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Uvodni slovo $éfredaktora
Vazeni ¢tenari,
v predmluvé minulého c¢isla jsem slibil statistiku poctu

prispévki zaslanych do redakce a pocty publikovanych
a odmitnutych ¢lanka.

Z divodu uspory mista (i své prace) jsem se soustredil
na posledni tfi roky, kdy je WF indexovan ve SCOPUSu.
Pozorné c¢tenare upozorriuji, Ze ne vZdy souhlasi soucet
publikovanych a odmitnutych ¢lanku s poctem ¢lanku
v redakci. Prispévek, o kterém se recenzent vyjadri, Ze je
treba jej prepracovat, byva obvykle presunut do dalsiho
Cisla. V nékterych prfipadech se to vsak stihne
i S opétovnym posouzenim recenzentem v ramci jednoho cisla. Zde je slibena statistika:

Cislo Pocet ¢lankt Pocet ¢lanku publikovanych/z | Pocet ¢lanki odmitnutych nebo
v redakci toho v angliétiné vracenych k prepracovani
1/2017 4 3/2 1
2/2017 12 714 5
3/2017 16 12/3 4
4/2017 17 14/7 3
1/2018 14 9/6 5
2/2018 24 20/12 4
3/2018 19 13/12 6
4/2018 19 16/12 3
1/2019 10 5/3 5
2/2019 20 11/3 9
3/2019 17 12/9 9
4/2019 14 12/7 5

Pravidelné se mne autori ptaji na impakt-faktor. Ten je vSak navazany na Web of
Science, kde WF zatim indexovan neni. Loni jsem o to poZadal, ale nedavno mi sdélili, Ze
az pristi rok. Nicméné SCOPUS ma rovnéz své hodnoceni ¢asopist, tzv. CiteScore, jehoz
hodnota pro WF za rok 2018 byla 0,08.

Vysi tohoto skore ¢i v budoucnosti impakt-faktoru osobné nemohu nijak ovlivnit, vedle
toho, zZe spolu s recenzenty budeme hlidat, aby vychazely jen kvalitni ¢lanky. Vyznamné
to vSak mohou ovlivnit sami autori, kdyz své, ale hlavné cizi ¢lanky z WF, budou citovat
a nejlépe ve svych publikacich v jinych ¢asopisech. Je to ostatné v jejich vlastnim zajmu!

A nakonec zvu vSechny ctenare i autory tohoto casopisu na Tyden vyzkumu a inovaci
pro praxi TVIP 2020, ktery se kond 24. — 26. 3. 2020 v Hustopeéich, ktery porfada Ceské
ekologické manazerské centrum, vydavatel tohoto casopisu. Klicovou soucasti TVIP je
tradicné symposium Vysledky vyzkumu a vyvoje pro prumyslovou a komunalni ekologii
ODPADOVEM FORUM 2020, jehoz je WF mediélnim partnerem. Diky tomu mohou byt
prispévky tam prezentované nasledné publikovany také v tomto casopise. Vice informaci

Uzavérka prihlasek prispévku je 15. ledna 2020.
Ondrej Prochazka
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Pro autory

WASTE FORUM je casopis urCeny pro publikovani puvodnich védeckych praci
souvisejicich s pramyslovou a komunalni ekologii. Tj. nejen z vyzkumu v oblasti odpadu
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 c&lenéni a grafické Upravé pfispévku
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 recenzentll 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 angli¢tina. 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 Casopisu, vybirame publikaéni poplatek ve vysi 500 K& za kazdou stranku (bez DPH).
V pfipadé nepublikovani pfispévku v disledku negativniho vysledku recenzniho fizeni je tato Castka
poloviéni.

Uzavérka nejblizsiho cisla casopisu WASTE FORUM je 8. ledna 2020, dalsi pak 8. dubna.

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. 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 500 CZK per each new page of the paper.

The deadline of the next issue is on January 8, 2019, more on April 8, 2020.
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TVIR.

Tyden vedy a inovaci pro praxi a zivotni prostredi

WWW.TVIP.CZ

24. - 26. 3.2020 | HUSTOPECE

Odpadove
forum 2020

Vysledky vyzkumu a vyvoje pro primyslovou
a komunalni ekologii — 15. rocnik

ovzpusi

> Cisténi odpadnich plynd a spalin

> Snizovani a méfeni emisi

> Doprava a lokalni zdroje

> Kvalita ovzdusi a zdravotni dopady

VEDA A VYZKUM o
PRO OBEHOVE HOSPODARSTVI
> Sance a bariéry cirkularni ekonomiky
> Nove zdroje surovin a energie

> Inovativni technologické postupy
a inovativni technologie

> Nové materialy a jejich aplikace

ODPADY

> Systemove otazky odpadového hospodarstvi
> Materialové, biologické a energetické vyuziti
> Nebezpecné odpady, odstranovani odpadd

» Sanace ekologickych zatézi a nasledkd havarii

> Cisténi primyslovych odpadnich vod

> Ziskavani cennych latek z odpadnich vod
> Recyklace vody

> Nakladani s kaly

> Kapalné odpady

| RADIOAKTIVNI ODPADY |

Aprochem 2020

Rizikovy management 29. rocnik

> Posuzovani a fizeni rizik

> Management feseni konkrétnich
havarijnich situaci

> Vyznamneé rizikove faktory soucasnosti
ovliviujici ¢innost rizikovych manazerd

> Vyzkum, legislativa a financni zdroje
vyuzitelné pro tuto oblast

Pofadatel: CEMC - Ceské ekologické manazerské centrum, zs.
28. pluku 524/25, Praha 10, PSC 101 00, tvip@cemc.cz, www.tvip.cz

Dulezité terminy
Termin konani: 24. - 26. 3. 2020

Termin prihlasek prispévka: do 15. 1. 2020
Termin plnych textt: do 15. 2. 2020
Termin prihlasek Gcasti: do 1. 3. 2020




Theoretical and Methodological Aspects of Transition to
a Circular Economy

Gabriela VACEKOVA?, Michal PLACEK?, Jana SOUKOPOVA®

# Faculty of Social Sciences, Charles University, Smetanovo nabrezi 6, 110 00
Praha 1, Czech Republic,

e-mail: gabriela.vacekova@fsv.cuni.cz, michalplacek@seznam.cz

® Faculty of Economics and Administration, Masaryk University’, Lipova 41a,
60200 Brno, Czech Republic, e-mail: jana.soukopova@econ.muni.cz

Abstract

The transition to a more circular economy has been adopted as a guiding principle in several national
policies. The present paper reviews the international definitional, theoretical, and methodological
approaches to the circular economy originating in the Western environment with a view to assessing
their applicability in the (post-) transitional context of Central and Eastern Europe and to identifying the
elements of their integrative conceptual core. The main finding is that scientific research on circular
economy and circular business thinking takes two relatively independent directions, descriptive and
normative, as it is grounded in two different methodological approaches. The paper provides definitional
clarifications and policy implications for the Czech environment and shows that it is possible to use
a starting point for further research on circularity that would not be based on dichotomous approaches
but on integrity, a holistic approach.

Key words: Circular Economy, Circular Business Thinking, Transformation Process, CEE

Introduction

Having gone through a transformation to a market economy, the concept of circularity in the (post-)
transitional European countries has tremendous potential. The achievement of this potential, however,
depends on the ability of post-communist countries to deal with socio-economic and political challenges
that are no less tremendous. Much of the work that needs to be done towards achieving the potential
that circularity offers involves the scientific analysis and reconstruction of basic conceptual foundations.
This paper aims to review the international definitional and theoretical approaches to a circular economy
originating in the Anglo-Saxon environment with a view to assessing their applicability in the (post-)
transitional context and identifying the elements of their integrative conceptual core.

The theoretical relevance and practical importance of the development of the circular economy 2?3

around the world has been experienced by the post-communist economies and other economies. The
trend towards emerging circularity in the transitional economies of Central and Eastern Europe has
grown in recent years. Recently, the interest of Western scholars has rapidly increased concerning what
is hidden in the concept of the circular economy, how the ‘what’ can be captured in reality, and what is
not hidden and why *. Although basic ideas about the circular economy can be found in several schools
of thought and the idea behind a circular economy has existed for a long time ° and can be traced even
to the prehistoric era °, only recently have forces pushed businesses to shift their attention and intensify
their efforts to be ‘less linear’ °.

The transition to a circular economy requires a radical change and new ways of thinking. The
knowledge base of a circular economy requires substantial work on expanding, deepening, and
interconnecting existing pieces of knowledge from multidisciplinary perspectives, and this holds true
even more for the (post-) transitional context of Central and Eastern Europe. The accession of several
post-communist economies to the European Union has involved the complete transformation of a former
command economy to one based on the market. A transformation of the economy was the precondition
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for a radical change in the political system to create a capitalist social system, a process that was much
broader than the changes to the economy. It opened a space for circular business thinking. Has this
space been sufficiently used by (post-) transitional economies? If so, how? And if not, why not?

Literature overview: A concept of circular economy

Recent years have seen a proliferation of scholarly publications on the circular economy ’. Several
concepts have been used to define it; nevertheless, there is not yet a commonly agreed definition 2.
Despite the lack of conceptualization, circularity has been attracting the attention of scholars, as the shift
to a circular economy demands a understanding of how companies can introduce circularity into their
business models °. Most studies have used a case study approach. This captures several aspects and
context-based features in specific firms or sectors, but it also limits their generalization. Merli et al. ’
highlighted the circular economy as an evolving concept that still requires development to consolidate its
definition, boundaries, principles, and associated practices.

The prevailing perception of the circular economy is that it is a better alternative to the dominant
economic development model of ‘take, make, and dispose’ 2. The circular economy approach does not
reject or suppress the strategy of economic or business development; only the understanding of how
sustainable development can be achieved, and for the gains and pains of which parties, has started to
change. The space around the issue of sustainability continues to expand. The European Commission
states that: ‘In a circular economy the value of products and materials is maintained for as long as
possible; waste and resource use are minimized, and resources are kept within the economy when
a product has reached the end of its life, to be used again and again to create further value’ *°.

According to Geissdoerfer et al ** the circular economy ,is based on the idea of putting private
business into the service of the transition to a more sustainable system.” The system view is stressed
also by Merli et a the circular economy ‘is based on the idea of putting private business into the service
of the transition to a more sustainable system.” The system view is stressed also by Merli et al. * who
stated that the circular economy ‘proposes a circular system in which the value of products, materials
and resources is maintained in the economy as long as possible’ . Camacho-Otero et al ** stated that
a circular economy ‘aims at decoupling value creation from waste generation and resource use by
radically transforming production and consumption systems.” The circular economy is viewed as a
‘business’s business’ and is predominantly concentrated on ways to operationalize the implementation of
sustainability issues at environmental, economic, and social levels . This is obvious from the definition of
Sinclair et al ** adapted from a leading advocate and proponent of the circular economy, the Ellen
MacArthur Foundation: ‘The circular economy is one that is restorative or regenerative by intention and
design. It replaces the concept of the end-of-life of a product with one that emphasizes reuse, repair,
remanufslacturing or recycling ‘through the superior design of materials, products, systems, and business
models’ ~.

The central aim of the circular economy is to create value through material retention and so to help
resolve environmental sustainability problems by reducing resource extraction and waste streams and to
support businesses moving towards sustainability by creating value for their stakeholders with profit
through the reduction of costs for materials, energy, and production **. The core process of the circular
economy is in redesigning linear processes and flows of ‘materials, energy, labour and information’ to
more circular ones *. To support the transition of companies and the whole society to a circular economy,
the European Union has created several political documents and has introduced several laws and
regulations.

