while brick used in new buildings are "baked". The question of composite
durability enters in the case of using such composites in applications.

Conclusion

This paper discusses composites solely made from concrete recyclate, in addition in the simplest
form, limited only by the maximum grain size of aggregate. Direct consumption of recycled concrete from
recycling centre depots, sorted by maximum grain sizes, depends on the type and size of the planned
use.

The entire text of the paper shows that the utilization of one fraction concrete recyclate gives the
possibility to develop new composites and find waste suitable for recycling. Composites of different
characteristics, which will be developed in the future, can gain multilateral application in building practice.
This will reduce the landfill of construction waste, which will contribute to the improvement of the
environment with each new application
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Moznosti vyuziti betonového recyklatu ve stavebni praxi
Jan VODICKA, Alena KOHOUTKOVA, Hana HANZLOVA, Tereza HLAVACOVA
Fakulta stavebni, CVUT v Praze, Thakurova 7, 166 29, Praha 6, Ceska republika.

Souhrn

Prispévek pojednava o mezerovitém kompozitu, vyrobeného vyluéné z betonového recyklovaného
kameniva. P¥i limitnim vyuZiti pojiva ma tento kompozit mezerovitou strukturu. VyuZiti mezer v kompozitu
Ize nabidnout k vyuziti dal§ich materialt, s vyhodou druhotnych surovin. Jsou zde popsané dosud
zkoumané moznosti vyplnéni mezer v kompozitu a jeho zamySslené praktické vyuZiti.

Klic¢ova slova: viaknobeton, betonovy recyklat, Siroka frakce, druhotné suroviny.

Patronem tohoto ¢isla je Tyden vyzkumu a inovaci pro praxi a Zivotni prostfedi TVIP 2018, 6. — 8. 3. 2018, Hustopece
WASTE FORUM 2017, &islo 5, strana D34



¢ * 00 S T U SLOVAK UNIVERSITY OF
L B . TECHNOLOGY IN BRATISLAVA
L B B S] F FACULTY OF MECHANICAL

ENGINEERING

Here are six great reasons why to study at FME STU:

1. Tradition and Quality

The Slovak University of Technology boasts the longest history in teaching engineering subjects
in Slovakia. Its tradition is reflected by its excellent ranking among Slovak faculties and its
internatio—nal reputation.

2. Professional Career Building During your Study

We will assist you in planning and starting you professional career. The faculty cooperates with
dozens of top industrial enterprises, trade organizations, institutions, and universities in Slovakia
and abroad.

3. Graduates with a Future to be Envied

After successfully completing their study program, our gradua—tes will have no problem in
finding lucrative jobs. Apart from industrial enterprises, they are also in demand in other
production branches, information technologies, educational and research institutions, local
government, and trades.

4. Study in English
International students are welcome to enrol onto one of two Bachelor. and two Engineering
programmes delivered through the medium of English during the academic year 2017/18.

5. Excellent Location
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- investigation of dynamic instability, measurement of dynamic properties of structures,
measurement of tension, temperature and vibration of structures,
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