Stahel * explains the essence of five key principles of the circular economy, which he considers to be
about stock optimization when viewing stock as wealth in the form of manufactured products, health,
education, and skills. Those principles are: The smaller the loop (activity-wise and geographically), the
more profitable and resource efficient it is — where activity-wise means: ‘don’t repair what is not broken,
don’t remanufacture what can be repaired, and don’t recycle what can be remanufactured); in this point,
Stahel also criticizes global recycling businesses. Loops have no beginning and no end, replacing the
value-added concept of a linear economy. The speed of the circular flows is crucial: the efficiency of
managing stock in the circular economy increases with a decreasing flow speed; this principle is extremely
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important for product design in terms of the quality of design itself and the quality of material and
components that influence how many times a product can be ‘circled’ in one level of the recovery options
hierarchy from resell to reincarnation. Continued ownership is cost-efficient: reuse, repair, and
remanufacture without a change of ownership save double transaction costs. A circular economy needs
a functioning market.

Lewandowski ° summarizes other key principles of the circular economy: design out waste/design for
reuse; build resilience through diversity; rely on energy from renewable sources; think in systems; waste
is food/think in cascades/share values (symbiosis). Another key principle of a circular economy is to
drive systemwide change ™.

The Ellen McArthur Foundation * defines three principles: preserve and enhance natural capital by
controlling finite stocks and balancing renewable resource flows — for example, replacing fossil fuels with
renewable energy, or using the maximum sustainable yield method to preserve fish stocks; optimize
resource Yields by circulating products, components, and materials at the highest utility at all times in
both technical and biological cycles — for example, sharing or looping products and extending product
lifetimes; and foster system effectiveness by revealing and designing out negative externalities, such as
water, air, soil, and noise pollution, climate change, toxins, congestion, and negative health effects
related to resource use.

Based on these principles, the Ellen MacArthur Foundation proposed the ReSOLVE Framework,
containing six business actions that can be understood as a tool for generating circular strategies and
growth initiatives: Regenerate - shift to renewable energy and materials; reclaim, retain, and regenerate
health of ecosystems and return recovered biological resources to the biosphere. Share - keep product
loop speed low and maximize the utilization of products by sharing them among different users (peer-to-
peer sharing of privately-owned products or public sharing of a pool of products), by reusing them
through their entire technical lifetime (second hand), and by prolonging their lifetime through
maintenance, repair, and design for durability. Optimize - increase performance/efficiency of a product;
remove waste in the production and supply chains (from sourcing and logistics, to production, use
phase, end-of-use collection etc.); leverage big data, automation, remote sensing and steering. All these
actions are implemented without changes to the actual product or technology. Loop - keep components
and materials in closed loops and prioritize inner loops. For finite materials, this means remanufacturing
products or components and recycling materials. For renewable materials, this means anaerobic
digestion and extracting biochemicals from organic waste. Virtualize - dematerialize resource use by
delivering utility virtually: directly or indirectly. Exchange - replace old with advanced non-renewable
materials, apply new technologies, and choose new products/services.

Four distinct ways to create value in a circular economy are identified by the Ellen MacArthur
Foundation® in the conceptualization of different powers: power of the inner circle; power of circling
longer; power of cascaded use; and power of pure circles. The hierarchy of ‘powers’ reflects the
challenges for companies to overcome, the need for new resources, reengineering, and innovation in
relationships and partner networks, as well as the redesign of value creation, delivery, and capture logic,
and of course also the level or extent of circularity. As can be seen, a circular economy presents many
challenges to the traditional linear business models and adding the focus on sustainability does not
always help to solve the problems that the circular economy aims to address *°.

Methodology

An analysis of the literature shows that scientific research of the circular economy takes two relatively
independent directions, as it is grounded in two different methodological approaches. The first approach
is descriptive and based on non-normative methodology and the corresponding explanation tools that
clarify the role of circular business thinking in the economy. The second approach turns in the normative
direction. It is based on normative methodology and on the explication or interpretation of a researched
topic. The contrast between these two different methodological approaches to the circular economy is
a specific example of the current state of scientific discussion in the areas of economics and social
sciences. The contrast takes the form of ‘two cultures’ *' or, in terms of scientific methodology, a form of
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commensurability or incommensurability between normative and non-normative statements about, or
explanations of, a researched topic *®.

The general contradictions between economics and social sciences are reflected in the scientific
discussion about the circular economy and influence the role and functions of system business thinking.
Our approach is based on a critical evaluation of this discussion and offers a different solution. The
solution is an attempt to depart from the existing traditional approaches and reach some synthesis. The
paper works on the assumption that it is possible to use a starting point that would not be based on
dichotomous approaches but on integrity.

The methodological basis for this integrity is the holistic approach ***°, enabling a shift towards the
integrative theory. As Dewey %° observed: ‘the ultimate end and test of all inquiry is the transformation of
a problematic situation (which involves confusion and conflict) into a unified one.” The paper is based on
Dewey’s theory of inquiry as it aims to go beyond the ‘fact-value dichotomy’ and follow the tradition of
pragmatist philosophy, going back primarily to Dewey. The main research interest of pragmatist
philosophy is in examining the societal problem-solving process. The paper seeks answers on how the
circular economy participates and contributes to this process which indeed integrates normative and
positive aspects: there is a normative imperative to solve problems, and there is positive interest in
discovering how circular business thinking can actually do it.

The need for integrative research of the circular economy is determined by two groups of factors. The
first group is the new social reality. This new reality includes transformations of the positions, roles, and
functions of all market subjects. Therefore, this represents an objective side of the issue: the ontological
layer of the circular economy. Recent and ongoing changes in the position and functioning of the circular
economy require a corresponding scientific approach and tools that would enable proper research of
these changes. Traditional existing approaches offer dichotomous solutions: either explanations or
interpretations. The integrative theory bridges this dichotomy, offering a comprehensive view of the
current issues related to the circularity phenomenon. The ambition of this paper is to contribute to the
theoretical elaboration of the issue.

Two types of research methods were used to meet the paper’s goal. An analysis of the two scientific
approaches was used specifically in searching through theoretical resources. The synthesis method and
the generalization method were applied in particular in connection with formulating theoretical
conclusions. The paper is organized around two major themes. The first theme presents the
conceptualization of the circular economy in the Anglo-Saxon environment. The next part is an inquiry
that provides an analysis of the economic determinants of circular business thinking in the (post-)
transitional area. This opens space for examining the issue from methodological and conceptual points
of view. The paper ends by drawing conclusions and making suggestions for further research.

Results and discussion: The transition to a circular economy

The paper is based on the idea of ‘evolutionism’. Using the example of Czechoslovakia (or rather the
Czech Republic), we research the genesis of circular business thinking in the Czech society. We study the
transformations that the Czech civil society has been undergoing and the traces left behind by previous
historical developments. Such methodological anchoring enables the generalization of the research results.
The Czech Republic is a typical country with a communist and post-communist history. Thus, the ‘history is
enrooted’ in the evolution of Czech civil society organizations. This fact manifests itself in their path-
dependent behaviour. The intensity of the impact of the path dependence depends on these key factors: the
time spent on the path (the actual time the path dependence lasted) and the intensity of the influence of the
past on the evolution of the civil society organizations. It is a non-ergodic process. Therefore, we are still
encountering the impact of path dependence on the evolution of Czech civil society, even over thirty years
after the fall of the communist regime.

These arguments are valid only from the purely theoretical point of view. As Sepp and Frear ** noted,
informal institutions differed between the Eastern and Western world. Informal institutions were one of
the biggest problems during the transition. While formal institutions such as banking systems and
commercial codes could be, and indeed were, implemented fairly quickly, changes in informal
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institutions, reflecting people’s attitudes towards political parties, elections, corruption, accuracy, and
punctuality, are taking decades to be transformed. According to Dahrendorf ?*, such changes need at
least sixty years. What if this is the case with the transition to a circular economy as well?

The transformation in the economy is considered as both a major driver and an obstacle to the
implementation of a circular economy °??. The concept of the transitional economy came into existence
at the end of the 1980s when all the countries concerned gradually abandoned the path towards
socialism they had followed under the leadership of the Communist Party. While it can be argued that
some elements of the market economy also existed in a centrally-commanded economy (as the state
might have intervened in the market), the key feature of the communist regime was the way in which the
economy was controlled or planned by the state and not driven by market forces %.

In 1989 and 1990, citizen movements were decisive in overturning the political order and, with it, the
economic configuration in Central and Eastern European countries **. There are big differences in the
extent to which individual countries have implemented the development of market economies and the
growth of democratic institutions that are seen as complementary to them. Today the transition to the
market economy of the post-communist countries is seen as far from complete but generally typical of
states at similar stages of economic development. This is a feature making them worth study in regards
to the economic development of Western countries, including the circularity phenomenon.

Despite the lack of conceptualization, particularly for the (post-) transitional context, the circularity
phenomenon has been attracting the attention of scholars also in the post-communist countries. In terms
of business thinking innovation, the focus is on the transformation of existing business models. Business
model innovation is considered an important part of a company’s competitive advantage *°. Recently, it
has been presented as a fundamental aspect of the transition to a more sustainable economy 2. At the
macro level, the transformation of the economy has included changes to its structure: in terms of
different sectors, industries, branch specializations, and products; in terms of the size of corporations;
and in the nature of foreign trade. The transformation of the economy was the precondition for a radical
change in the political system to create a capitalist social system, a process that was much broader than
the changes to the economy. This holds true even for the circular business thinking.

This transformation has involved systemic, institutional, and structural changes *’. The transformation
process is often criticized for not being consistently secured through institutional changes. The lack of
a clear understanding of the circularity phenomenon on the micro level is also implicitly related to this
criticism, which is the result of competition between economists and lawyers. Theoretical economists
outside the transitional countries (especially consultants from the International Monetary Fund) were
fervent proponents of the ideal (but hardly feasible) immediate implementation of the rule of law.
According to one prominent critic of the economic transition, Joseph Stiglitz, the rule of law means well-
defined and enforced property rights, broad access to these rights, and predictable rules for resolving
property rights disputes in contrast to the non-existing protection of investors’ returns from the
confiscation of minority shareholders from ‘tunnelling’ — asset stripping typically conducted by the former
socialist managers®®. Such critics claimed that ‘the economists had overtaken lawyers'® or that ‘the

transformers turned off the lights for a while to make embezzling easier®.

While the concept of a transitional economy has always been a kind of simplification or abstraction, all
of the economies concerned, even after 30 years of transformation, share certain characteristics
essentially because the institutions of their democracies and their market economies are not fully
developed **. This lack of development also holds true for the circular economy. The circular economy is
a rapidly developing phenomenon strongly promoted by the European Union through different policies
and legislation.

Circular business thinking surveys in the Czech Republic show that consumers are aware of
environmental issues. However, a personal benefit (healthy lifestyle, cost savings, etc.) always
outweighs more abstract issues such as global warming or scarce resources. Czechs are willing to
contribute to solving these problems, but the solutions should not represent too much effort and should
be simple and practical *. Thus, compared with the situation in Western countries, the causal nexus of
the circular economy in the Czech Republic is shifted from the level of individual business thinking to the
level of an institutional environment. Put differently, in the Czech Republic, the circularity phenomenon
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presents a legal and institutional phenomenon rather than an object of individual economic choice. An
indication of this argument is that the legal and institutional definition of circularity is quite ambiguous.
Institutional ambiguities are certainly acknowledged in the Western literature, which is sensitive to the
existence of this phenomenon.

In terms of targeting public policies, individual instruments are categorized in the following diagram,
where the top of the pyramid represents the most important mechanisms.

\
Education
Realization
Information
J
~
System design
S/
N
Incentives

Scheme 1: Public policy targeting

Source: Own elaboration based on Slavik*

Regarding the mechanism category, it is necessary to explain why we want to change the system.
These activities include education, curriculum adjustments, campaigns, websites, apps, and influencers.
It is similarly important to explain how the transformation will be undertaken, including the redistribution
of costs and revenues. For the success of this phase, information needs to be delivered to key
stakeholder groups in an appropriate form and through appropriate channels. The next important step is
the design of the system itself. It is necessary to verify and know the citizens’ demands, requirements,
and ideas about the circular economy. For an effective design, data must be constantly collected and
evaluated, and evidence-based policy implemented. The design incentive is an important mechanism. In
developing this mechanism, we should not only focus on citizens and businesses; the public
administration should play a leading role that should be conducted by example through a clear strategy,
prepared capacities, implementation of circular economy principles into key strategies, competitions, etc.
Public participation through participatory budgets, crowdsourcing, forums, round tables, and more is
important. The last category of incentive are the incentives themselves, which can be accomplished
through Pigouvian taxes and subsidies.

Concluding remarks

Circularity has received increasing attention in the scientific literature worldwide. This literature is,
however, largely Anglo-Saxon and it is not perfectly suited to the transitional economies. The lack of
relevant research on circularity in the post-communist countries of Central and Eastern Europe shows
a considerable gap that strongly indicates the need for deeper insight. This paper contributes to the
conversation by rethinking the existing literature in the context of transitional economies, focusing on the
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merits and limits of transition to a circular economy in (post-) transitional economies. In addition to its
methodological insight, it provides a new perspective on the design of the transformation processes
leading to circular business thinking. Macroeconomic reflections should follow the economic structure,
consumption, and the energy policy mix. From the micro perspective, the focus should be on the
conceptualization of the circular economy transformation on the municipal level. Furthermore, the paper
aims to create space for discussing critical implications and making suggestions for further research.
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Souhrn

Prechod na spole¢nost fungujici na principu obéhovosti byl prijat jako hlavni zasada ve vefejnych
politikach nékolika zemi. Tento Cclanek se zabyva mezinarodnimi definiénimi, teoretickymi
a metodologickymi pfistupy k obéhovému hospodarstvi pochazejicimi ze zapadniho prostredi s cilem
posoudit jejich aplikovatelnost v (post-) tranzitivnim kontextu stfedni a vychodni Evropy a identifikovat
prvKky jejich integraéniho koncepéniho jadra. Hlavnim zjisténim je, Ze védecky vyzkum obéhového
hospodarstvi a cirkularniho ekonomického mys$leni nabira dva relativné nezavislé sméry (normativni /
pozitivni), protoZe je zaloZen na dvou rtznych metodickych pfistupech. Clanek ukazuje, Ze je mozné
pouZit vychodiska pro dalSi vyzkum cirkularity, ktera by nebyla zaloZena na dichotomickych pfistupech,
ale na integrité (holisticky pristup).

Kli¢ova slova: obéhové hospodarstvi, cirkularni ekonomické mysleni, transformacni proces, stfedni
a vychodni Evropa
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Abstract

Biotrickling is a relatively inexpensive and technically undemanding process for cleaning gas from
various areas and industries. The subject of the research was the realization of three apparatuses for
testing and operation of this technique. Initial system was a laboratory installation on which the key
aspects of the process were tested. The findings were used in realization of compact model apparatus
of biotrickling filter with classical and microwave heating of circulating liquid phase. The main part of the
work is devoted to the description of this device. The final technical solution — up-scaled compact
container unit installed at the biogas plant in the Central Bohemia region is briefly described.

Keywords: biofiltration; biotrickling; heating; container unit; biogas plant; construction

1 Introduction

The paper presents partial selected aspects and directions of activities related to the project of
applied research and experimental development No. FV10790 “Biofiltration unit with dielectric heating”
solved in the period 10/2016 — 12/2019.

The aim of the project was to develop and verify the technical solution of the operational functional
sample of the biotrickling filter with integrated conventional and microwave heating of the circulating
liquid phase to increase the efficiency of the process by intensifying the microbial processes. Thanks to
this intensification it is possible to achieve smaller dimensions of the device, resp. shorter residence time
of the processed gas. The process should be applicable due to modularity in the case of the elimination
of volatile organic compounds, removal of odorous substances and more efficient biological elimination
of hydrogen sulphide from the gas streams. The final design determines, that the device can be easily
transported and installed as a complete unit.

Formation of gases containing undesirable organic and odorous substances is indivisibly linked to
many industrial and production sectors, as well as to waste processing. Unlike adsorption and other off-
gases treatment processes, biofilters represent a technically very simple and inexpensive process where
undesirable components are removed or their content reduced to an acceptable level. Temperature is
a basic parameter affecting chemical reactions, even where a biofactor is employed. Often the function
of biofilters is insufficient, especially in winter period or if the good level of service and maintenance is
not observed (sprinkling, pH adjustment, increasing pressure drop, creation of preferential flows, etc.).
Both of these negative aspects are eliminated by the technical solution outlined below.

Biofiltration® works on the principle of passing treated gas through the filtration bed, which is made up
of different material/materials. The filter bed material (carrier) is kept moist, nutrients are supplied, the pH
is adjusted. Its particles are colonized by microorganisms that are involved in biotransformation of the
incoming undesirable substances to carbon dioxide and water. Biotrickling is additionally supplemented
with a circulating liquid recycling and a tank. The principle of both concepts follows very well from the
simple scheme in the Figure 1. The explanation of transport and metabolic processes is beyond the
content and objectives of this paper.

Patronem tohoto Cisla je WASTen Centrum experti - www.expert.wasten.cz
WASTE FORUM 2019, &islo 4, strana 308


mailto:J

Jiti HENDRYCH, Jifif KROUZEK: Development of operational functional sample of biotrickling filter with integrated
heating of circulating liquid phase

T treated gas treated gas
CI)—> <
water liquid
(nutrients) recycling
input gas input gas
— water
> - >| I (nutrients)
humidification
chamber A B

Figure 1: Scheme of biofilter (A) and biotrickling filter (B)?

Obviously, the biotrickling* filtration process is more accessible to facilitate continuous control of the
properties of the circulating liquid phase, including heating that is applied to the process. The circulating
liquid phase is a very suitable heat transfer medium in the system.

In terms of testing and development of the device conventional and microwave heating method was
applied. Microwave heating brings many specifics. For example, the volumetric and rapid heating, the
existence of non-thermal effects, or the possible action in the area of selection pressure on
microorganisms present in the suspension biomass.

In the field of biofiltration and biotrickling filters, in addition to the specific design of the apparatus and
the optimization of process parameters, a certain attention is also paid to the selection of suitable carrier
materials of filter bed. It is essential that the material exhibits the desired service life, low pressure drop,
low settling and spontaneous degradability, low cost and a satisfactory downstream waste profile at the
end of its service life. The essential requirement is the nature of the material and its suitability for
microbial consortia involved in ongoing processes.

From the point of view of published studies, there is a great deal of research into the biotrickling
process in defined laboratory configurations with different residence time of the treated gas in the filter
bed, different L/G ratio® and different geometry of the filtration chamber (column), content and type of
pollutant®”®. Also published are papers documenting pilot operations/full-scale application of biotrickling
technology®™°.

2 Design of construction, arrangement for testing and development
of model installation

2.1 Laboratory tests

The research carried out in this project included development from a laboratory scale, in which
particular aspects of the process were studied - the choice of carrier materials, the study of their
physical, physico-chemical and chemical properties that affect the vitality of emerging biofilms,
temperature profiles in the bed. However, the test system showed a number of idealizations and limits in
the assumptions for process up-scaling. The part of testing installation consisted of the apparatus shown
schematically in the Figure 2. The filter bed working volume was limited to about 10 liters.

A large independent area of investigation was the study of pressure drop during modeled
compression of bed, variable two-phase flow and characterization of microbial vitality during the process
of gas filtration and thermal stress under conventional and microwave heating. Based on the laboratory
investigation, the research team got an overview of the possibilities and limits of the studied process and
the possibilities to design and construct an apparatus for the realization of the process in a medium scale
with respect to the required range of variable process parameters.
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Figure 2: Scheme of laboratory equipment

1 - biofiltration cell, 2 - recycle of circulating liquid phase, 3 - overflow of liquid phase, 4 - peristaltic
pump, 5 - cavity with MW irradiation, 6 - gas pump, 7 - element ensuring possibility of gas saturation with
contaminant, 8 - flowmeter , 9 - drying cartridge, 10 - sampling port, 11 - sampling element or on-line
detector, 12 - inlet gas, 13 — outlet gas, 14 - circulation liquid phase heating cartridge, 15 - thermocouple,
16 - thermocouple

2.2 Design and construction of model test installation

The performance and range of power and measuring elements of the model test installation were
based on the intended/required capacities, which resulted from the existing laboratory research,
recommended L/G ratios and the experience of the research team.

The key elements and resulting functions are described in the following simple diagram in the Figure
3 where the entire assembly of devices is shown. All components are incorporated into a frame with
internal partition walls. Due to the realization of two types of independent heating - conventional and
microwave, it was decided for practical reasons to incorporate microwave heating element with
independent pump and flow meter into a separate supporting frame. This greatly streamlined the easy
access to the appliance when the MW heating system is not currently used and can be shut down with
its entire mobile structure.

The basic part is the filter chamber (1), which contains three zones for a given biotrickling filter
arrangement. In the upper part of the body there is a segment (1A) serving for inflow of the heated
circulating liquid phase and its uniform distribution throughout the horizontal filter profile, followed by
a segment (1B) with a bed with carrier material, the bottom is formed by a collecting sump (1C) of
circulating liquid phase.

The inlet of the circulating liquid phase is realized from a tank (2), which is provided with a heating
element with a conventional heating method. The circulating liquid phase is pumped by a pump (3) via
a flowmeter (4) to the upper part of filter. The pipe (5) is further provided with a spillway (6) and an outlet
fitting (7) for exhausting the sump contents from the system. Each pipe branch contains adequate shut-
off or control valves (8, 9). The winch serves both as a mixing tank for the assembly, and also as
a bypass when a very small inlet to the filter head is required which could cause gradual damage of the
pump by cavitation. The liquid flow rate is controlled by the control valve (10).

The upper part of the filter is terminated by aliquid phase distributor (11) which has been
implemented in two embodiments, one type allowing variable level of liquid above the distributor, the
other maintaining a constant level of the circulation liquid phase above the distributor by means of
spillways. In case of use of the first type of distributor, the inlet part of the filter is further equipped with
a overflow (12) of the circulation phase back to the tank. The overflow is realized in two different levels in
the upper part of filter and provided with valves (13, 14).
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A filter bed is installed in the central part of the filter. The output (15) of the treated gas is realized just
below the distributor. Furthermore, thermocouples (16) and control thermocouples for sensing the
temperature of the bed are arranged in the central part with an arrangement for measuring the vertical
and horizontal temperature stratification. At the same time, fittings (17) are provided for the possibility of
gas sampling/on-line analysis in various layers of the filter bed.

The lower liquid collecting part of the filter body serves to collect and drain the circulating liquid phase
flowing through the biofilter bed. At the same time, the inlet (18) of the inlet gas flows into this zone. The
bottom is double, the top baffle (19) is inclined to the collecting pipe. The outgoing pipe (20) of the
circulating liquid phase is provided with a water seal (trap) (21) which ensures correct hydraulic
conditions and prevents the entering of gas to the water circulation. A second flowmeter (22) is installed
on the ascending pipe of the water seal. The outlet branch (23) with a valve and a fitting is realized
through which the liquid phase can be freely discharged from the filter.

The gas is pumped into the filter bed by a pair of compressors (24, 25) and a ventilator (26). Each
pipe branch contains valves (27) for the possibility of closing and regulating the flow. The gas flows
through the control valve (28) and the flowmeter (29) into the filter body. In order to measure the
pressure difference and sampling the gas for analysis, lockable fittings (30, 31), respectively clasps are
provided on the inlet and outlet branches. Thermocouples (32, 33) monitor the inlet and outlet gas
temperatures. The inlet and outlet branches are further connected by a pipe (34) to the shut-off valves so
that the bed can be purged with compressed air.

Microwave heating peripherals form a separate part of the apparatus, they are implemented
independently of the conventional heating equipment. The circulating liquid phase is pumped to the
microwave heater (35) from the tank via a MW pump (36) through a flow meter (37) and returned to the
tank from where it is distributed to the filter. The tank is equipped with a float indicator. The finalized
model testing installation of the biotrickling filter is shown in the Figure. 4.
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Figure 3: Scheme of model testing installation
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Figure 4: Model testing installation of biotrickling filter

Table 1 briefly summarizes the realized parameters and adjustable range of process conditions,
which can be achieved after connecting all the components into the assembly taking into account the
resulting pressure loss of the equipment and the range of flow meters.

Table 1: Realized parameters and adjustable range of process variable parameters

Filter internal diameter 50 cm

Max. carrier filling 61 cm

Max. carrier volume 1201

Max. operating temperature of the circulating liquid phase 40 °C

Power of a conventional heater 1.8 kW

Power of a microwave heater 1.0 kW
Circulation liguid phase flow through the biofilter 0.1 -1.41/min
Gas flow through the biofilter /hight of carrier 52 cm (102 )/ 2-16 m’h
EBRT /hight of carrier 52 cm (102 1)/ 184 - 23 s
L/G ratio /hight of carrier 52 cm (102 1)/ 0.4-42I/m°

Equipment resp. systematic survey of the process is characterized by alarge number of variable
adjustable parameters. The aim of the paper is to introduce the developed devices, not to show a very
large acquired data collection. The following parameters can be selected as independent variables:

- gas flow,

- circulation liquid flow,

- target temperature attained in the device,

- method/type of the heating conventional/microwave,

- type and concentration of the input substance in treated gas.
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Dependent variables (assuming tests are performed at steady state) are then particularly the
efficiency of contamination removal, energy consumption, temperature setting in defined profiles, and
possibly quantification of microbial activity/occurence.

Testing of the device and limiting conditions was very time-consuming and included several months
during year 2018. Performing tests in the same apparatus and on the same type of filter bed with
different time intervals (aging and colonization of bed) can significantly affect results, so the experiment
cannot be repeated under exactly the same conditions.

The tests were carried out after adaptation of microorganisms with model contamination of the treated
gas by introduction of acetone, hydrogen sulphide and odorous substances simulated by the exhaust
from the box with degradation products of biological material. Number of technological important
microorganisms was performed by analysis of the suspended circulating biomass (plate count).
Input/output contamination of the gas and content of pollutants in sampling profiles along the filter body
was performed using on-line detectors with respect to the background response. This procedure of
monitoring VOCs in the area of interest is in accordance with published studies'**?. Portable MiniRAE
2000 analyser (RAE Systems, USA) was used, containing an internal pump with a flow rate of 0.5 L/min
and a 10.6 eV lamp. The sampling line contained a teflon filter with a pore size of 5 um. The instrument
was calibrated with isobutene, the response refers to total VOCs as isobutene equivalents.

The following graphical output can be used as an example of the achieved types of results.
Experimental conditions: gas flow Q(G) 8 m*h, circulation liquid flow Q(L) 0.4 I/min, steady operation,
microwave heating, substance - acetone, selected independent variable - input concentration of the
monitored substance and temperature of the filter body, monitored dependent variable - removal
efficiency and detector response depending on the increasing concentration of the substance at the inlet
to the filter.

The efficiency is calculated from residual and input concentration. The monotonically decreasing
function of efficacy did not occur with increasing concentration of the substance at the input. However,
in terms of emissions amount, it is necessary to bear in mind that this also means that as the increasing
input concentration of the substance increases the emission concentration as shown in the Figure 5A/B.

Furthermore, the effect of the filter body temperature is evident: at 15 °C (lower temperatures under
the given climatic conditions in the test room and the technique used could not be achieved) the lower
VOC removal efficiency was achieved. For the curves obtained at 19 °C and 28 °C, an increase in
process efficiency is evident. The efficiency curve for 36 °C and 38 °C showed subsequently a decrease
in removal efficiency. In the light of the effect of temperature on the efficiency of the process, no
difference was observed between conventional and microwave heating of the circulating liquid phase. It
is also possible to express the dependence of the removal efficiency for the selected input
concentrations of the substance. The dependence is shown in the Figure 6A/B. It can be seen that the
optimum efficiency was reached in the temperature range of about 20 — 30 °C; with a lower input
concentration the maximum efficiency shifted to the upper edge of listed temperature interval, while for
a higher input concentration the maximum efficiency shifted to the lower edge of the temperature
interval.

The character of the temperature dependence is determined by the fact that both physical processes
(substance vapor absorption into the circulating liquid) and biochemical processes (transport of the
substance into cells of microorganisms and metabolism) take place in the system. As the temperature
increases, the solubility of gases in the liquid decreases and the volatility of the organic substances
increases. Increasing temperature limits the dissolution of the pollutant carried in the gas stream into
liquid, which is an essential step for the downstream step of the biochemical process. Lowering
temperature slows down the metabolism of microorganisms. The resulting effect of these processes
gives a certain temperature optimum under given experimental conditions. This finding is in principle
consistent with the published data for the removal of BTEX vapors by biotrickling filter; removal efficiency
increased as the operating temperature increased in the range of 15-30°C, and subsequently
decreased as the operating temperature decreased in the range of 30 — 50 °C. In the range of 25—
35 °C the optimum was found for BTEX vapors removal®.
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Too intensive heating of the biotrickling filter bed results in reduced availability of contaminants for
microorganisms and biochemical degradation, while also leading to higher energy requirements.
Conversely, low temperatures, for example in winter season, significantly limit the microbial activity of the

microorganism consortia.
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Figure 5A: Removal efficiency depending on
the input concentration of the substance and
filter body temperature

Figure 5B: Output concentration depending
on the input concentration of the substance
and filter body temperature
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Figure 6B: Removal efficiency depending on
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Among other types of dependencies that can be shown, for example, the pressure drop
dependending on the gas flow and the circulation liquid flow is given (Figure 7). Due to the porosity of
the filter bed and the relative low intensity of the liquid flow, the effect of the liquid flow caused minimal
pressure drop. The pressure drop varied dramatically with the increasing gas flow.

2.3 Operational functional sample of the biotrickling filter at the target locality

Compact operational unit was installed at the biogas plant in the Central Bohemia region for
elimination of odour from the receiving tank. Container unit corresponds in principle to the model test
installation described in the previous paragraph, taking into account the capacity concept and the use of
industrial power and monitoring components and adequate construction materials. Compared to the
model installation, automatic replenishment of the evaporated water is installed in the sump of the
circulation liquid and the dosing automat of the alkaline solution for adjusting the pH value of the
circulation liquid phase.

It is necessary to realize periodically partial discharge of the content of the sump of the circulating
liquid phase due to the increasing content of organic substances and salinity. This wastewater is let out
back to the receiving tank of the biogas plant, for which the amount and the periodicity of discharges are
negligible.

The container, the filter body and the pipeline are provided with thermal insulation. The control panel has
a wireless internet connection and process monitoring, regulation interventions, shutdowns and
technology restart can be done remotely. Protective monitoring and control circuits shut down the unit in
case of inadequate hydrodynamic conditions. Presence of the operator is only necessary in case of
unexpected faults, replenishment of the alkaline solution into the dosing pump reservoir and in the case
of scheduled maintenance.

A detailed piping and instrumentation diagram the container unit is not provided for intellectual
property protection. By way of illustration, the partial equipment of the container unit and the filter body
with a sight glass into the circulation liquid phase sump is shown in the Figure 8A and Figure 8B.

During several months of testing operation, the subcomponent design and remote control was
optimized based on occured faults. Furthermore, it was necessary to apply additional peripherals
to prevent introduction of particles from the receiving tank into the apparatus, or to introduce measures
for the protection of sensors.

Patronem tohoto Cisla je WASTen Centrum experti - www.expert.wasten.cz
WASTE FORUM 2019, &islo 4, strana 31D



Jiti HENDRYCH, Jifif KROUZEK: Development of operational functional sample of biotrickling filter with integrated
heating of circulating liquid phase

\ f 4 |
§
| | |
f 4 ;
|
V13

Figure 8A: Piping and wiring Figure 8B: Body of biotrickling filter
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3 Conclusion

The work describes the partial focus of applied research in the development of laboratory, model and
operational installation of biotrickling filter with integrated microwave and conventional heating of the
circulating liquid phase. Up-scaling and optimization of individual devices reflected the identified aspects
and the required range process parameters. The challenge for further process testing on an operational
scale is the long-term stability of the system and behavior and real energy consumption during different
seasons.

List of symbols

BTEX benzene, toluene, ethylbenzene and xylene
EBRT empty bed residence time

L/G liquid/gas

MW microwave

VOC volatile organic compound
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Vyvoj provozniho funkéniho vzorku biotrickling filtru s integrovanym
ohrevem cirkulacni kapalné faze
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Souhrn

Biotrickling predstavuje relativné levny a technicky nenarocny proces Cisténi vzdusin z réiznych oblasti
a odvétvi. Pfedmétem vyzkumu byla realizace postupné tfi aparatu pro testovani a provozovani uvedené
techniky. Vychozim systémem byla laboratorni instalace, na niz byly testovany stéZejni aspekty procesu.
Poznatky byly vyuZity pfi realizaci kompaktni modelové sestavy biotrickling filtru s klasickym
a mikrovinnym ohifevem cirkulacni kapalné faze. Popisu tohoto zafizeni je vénovana stéZejni ¢ast prace.
Zavérem je struéné predstaveno finalni technické feSeni v mérfitku provozniho funkéniho vzorku —
kompaktni kontejnerové jednotky instalované v dobé tvorby textu 5 mésicl na bioplynové stanici ve
StfedoCeském kraji, kde slouzi v pilotnim provozu pro eliminaci zapachu z pfijmové jimky bioplynové
stanice.

Kli¢ova slova: biofiltrace; biotrickling; ohfev; kontejnerova jednotka; bioplynova stanice; konstrukce
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Abstract

The production of waste materials is big global problem. One of the waste treatment options is
a combustion. Waste material has to be appropriately prepared and combusted with low formation of the
emissions, such as solid pollutants also called particulate matter. This article deals with an observation
of these solid pollutants flowing through the flue gas tract of small heat source during solid alternative
fuel combustion. Solid alternative fuel is waste material formed by its separation and modification. Flue
gas tract is optimized by three baffles for separation of particulate matter and realized on 3D model. CFD
simulations are used for observation of flowing. The observation of particulate matter flowing during
wood chips combustion is also described in this article. In the results, we can see comparison between
solid pollutants flowing from combustion of solid alternative fuel and wood chips.

Keywords: solid pollutants, particulate matter, alternative fuels, waste material

Introduction

Solid alternative fuels (in the Figure 1) are materials, which are formed by separation and modification
of waste materials composed from plastics, paper, textiles, rubber and other combustible materials. It is
a crushed mixture of substances from selected industrial and sorted municipal wastes, which have
a clearly defined composition of substances and a determined granulometric structure ™.

Figure 1: Solid alternative fuels 2

For comparison is wood chips such as combustible fuel. Wood chips are one of the forms of solid
biomass. It may consist of wood, bark, needles, green leaves, twigs and undressed admixture ©.
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Combustible release rate during the combustion are the most important factors affecting the
combustion of biofuels . During combustion are formed emissions, such as solid pollutants also called
particulate matter (PM). Fine dust is denoted by PM10 and consists of particles of diameter less than 10
um floating in the air ®. PM concentration depends on several factors including the method of
combustion, type and moisture of fuel, quantity, temperature and speed of the combustion air, etc. .
Fine dust flows into the human body through the respiratory organs and may cause various respiratory
and cardiovascular diseases " . Indeed, chronic exposure to fine dust may have serious effects on
human pulmonary functions !,

This article deals with an observation of these solid pollutants flowing through the flue gas tract of
small heat source during solid alternative fuel combustion. Flue gas tract is optimized by three baffles for
separation of particulate matter and realized on 3D model. CFD simulations could be used for
observation of flowing. CFD uses numerical analysis and algorithms to solve and analyze problems that
involve fluid flows "%, The observation of particulate matter flowing during wood chips combustion is also
described in this article. In the results, we can see comparison between solid pollutants flowing from
combustion of solid alternative fuel and wood chips. the influence of type fuel on the particulate matter
flowing through the flue gas tract of small heat source.

Mathematical simulations

Flue gas tract of small heat source (wood stove) is optimized by three baffles for separation of
particulate matter. Then, flue gas tract is realized on 3D model, which is shown with its mesh in the
Figure 2. Mesh has 194787 elements and all elements has Aspect Ratio lower than 10.
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Figure 2: 3D model and its mesh

Particles enter into the model through surface with 135 x 400 mm and leave the model through
chimney with diameter of 160 mm. Flue tract is thought as a cube with length of edge 400 mm. Baffles
are placed perpendicular to the flue track with length of 350 mm.

The flowing of particles is realized by using a Lagrangian reference frame, which predicts the
trajectory of a discrete phase particle by integrating the force balance on the particle ™ *4. The flowing of
air is realized by using Navier - Stokes equations, which describe the motion of viscous fluid substances.
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The object is simulated by the k - € realizable model with standard wall function. The Lagrangian
approach can get particles motion and distribution by integrating the force balance on the particle, and
also is convenient for users to modify the forces of particles to make the numerical results better 2,
Since particles distribution and motion result from the different forces that strongly link to the airflow field,
it is essential to calculate the parameters of air phase precisely.

Particles size distribution in program Ansys is realized by using Rosin - Rammler distribution function.
Particles are considered spherical and also the influence of turbulence on particle motion. Flowing is
time steady, without combustion and the influence of gravity is considered. It is difficult to describe
a material consisting of various size fractions using a single value parameter. In some cases, as in the
description of filter sand in water treatment practice, two parameters have been used. One of these two
parameters usually describes the absolute size of the particles (usually at some specified point on the
particle distribution curve, such as “50% finer than size x”), and the other describes the uniformity of the
sizes (using some calculation of the slope of the particle size distribution curve) ™. The shape of the
particle size distribution curve is best described by a continuous function.

In the simulation with solid alternative fuel as used fuel is mass flow in inlet set on 0.0180 kg s™ based
on the stoichiometric calculations. Pressure on outlet is set on -12 Pa. In the simulation with wood chips
as used fuel is mass flow in inlet set on 0.0138 kg s™ based on the stoichiometric calculations Pressure
on outlet is also set on -12 Pa. Characteristic of used fuels is shown in the Table 1. This characteristic is
needed for stoichiometric calculations in program Ansys. Content of carbon, hydrogen, nitrogen and
sulfur was realized on elemental determinator. Moisture and ash content was measured on
thermogravimetric analyzer, which determines the composition of organic, inorganic, and synthetic
materials. Calorific value was found out on calorimeter.

Table 1: Characteristic of used fuels

Value for the material

Parameter Unit Solid alternative | Wood

fuel chips
C % mass 5541 50.34
H %0 mass 7.16 6.76
N % mass 0.06 0.00
S % mass 0.07 0.00
Moisture 9% mass 4.68 9.50
Ash % ary (mass) 11.89 0.81
Calorific value | MJ kg™ 14.96 15.88

There is used hybrid initialization. The calculation has converged.

Results

It is needed to create a plane in the middle of 3D model because of individual profiles. In the Figure 3,
you can see velocity profiles with range from 0 to 5 m s™. Maximum flow velocity for wood chips is
2.48 m s™ and for solid alternative fuel is 7.98 m s™.
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Figure 3: Velocity profiles for wood chips (left) and solid alternative fuel (right)

The next results are showed in the Figure 4, where are particle diameter profiles. Minimum diameter
is 15 ym and maximum is 150 um. Based on the results, we can observe different flowing of particulate
matter from combustion of wood chips and solid alternative fuel. During the flowing of PM from solid
alternative fuel, we can see significantly higher values of velocities. During the flowing of PM from wood
chips, we can notice, that the particles with size over 100 um don't pass through the first baffle and the
particles with the size up to 60 pym flow into the chimney. The greater range of particles in the chimney is
during combustion of solid alternative fuel.

Particle diameter (pm)

Figure 4: Particle diameter profiles for wood chips (left) and solid alternative fuel (right)
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These obtained results correspond with the results of PM measurements during combustion of
various alternative solid fuels where alternative fuels had an approximately 6 to 12.5 times higher
concentration of TZL in flue gases compared to the manufacturer's recommended fuel, wood *°. The
higher particulate matter production during alternative fuels combustion in domestic conditions in
comparison with standard fuels like wood pieces and coal was also obtained in the works ™ and "1,

Conclusions

During combustion emissions are formed, such as particulate matter. PM concentration depends on
several factors including the type of fuel. We observed the flowing of PM from combustion of wood chips
and solid alternative fuel by using program Ansys. Based on the results, we can conclude that during the
flowing of PM from solid alternative fuel, there were higher velocities and also greater range of escaped
particles than during the flowing of PM from wood chips. The higher content of escaped particles from
solid alternative fuel is due higher ash content in this fuel. These results have shown that combustion of
alternative fuels, especially on the basis of waste, significantly increases the production of emissions,
mainly particular solid pollutants. Referring to these results the users of heat sources should only use the
permitted fuels recommended by the producer of the heat source.
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Souhrn

i

Tvorba odpadného materialu je velkym celosvetovym problémom. Jednou z mozZnosti ako spracovat
odpad je spalovanie. Odpadny material musi byt vhodne pripraveny a spalovany s podmienkou nizkej
tvorby emisii, ako su aj tuhé znedistujuce latky (TZL). Predmetny &lanok sa zaobera pozorovanim
prudenia tychto latok spalinovym traktom malého zdroja tepla po¢as spalovania tuhého alternativneho
paliva. Tuhé alternativne palivo predstavuje odpadny material vytvoreny jeho separaciou a modifikaciou.
Spalinovy trakt je optimalizovany tromi prepazkami na zachytavanie TZL a realizovany ako 3D model.
Na pozorovanie pradenia boli pouzité CFD simulacie. V ¢lanku je taktieZ opisané pozorovanie prudenia
TZL pocas spalovania drevnej Stiepky. Vo vysledkoch si méZeme vSimnut porovnanie medzi prudenim
tuhych znecistujucich latok vzniknutych v priebehu spalovania tuhého alternativneho paliva a drevnej
Stiepky.

Kli¢ova slova: emisie, tuhé znecistujuce latky, alternativne paliva, odpadny material
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Characteristics of PMyg, PM,s and NO, pollutants in urban
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Abstract

We carried out a series of measurements at various measuring stations (five measuring stations) in
Zilina, Slovakia, during different measuring seasons. The main objective was to find out the
characteristics of particulate matter (PM;, and PM,s) and nitrogen oxides (NO,) pollutants in urban
environment of Zilina City. In particular, the concentrations of pollutants, the distribution of particulate
matter, the relationship of particulate matter and nitrogen oxides, the content of selected chemical
elements in the particulate matter fraction were examined. A varied behavior of the particulate matter
and nitrogen oxides with respect to the measurement station and the measurement season was found.
Significant changes in the concentrations of particulate matter and nitrogen oxides are caused not only
by primary sources (e.g., road traffic in the city of Zilina), but mainly by the negative events (combination
of air pollution sources and meteorological conditions). Maximum 24-hours concentrations of particulate
matter PM and nitrogen oxides NO, were measured during the winter season at the measuring station
on Komenského street: PMy, 114.9+15.6 ug/m°, PM, s 84.5+20.6 ug/m® and NO, 95.6+51.2 ug/m®. There
were some measuring stations with a higher proportion of course fraction PM,5.1o or fine fraction PM,sin
Zilina City. The relationship was analysed between PMy, and NO,_ Differences in the concentrations of
investigated chemical elements contained in the PM were found. The coarse fraction PM, 5.0 was mainly
represented by the chemical elements Mg, Al, Si, Ca, Cr, Fe, and Ba and the fine fraction PM,s was
represented by the chemical elements K, S, Cd, Pb, Ni, and Zn.

Keywords: particulate matter, nitrogen oxides, urban air pollution, chemical composition of particulate
matter

Introduction

The main sources of air pollution in urban areas are exhaust emissions, re-suspension of road dust
and household heating using wood and coal® % **.

Particularly particulate matter (PM) is a problematic pollutant in cities. Concentrations of PM, s or PM;q
often exceed human health limit values™ ®’.

The effects of PM on human health are caused after its inhalation and penetration to the lungs and
the blood circulatory system, which leads to adverse effects to respiratory, cardiovascular, immunity and
neural systems. The ultrafine particles (with diameters <0.1 micrometre) can even reach the brain
through the nose®. The chemical and physical interaction between PM and lung tissue may cause
irritation or damage. The smaller the particle, the deeper they reach in the lungs. The impact of PM
on mortality rate is clearly related to the fraction PM, s, which makes 40 - 80% of weight concentration of
PM;g in the ambient air in Europel' ®. In addition, the “coarser” fraction 2.5-10 MM PM, 5.1 Of the fraction
PMy, has impact on human health and influences mortality rate.

Nitrogen dioxide (NO,) is a reactive gas which is mainly formed by oxidation of nitrogen monoxide
(NO). The high temperature combustion processes (e.g. processes in car engines and power plants) are
the main sources of NO and NO,. These two gases are commonly known as NO,. Nitrogen monoxide
accounts for the major part NO, emissions. A small part of NO, emissions is directly emitted as NO,,
usually 5 - 10% for the majority of combustion sources. Vehicles burning diesel are an exception. They
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usually produce higher proportions of NO,, up to 70% NOy is NO,, since their exhaust treatment systems
increase the direct emission of NO.°.

Nitrogen oxides (NO,) contribute to the formation of secondary inorganic aerosols (SIAs) through the
formation of nitrates thus contributing to the concentrations of PMy, and PM,s™ > *°.

3 This study is focused on the monitoring of PM;o, PM,5s and NO, pollutants in the urban environment of
Zilina. Characteristics of pollutants and relationships between pollutants in urban environments are
investigated by various methods and analyses (measurement methods, chemical analyses, statistical
analyses).

Measurement and analysis methodology

Measurements of particulate matter PM;q, PM,s and nitrogen oxides NO, were realised at
5 measurement stations in city of Zilina. We measure 7 days at each measurement station:

o Univerzitna Street (uvp), (49°12'6.61"N, 18°45'14.24"E): 14™ — 20th November 2017;
A. Hlinka Square (hlin), (49°13'29.08"N, 18°44'31.10"E): 22th — 28th February 2018;
Komenského Street (zsk), (49°12'58.64"N, 18°44'15.63"E): 01th — 07th March 2018;
Kosicka Street (tep), (49°13'8.30"N, 18°45'36.80"E): 19" — 25th April 2018;
Strkova Street (strk), (49°11'35.27"N, 18°43'37.12"E): 9" — 15th May 2018.

To establish the amount of particulate matter present in the ambient air, a reference method (the
gravimetric method) was applied, pursuant to the standards of STN EN 12341 (2016). The sampling was
performed using low-volume flow samplers (LECKEL LVS3, Low-Volume Samplers, company Sven
Leckel Ingenieurbliro GmbH). Two fractions of particulate matter were monitored concurrently,
specifically PM3, and PM,s. The particulate matter was sampled on the filters for 24 hours (10 a.m. —
10 a.m. the next day). Finally, using this method, we obtained seven 24-hour concentrations for each PM
fraction at each measurement station (in sum, 70 exposed filters). An optical method for determining the
hourly particulate matter concentration (PM;, and PM,s) was also used. The Fidas® 200 fine dust
aerosol spectrometer for simultaneous measurement from the company Palas® was used. There were
measured pollutant NO, (sum of NO, and NO) by using the standard chemiluminescence method of
measuring the concentration of nitrogen dioxide and nitrogen monoxide in Zilina City. The AC32M
chemiluminescent nitrogen oxide analyser from the company Environnement S. A. was used.

The relationship between particulate matter fractions PMj, PM,s and NO, was evaluated by
Regression Analysis (RA) by statistical software “R” and open-source tool “Openair”.

RA relates to a group of techniques serving the purpose of Linear Dependency Analysis between the
two variables. It specifies estimates of 8 parameter in a regressive model:

Vi = Bo + Bix1 + & 1)

Where x; is independent variable, in this case one independent variable - NO, and y; is to be views as
a dependent variable (PM,s or PMyy). B; is to be understood as regression parameter and b; its
estimate. An absolute member of 3, is an intersection of regression hyperplane with the y axis. The
estimate of b, is to be understood as the direction of the regression hyperplane from the direction of x;
and are called partial regression parameters (eventually partial regression coefficients for the
standardized variables).

To identify and determine the amounts of chemical elements (Mg, Al, Si, K, Ca, S, Cr, Cu, Fe, Cd, Sb,
Ba, Pb, Ni, and Zn) in the samples of particulate matter, spectroscopic methods were utilized (Inductively
coupled plasma mass spectrometry - ICP-MS). The analyses of the 70 filters (35 filters for each PM
fraction) and the determination of chemical elements present in the fractions PM;, and PM,s were
performed pursuant to the standard STN EN 14902 (2006). These exposed filters were obtained using
gravimetric method. The tests were carried out in the laboratory of the Transport Research Centre in
Brno, Czech Repubilic.
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Meteorological parameters (temperature (temp), pressure (pres), wind speed (ws), and wind direction
(wd)) were also recorded during monitoring. Hourly meteorological parameters were used for further analysis.
All measured concentrations were corrected for normal physical conditions (101.325 kPa and 0 °C).

Results and discussion

Optical method measurement data (hourly data) were used for an evaluation of the particulate matter
concentrations and mass distribution. Concentrations of air pollutants PMy,, PM, s and NO, were different
at the measuring stations in Zilina City. This is due to different measurement periods (different
meteorological parameters) and the presence of different air pollution sources during the measurements
(road transport, local heating). The highest average concentration of PM;, and PM,s was found at the
Komenského Street measuring station. Low air temperatures and low wind speeds were detected during
the measurement at Komenského Street. The highest average NO, concentration was found at the
measuring station KosSicka Street. High traffic volumes about 30 000 vehicles/24 h are achieved at the
measuring station KoSicka Street (Figure 1).
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Figure 1: Concentrations of pollutants and meteorological parameters during different measuring
seasons in Zilina City

The mass distribution of particulate matter also differed at the measuring stations. From the total
measured fraction PM,y, the course fraction PM,s.19 concentration was calculated as the difference
between the PM;, and PM, s concentrations 221 The course fraction PM, 510 was most represented at
Kosicka Street and at Strkova Street, representing 54% and 52% of the total fraction of PMy,
respectively. This is due to intense road traffic and a higher wind speed, where road dust resuspension
occurs, especially through freight traffic. At Komenského Street, the course fraction PM, s 10 was 23% of
the total PMy, fraction, whilst it was only 12% at A. Hlinka Square and 16% at Univerzitna Street.
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Figure 2: Relationship between PM and NO, at different measuring stations in Zilina City
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The relationship between fraction PMy,, PM,s and NO, was evaluated for each measurement station
separately. Optical method measurement data (hourly data) were used for an evaluation. Using scatter
plots and regression analysis (RA), we can observe the most significant relationship between PMy, and
NO, at the measurement station Strkova Street (we can describe 50% of the original data by the model)
(Figure 2). There is present road traffic at the measurement stations Univerzitna Street, Komenského
Street, Kosicka Street and Strkova Street. The regression models of the PM, 5 fine fraction and the NO,
are characterised by lower determination coefficients R? (Figure 2). This result suggests a relationship
between PM,, (includes coarse fraction PM,s.10) and NOy (road traffic marker) ™,

Higher concentrations of PMyq, PM, 519, PM, 5 and NO, were found during the winter months (lower air
temperatures) by using time variation evaluation. The NO, pollutant shows higher concentrations mainly
during the working week. Lower NO, concentrations are observed on weekends. Pollutant
concentrations (NO,, PM,s.10) showed high concentrations in the morning (7 am) and in the afternoons
(5 pm) (Figure 3). This corresponds to the behavior of traffic volume during the day (Figure 4).
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Figure 3: Time variation of pollutants concentrations evaluated from all measurements in Zilina City
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Figure 4. Example of daily behavior traffic volume at Komenského Street
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A number of chemical elements (Mg, Al, Si, K, Ca, S, Cr, Cu, Fe, Cd, Sb, Ba, Pb, Ni, and Zn) were
detected using chemical analyzes of PMj, and PM,s particulate matter. The higher concentrations of

chemical elements K, S, Cd, Pb, Ni,

Zn were in the PM,s fraction (fine fraction). The higher

concentrations of chemical elements Mg, Al, Si, Ca, Cu, Fe, Ba were in the PM,s o fraction (course

fraction) (Figure 5, 6).
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Each of these metals may come from a specific source * # ® % 1% 15 Depending on the dominant
proportion of the individual chemical elements in the PM fractions and the possible origin of these
elements, we can generally assume a source of particulate matter: PM,s 10 — resuspension road dust,
PM, s - combustion. Chemical elements with a higher proportion in the PM, s 1o coarse fraction can come
from traffic related abrasions, from the Earth's crust. Chemical elements with a higher proportion in the
PM; s fine fraction can come from traffic related combustion, household heating. Measurements stations
were localized especially in the vicinity of urban roads.

Conclusions

Monitoring of air pollution in Zilina was focused on PM;,, PM,s and NO, pollutants and their
characteristics. There were analyzed concentrations of pollutants, relationship between particulate
matter and nitrogen oxides, distribution of particulate matter and chemical composition of particulate
matter (chemical element).

The highest concentrations of pollutants were observed during winter measuring seasons. It was
during measurement at Komenského Street measuring station. Maximum 24-hours concentrations of
particulate matter PM and nitrogen oxides NO, were: PMyo 114.9+15.6 pug/m°®, PM, 5 84.5+20.6 ug/m* and
NO, 95.6+53.7 pug/m>. The mass distribution of particulate matter differed at the measuring stations. The
course fraction PM,s..0 was most represented at KoSicka Street and at Strkova Street, representing
54 % and 52 % of the total fraction of PMyq, respectively. This is due to intense road traffic and a higher
wind speed, where road dust resuspension occurs, especially through freight traffic. At Komenského
Street, the course fraction PM, 5.1 was 23 % of the total PMy, fraction, whilst it was only 12% at A. Hlinka
Square and 16% at Univerzitna Street. The level of air pollution detected from measurements in the city
of Zilina is mainly limited by PM;, and PM s particulate matter concentrations.

A one-dimensional regression model characterized the relationship between particulate matter and
nitrogen oxides. There was a more significant relationship with PMj,. The smallest dispersion of PM,
concentrations was described by the model (independent variable NO,) at Komenského Street R* =
0.14, and the largest dispersion of PM;o concentrations was described by the model at Strkova Street
R?= 0.50 at significance level a <0.05. In some cases, when the NO, concentrations were increasing
also PM;, concentrations were increasing. Pollutant concentrations (NOy, PM;s.10) showed high
concentrations in the morning (7 am) and in the afternoons (5 pm). This corresponds to the behavior of
traffic volume during the day.

Evaluation of selected chemical elements showed that some chemical elements are predominantly in
fine fraction PM,s: K, S, Cd, Pb, Ni, Zn and some in PM, .19 coarse fraction: Mg, Al, Si, Ca, Cr, Cu, Fe,
Sh, Ba. Based on the representation of elements in PM fractions and their theoretical potential sources,
we assume a PM, s 1o source - road dust resuspension and PM, 5 source - combustion.
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Charakteristiky znec€ist'ujucich latok PM,,, PM, 5 a NO, v mestskom prostredi
Dusan JANDACKA a Daniela DURCANSKA

Zilinska yniverzita v Ziline, Stavebna fakulta, Katedra cestného stavitelstva, Univerzitna 8215/1,
010 26 Zilina, Slovensko, e-mail: dusan.jandacka@fstav.uniza.sk

Sdhrn

Pocas réznych meracich obdobi sme vykonali sériu merani na réznych meracich staniciach (pat
meracich stanovist) v Ziline. Hlavnym ciefom bolo zistit charakteristiku znecistujucich latok tuhych ¢astic
(PMy, aPM,s) aoxidov dusika (NO,) v mestskom prostredi mesta Zilina. Preskumali sa najmé
koncentracie znedistujucich latok, distribucia tuhych znedistujucich latok, vztah medzi tuhymi ¢asticami
a oxidmi dusika, obsah vybranych chemickych prvkov v tuhych ¢asticiach. Zistilo sa rézne spravanie sa
tuhych znedistujicich latok a oxidov dusika vo vztahu k meraciemu stanovistu a meraciemu obdobiu.
Vyznamné zmeny v koncentraciach tuhych znecistujucich latok a oxidov dusika su spbsobené nielen
primarnymi zdrojmi (napr. cestna doprava v meste Zilina), ale hlavne negativnymi udalostami
(kombinacia zdrojov znecistenia ovzduSia a meteorologickych podmienok). Maximalne 24-hodinové
koncentracie tuhych znecistujucich latok a oxidov dusika NOy boli namerané pocas zimnej sezony na
meracom stanovisti na Komenského ulici: PM,, 114,9+15,6 ug/m®, PM,s 84,5+20,6 ug/m® a NO,
95,6+51,2 ug/m*. V meste Zilina boli niektoré meracie stanovistia s vy$sim podielom hrubej frakcie
PM,s.10 alebo jemnej frakcie PM,s. Bol analyzovany vztah medzi PM;, a NO,. Zistili sa rozdiely
v koncentraciach skumanych chemickych prvkov obsiahnutych v PM. V hrubej frakcii PM;s.10 boli
prevazne zastupené chemické prvky Mg, Al, Si, Ca, Cr, Fe a Ba a v jemnej frakcii PM, s chemické prvky
K, S, Cd, Pb, Ni a Zn.

Krucové slova: tuhé castice, oxidy dusika, znecistenie ovzdusia v meste, chemické zloZenie tuhych cCastic
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Suhrn

Predkladana praca mala za ciel stanovit' bioplynovy potencial rychlorastucej dreviny Paulownia
Wallachia. Praca sa zaoberala sledovanim produkcie bioplynu z kratkodobého i dlhodobého hladiska,
kedy boli substratom prave listy spominanej rastliny vo svojej ¢erstvej aj silaZzovanej forme. Substrat bol
testovany z kratkodobého hladiska, a fo prostrednictvom metanogénnych testov pri réznych pomeroch
substratu k anaerobnemu kalu. Experiment pozostaval aj z prevadzky mieSanych anaerobnych reaktorov
v mezofilnych podmienkach, ktoré boli prevadzkované pri objemovom zataZeni asi 1 g X,4/l.d. Reaktory
boli v prevadzke od oktobra 2018 do decembra 2018 a denne boli do nich davkované listy ako organicky
substrat a tiez sa v tyZdennych intervaloch analyzovali chemické parametre. VysledKy ukazali priaznivy
narast produkcie bioplynu, ktory sa priblizne po 30 drioch ustalil. Na zaklade vysledkov tejto prace je
zrejmé, Ze Paulownia Wallachia ma bioplynovy potencial a mohla by byt vhodnou alternativou pri
produkcii bioplynu vo svete i na Slovensku. Rastlina dokaze na tonu surového materialu vyprodukovat
viac ako 120 m? bioplynu ako zdroja energie.

Kruacové slova: Paulownia Wallachia; mezofilna anaerébna fermentacia; bioplyn

Uvod

Jednym zo zasadnych politickych aj ekonomickych problémov 21. storoCia je otdzka energie, a jej
udrzatefnost a hospodarenie s fiou. V dosledku pomalého, ale takmer istého vyCerpania zakladnych
zdrojov energie svet v suCasnosti poukazuje najmad na alternativne zdroje energie. Tieto zdroje su
obnovitelné a zarovenn maju menej skodlivy dopad na Zivotné prostredie a patri medzi nich napriklad
slne¢né Ziarenie, voda, vietor, raselina, biomasa, bioplyn.

Anaerébna fermentacia predstavuje Siroko uplatnitelni metédu biokonverzie komplexnych
organickych substratov na obnovitelni energiu vo forme metanu ™. Anaerébna fermentacia je
biochemicky proces, pri ktorom sa mikrobidalnymi procesmi rozklada organicka hmota bez pristupu
vzduchu na dve hlavné zlozky metan - CH, a oxid uhligity - CO, ¥. V stigasnosti sa v anaerdbnej
fermentacii uprednostriuju substraty z rastlinnej vyroby (kukuriéna sildz), potravinarskeho odpadu
(kuchynské a restauraéné odpady), hnojovica a pod. . Tieto organické substraty okrem hnojovice su
vyuzivané aj na kfmne ucely. S cielom zamedzit' plytvaniu krmiva na vyrobu energie je vhodné
vyhlfadavat nové alternativne zdroje na vyrobu energie. Jednym z alternativnych zdrojov, ktory by mohol
mat v buducnosti pri anaerdbnej fermentacii uplatnenie je aj rychlorastuca drevina azijského pdvodu
z rodu Paulownia.

Stromy rodu Paulownia mozno zaradit’ do skupiny rychlorasticich drevin nielen pre ich rychly rast
(3 — 5 metrov ro€ne) a velké mnozstvo dreva generované v relativne kratkom ¢asovom obdobi, ale aj
vysoku schopnost adaptacie na rézne klimatické podmienky .
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Obrazok 1: Rastlina Paulownia Wallachia

Paulownia je vysoko tolerantna voci nepriaznivym podmienkam avdaka svojmu bohatému
korefiovému systému je schopna z pédy odstranovat rézne mineraly, udrziavat' v nej optimalnu vihkost
a zlepSovat jej celkovy stav. Drevo Paulownie je velmi fahké, no zaroven silné a pevné a v porovnani
s inymi drevinami pomerne rychlo schne . Toto drevo je zarover velmi lahko opracovatelné a aj z tohto
dbvodu sa vyuziva v Sirokej Skale priemyselnych odvetvi (vyroba hudobnych nastrojov, stavebnictvo,
vyroba nabytku, tepelny izolant) [©.

Stromy Paulownia su pestované predovSetkym pre svoje drevo, no v poslednych rokoch sa ich listy
vyuzivaju aj na kfimne ucely polnohospodarskych zvierat (najma prezuvavcov). Listy Paulownia su totiz
bohaté na rézne mineraly, ako je vapnik, zinok, fosfor a Zelezo. NavySe listy Paulownie obsahuju aj
pomerne vysoké mnozstvo celulézy, bielkovin a dusika !,

V predlozenej Studii sme sa zaoberali moznostou vyuZitia energetického potencialu listov zo stromu
Paulownie. Cielom bolo odsledovat a zhodnotit schopnost listov tejto rastliny v anaerébnych
podmienkach produkovat’ bioplyn a sledovat mieru zastupenia metanu v hom.

Experimentalna ¢ast’
Substrat

Testovanym substratom na vyrobu bioplynu boli listy Paulownie. Tabulka 1 udava analyzu obsahu
najviac zastupenych latok v listoch Paulownia Wallachia.
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Tabul’ka 1. Chemické zloZenie listu Paulownia wallachia ¥

Zlozka %
Organické latky 91,4
Proteiny 22,6

N 28-3

Ca 2,1

Zn 0,9

Fe 0,6

P 0,6

K 0,4

Pred samotnym testovanim metanogénneho potencialu listov Paulownie (obrazok 2) bola potreba
Upravy jednotlivych listov nastrihanim, resp. nasekanim (obrazok 3) listov rastliny nadrobno aich
umiestnenie do uzavretych nadob, pri¢om jedna z nich bola pouzivana ako ¢erstvy material a druha bola
uréena na silazovanie pri laboratérnej teplote (obrazok 4). Silazovanie listov prebiehalo po dobu dvoch
tyzdfiov bez pristupu vzduchu.

Obrazok 2: List rastliny Paulownia Wallachia

Obrazok 3: Nasekané listy Paulownia Obrazok 4. Nasekana rastlina pripravena na
Wallachia silaZzovanie
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Testy metanogénneho potencialu

Testy metanogénneho potencialu boli realizované v sklenenych flasiach s objemom 500 ml. Do flias
sme nadavkovali mezofilny neadaptovany kal, skimany substrat a vodu na doplnenie objemu 330 ml
a ffaSe sme umiestnili do laboratoéria vyhrievaného na 37 °C. Zakladné sledovanie spocivalo v od&itavani
kvapaliny vytlacenej bioplynom v byrete.

Obrazok 5: vsdadzkové anaerébne reaktory — metanogénne testy

Mezofilny anaerdbny reaktor

Test anaerdbnej fermentacie listov Paulownie wallachie prebiehal v dvoch paralelne pracujicich
mezofilne vyhrievanych anaerébnych reaktorov A aB. Reaktory boli naplnené anaerébnym
stabilizovanym mezofilnym kalom o objeme 1,4 | z COV Devinska Nova Ves a kal bol vytemperovany na
37 °C a neustale premieSavany.

Vyprodukovany bioplyn bol vedeny cez plynové hodiny. Do oboch reaktorov bolo pridavané rovnaké
mnozstvo substratu, ktoré koredponduje k anaerébnemu kalu v pomere 1:1 vzhladom na organicku
suSinu. Neskoér sa do reaktora B zacCal pridavat sildZovany substrat.

Analyzy

Raz tyzdenne bola odoberana vzorka kalu z reaktora, v ktorej sa meralo pH, pH kalovej vody a NMK.
Analyticky sa stanovovala v kalovej vode CHSK, celkovy dusik, celkovy fosfor a amoniakalny dusik. Na
analyzy CHSK, celkovy dusik, celkovy fosfor a amoniakalny dusik boli vyuZivané kyvetové testy
spoloénosti HACH LANGE, s.r.o. Koncentraciu celkovych latok a SZ (stratu Zihanim) sme stanovovali
podla Horakovej . Produkcia bioplynu sa odgitavala z plynovych hodin, kam bol bioplyn privadzany
z premyvacky naplnenej destilovanou vodou.

Zlozenie bioplynu bolo merané mobilnym plynovym analyzatorom GA 2000 Plus firmy Geotechnical
Instruments, UK.

Vysledky a diskusia
Metanogénne testy

Na overenie vhodnosti listov Paulownie ako substratu pre anaerébne procesy sme zostavili sériu
metanogénnych testov. Metanogénne testy sa realizovali v dvanastich vsadzkovych reaktoroch,
v Styroch sériach s roznym obsahom substratu. Pri kazdej sérii sme sledovali tri paralelné pokusy. Pred
spustenim metanogénnych testov sme v kazdej ffasi zmerali pH, rovnako aj po ukonc&eni testov.
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Po spusteni testov nastal velmi rychly narast produkcie bioplynu, neskdr sa jeho produkcia ustalovala
a na 30. deh od spustenia uz mézeme konstatovat ustalenie procesu. Priemerné hodnoty mnozZstva
bioplynu v troch paralelnych testoch:

e P1 (substrat:kal = 1:1): 93,03 ml bioplynu
e P2 (substrat:kal = 2:1): 213,47 ml bioplynu
o P3 (substrat:kal = 3:1): 300,90 ml bioplynu
Na zaklade vysledkov z analyzy susiny substratu sme vyprodukované mnozstvo bioplynu vztiahli na

hmotnostnu jednotku organickych latok v substrate. Ziskali sme teda Specificku produkciu bioplynu na
mnozstvo organického substratu (po zihani pri 550 °C) v ml/g.
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Obrazok 6: Priemerna Specificka produkcia bioplynu vztiahnuta na gram organického
substratu

Z obrazku 6 je zrejmé, Ze najvysSia Specificka produkcia bioplynu je zaznamenana u vzorky, v ktorej
bol pomer substratu k anaerébnemu kalu 2:1, zvySné dve vzorky s odliSnou koncentraciou substratu
maju vSak velmi podobné mnozstvo a priebeh vyprodukovaného bioplynu.

PoCas metanogénnych testov sme merali aj zlozenie vyprodukovaného bioplynu, priCom nas
zaujimalo hlavne zastupenie metanu v fiom, ktoré by sa malo pohybovat optimalne od 50 do 70 %.
Vysledky pre jednotlivé koncentracie substratu su zhrnuté v tabulke 2.

Tabulka 2: Zlozenie bioplynu v jednotlivych testoch

Vzorka Obsaoh CH,
%
Paulownia Wallachia 1:1 49,1
Paulownia Wallachia 2:1 56,4
Paulownia Wallachia 3:1 57,1
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So zvySovanim pomeru listov Paulownia Wallachia sa zvySovalo aj percento zastupenia metanu vo
vyprodukovanom bioplyne. Najvy3si obsah metanu 57,1 % vyprodukoval pomer substratu Paulownie
Wallachie 3:1. Tento obsah uz mozno povazovat za technologicky akceptovatelny aj v realnych
podmienkach.

Metanogénne testy teda potvrdili schopnost' listov Paulownia Wallachia efektivne produkovat bioplyn.
Ako z vysledkov testov vyplyva, substrat je schopny produkovat asi 350 ml bioplynu/g org. substratu, ¢o
je porovnatelné s momentalne pouzivanymi substratmi na vyrobu bioplynu, ako napr. kukuriéna silaz.
Rovnako je uspokojivy aj obsah metanu v bioplyne.

Mezofilné anaerébne reaktory

Na zaklade pozitivnych vysledkov metanogénnych testov, v ktorych sa listy Paulownie javia ako
potencialne zaujimavy a vyuzitelny substrat na vyrobu bioplynu, sme sa na potvrdenie dosiahnutych
vysledkov rozhodli pokraCovat formou dlhodobej prevadzky anaerébnych reaktorov. Do oboch reaktorov
bolo pridavané rovnaké mnozstvo substratu, priCom zatazZenie reaktora sa udrziavalo na hodnote asi
1 0xorg Substratu na kgxog kalu za den. Reaktory boli prevadzkované 75 dni. Na sledovanie
metanogénneho procesu v anaerobnych reaktoroch sa pocCas celej ich prevadzky sledovali zakladné
analytické parametre, ako mnozstvo vyprodukovaného bioplynu, CHSK, NMK, pH a pod.

Hodnota pH v reaktoroch sa pocas celej doby prevadzky pohybovala v rozmedzi 6,32 — 7,30 ¢o
predstavuje vzhfadom na hodnoty uvedené v tedrii optimalne podmienky pre priebeh anaerébnych
procesov. Hodnota pH kalovej vody bola mierne vysSia, konkrétne 7,04 — 7,98, pricom jej najvysSia
hodnota bola zaznamenana az v zavere merania. Kazdy tyzden bola v kalovej vode sledovana chemicka
spotreba kyslika, pri€om jej koncentracia sa pohybovala v rozmedzi 329 az 2285 mg/l v reaktore
a s priemernou hodnotou 1406 mg/l, v pripade reaktora B bol rozsah CHSK medzi 244 a 3380 mg/I
a stredna hodnota na urovni 1512 mgl/I.
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Obrazok 7. Graf zobrazujuci nameranu koncentraciu chemickej spotreby kyslika v kalovej
vode v zavislosti od ¢asu

Ako m6zZeme vidiet' na obrazku 7, pridanim listov Paulownie do reaktorov koncentracia CHSK sa zo
zacCiatku vyrazne zvysila, neskor sa vzhladom na rozklad organického materialu v procese anaerobnej
fermentacie zacal jej obsah znizovat na hodnoty pod 1000 mg/l, €0 mozZno taktiez povazovat za
optimalne hodnoty.

Tyzdenne sa uskutoCfiovalo aj sledovanie obsahu nizSich mastnych kyselin (NMK) v kalovej vode,
ktory pocCas prvych tyzdfiov zna€ne vzrastol az na hodnoty 1307 mg/l (reaktor A) a 1333 mg/| (reaktor B),
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potom v8ak zacal vyrazne klesat. Ku koncu prevadzky boli koncentracie NMK v reaktoroch uz len
minimalne av pripade oboch reaktorov neprekrocili 200 mg/l, o z hladiska prevadzky anaerébnych
reaktorov mozno povazovat za optimalny rozsah.

Dalsim parametrom, ktory sa vreaktoroch tyzdenne sledoval, bol obsah celkového N
aamoniakalneho N-NH, dusika v kalovej vode. V reaktore A sa hodnoty N, pohybovali v rozsahu 46,7 —
418 mg/l a koncentracia amoniakalneho dusika bola v rozmedzi 27,7 — 312 mg/l. Obsah celkového
a amoniakalneho dusika v reaktore B bol vefmi podobny, pokles sme zaznamenali az po zacati
s davkovanim silaZzovaného materialu do tohto reaktora. Hodnoty koncentracie celkového dusika
v reaktore B boli 47,1 — 424 mg/l, kym amoniakalny dusik sa pohyboval v rozsahu 23,8 — 322 mg/l.
Obsah amoniakalneho dusika v oboch reaktoroch vzdy predstavoval viac ako 50 % koncentracie
celkového dusika. Na grafe (obrazok 8) mézeme vidiet ku koncu testovania pokles koncentracie dusika
i ked’ koncentracia bola stale v stovkach mg/l, mozno vSak oCakavat dalSi pokles dusika v kalovej vode.
Pri dlhodobej prevadzke reaktora, resp. pri realnej prevadzke s pouzitim iba mono-substratu listov
Paulownie, by bolo potrebné pri zniZzovani koncentracie dusika pridavanie kosubstratu s vysSim
podielom dusika.
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Obrazok 8. Koncentracia celkového dusika v kalovej vode v zavislosti od ¢asu

Kazdé dva tyzdne bola vykonavana aj analyza koncentracie celkového fosforu, ktory zo zadiatku
nadobudal hodnoty priblizne okolo 25 mg/l, no zhruba po mesiaci zac¢al jeho obsah klesat, kedy sme
zaznamenali koncentracie pod 10 mg/l. Zastupenie celkového fosforu sa pohybovalo v koncentranom
rozsahu od 5,42 do 28,96 mg/l. Vzhladom na vplyv zloZenia substratu, ako jedného z faktorov
ovplyvriujucich anaerdbny proces, by sa pomer CHSK:N:P mal priblizne pohybovat od 300:6,7:1 do
500:6,7:1 ®. Mozno povedat, ze fosforu ako nutrientu samotného bolo vo vzorkach menej, ako je
Ziaduce, a mohol by to byt jeden z limitujucich faktorov pofas dlhodobej prevadzky anaerébneho
reaktora. Podobne ako sme to konStatovali v pripade dusika, aj kvéli nizkemu podielu fosforu v listoch
Paulownie sa javi vhodné pri redlnej dlhodobej prevadzke uvazovat o pridavani vhodného kosubstratu.

PoCas celej prevadzky reaktorov sa spolu s chemickymi analyzami stanovovali aj celkové latky
(stanovené ako celkova susina pri teplote 105 °C). Ty sa v oboch reaktoroch pohybovali v podobnych
rozmedziach, ato priblizne od 3,98 — 5,39 g/l po 21,26 — 22,01 g/l. Organicky podiel suSiny sa
percentudlne (uréeny ako SZ — strata zihanim) pohyboval od 60 do 70 %.

Pre sprehladnenie jednotlivych analyz uvadzame v tabulkach 3 a 4 minimalne, maximalne a stredné
hodnoty vy$Sie spominanych parametrov.
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Tabulka 3: Prehlad parametrov sledovanych v kale

Denna
produkcia Xeelk Xorg 5 (o
Parameter bioplynu pHx @) @) SZ (%)
(1/d)
min. 0,02 6,45 5,39 3,25 60,30
Reaktor A max. 1,02 7,25 21,26 14,97 70,41
priemer 0,47 6,98 14,97 10,68 71,34
min. 0,05 6,32 3,98 2,44 61,31
Reaktor B max. 1,09 7,3 22,01 15,24 69,24
priemer 0,45 6,97 12,89 9,05 70,21
Tabulka 4. Prehl'ad parametrov sledovanych v kalovej vode
CHSK N-NHy. N-NH; Niot Piot NMK
Parameter PR (magn) maly | mahy | magm | many | (mgn)
min. 7,04 329 27,7 0,19 46,7 5,42 190
Reaktor A max. 8,04 2285 312 101,42 418 28,04 1307
priemer 7,67 1406 203,3 13,25 288,87 13,75 551
min. 7,19 244 23,8 0,20 47,1 3,98 171
Reaktor B max. 7,96 3380 322 56,30 424 28,96 1333
priemer 7,72 1512 206,78 8,73 267,81 13,27 536

Celkova produkcia v reaktore A, do ktorého sa pocas celej doby prevadzkovania pridaval iba Cerstvy
substrat (listy), bola 18,36 litrov s priemernym obsahom metanu 57,5 %, v reaktore B, kam sa po 40
drioch zacal privadzat silazovany substrat, bola tato hodnota priblizne o 13 % nizSia, konkrétne 16,23
litrov s priemernym obsahom metanu 55,5 %. Pri produkcii bioplynu sme sa sustredili hlavne na jeho
Specifickl produkciu vztiahnutd na hmotnostnu jednotku organického substratu, ktori sme vyhodnotili
graficky na obrazku 9.
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Obrazok 9 :Graf zobrazujuci priebeh Specifickej produkcie bioplynu z reaktorov
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Dlhodoba prevadzka anaerobnych reaktorov so substratom z listov Paulovnia Wallachia potvrdila
vysledky metanogénnych testov. Aj v dlhodobych testoch bol zvoleny substrat schopny produkovat
bioplyn cca 350 ml/g organického substratu. Z danych vysledkov je vidiet, ze substrat z listov Paulownie
Wallachie ma potencial konkurovat' niektorym v su€asnosti pouZivanym substratom na vyrobu bioplynu.
Jedinym negativom sa javi len nizky obsah dusika, resp. fosforu v listoch a bolo by potrebné jeho
externé dopifanie, pripadne kombinacia s inym substratom.

Zaver

V praci sme testovali vhodnost' listov zo stromu Paulownia Wallachia ako substratu na vyrobu
bioplynu. Vysledky metanogénnych testov boli velmi priaznivé, ukazali rychly narast produkcie bioplynu
pri rbznych koncentraciach substratu a na zaklade tychto vysledkov mézZzeme zhodnotit, Ze Paulownia
Wallachia rozhodne ma metanogénny potencial a mohla by sa tak stat jednym z alternativnych zdrojov
surovin na vyrobu bioplynu. Zastipenie metanu vo vyprodukovanom bioplyne bolo prijatelné
a pohybovalo sa v rozmedzi hodnét 49 — 57 % CH,.

Na zaklade pozitivnych vysledkov metanogénnych testov boli v mezofilnych podmienkach realizované
dlhodobé testy produkcie bioplynu. Test prebiehal v dvoch mezofilnych semikontinualnych reaktoroch
s objemovym zatazenim Bv = 1 g Xorg/l.d. Vysledky dlhodobych testov boli velmi priaznivé, nakolko
ukazali rychly rast produkcie bioplynu s najvy§Sou hodnotou dennej produkcie 0,382 I/d a aj prijatefné
zastupenie metanu v bioplyne, ktoré sa pohybovalo od 55,5 — 57,5 %.

Spracovanim vysledkov sme dospeli k zaveru, ze Paulownia Wallachia rozhodne ma energeticky
potencial a mohla by sa tak zaradit' k surovinam, ktoré sa vyuzivaju v technolégiach na vyrobu bioplynu.

Produkcia bioplynu ms/t substratu

Odpady z pekadrni
Repkové vylisky
Zbytky jedal
Kukuri€na silaz
Travna silaz
Paulownia Wallachia
Biologické odpady
Lucna trava

Prasacia hnojovica
Hovadzia hnojovica

0 100 200 300 400 500 600 700
Mnoistvo bioplynu /m3

Obrézok 10: Produkcia bioplynu v m® na tonu surového substrétu z réznych surovin °

Na obrazku 10 je znadzornené, aky ma Paulownia potencial na vyrobu bioplynu. Paulownia Wallachia
z jednej tony surového materialu (listov) dokaze vyrobit cca 120 m® bioplynu (respektive 350 m3/t
organickej susiny).

Negativom tohto substratu je iba nedostatocna koncentracia fosforu a preto by sa substrat z listov
Paulownia wallachia nemohol vyuzivat ako monosubstrat. Pri dlhodobej prevadzke anaerébneho
reaktora by mohla nastat’ inhibicia procesu v désledku nedostatku makronutrientov. Z tohto dévodu by
bola vhodna kombinacia listov Paulownie sinym substratom s vysokym obsahom fosforu
a pravdepodobne aj dusika po nejakom Case.

Rovnhako musime konstatovat Ze iSlo o prvotné testy a bude potrebné dlhodobejSie testovanie
vybraného substratu.
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Paulownia Wallachia and its biogas potencial
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Summary

The aim of this work was to determine the biogas potential of the fast-growing plant Paulownia
Wallachia. The work dealt with the monitoring of biogas production in a long and a short term, when the
plant was used in its fresh and ensiled form.

The substrate was tested in the short term by methanogenic tests at different substrate to anaerobic
sludge ratios.The experimental part consists also from a monitoring of the operation of mixed anaerobic
reactors in mesophilic conditions, which were operated at a volumetric load of 1 g Xorg/l.d. The organic
substrate was dosed into the reactors from October 2018 to December 2018, and different chemical
parameters were analyzed on weekly basis. The results showed a favorable increase in biogas
production, which stabilized after approximately 30 days. Based on the results of this work it is clear that
Paulownia Wallachia has a biogas potential and it is a suitable alternative for biogas production in the
world and Slovakia as well. The plant can produce more than 120 m?® of biogas per one tonne of raw
substrate with about 55 % methane portion in biogas.

Keywords: Paulownia Wallachia; mesophilic anaerobic digestion; biogas
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Vliv teploty na produkci bioplynu fermentacnich zbytkli
Martin SOTNAR

Mendelova univerzita v Brné, Zemédélska 1, 613 00 Brno
e-mail: martin.sotnar@mendelu.cz

Souhrn

Fermentaéni zbytek z bioplynové stanice ma potencial ke zbytkové produkci bioplynu. Bylo
provedeno testovani této produkce bioplynu a metanu s dobou testovani 180 dni pfi teplotach 41 °C,
27 °C a 16 °C. Nejvice bioplynu bylo vyprodukovano vzorkem A pfi teplotnim rezimu 41 °C, a sice 152.9
x 10° m®kg™. U metanu stejny vzorek vyprodukoval pfi 41 °C az 86,4 x 10° m® kg™. Statisticky
vyznamny rozdil byl shledan mezi mérnou produkci bioplynu i metanu u vSech variant testu. Déale byla
produkce bioplynu a metanu v zavislosti na teploté proloZzena polynomem druhého stupné. Rovnice
polynomu pro bioplyn mizeme napsat ve tvaru Y = (-42,927 £ 38,349) + (5,223 = 2,9566) - X + (-0,0181
+ 0,0510) - X% (R* = 0,957) a pro metan Y = (-26,85 + 27,94) + (2,3296 + 2,1541) - X + (0,0033 #
0,0372) - X%, (R® = 0,939). Tyto rovnice umoZriuji nésledné uréovani pfipad(i zastfeseni a vytapéni
konkrétnich uskladriovacich jimek na fermentacni zbytek s ohledem na dobu trvani testu 180 dni.
Teoreticka produkce elektrické energie kogeneracni jednotou pfi vyuZiti primérné produkce metanu za
180 dni testu, vzniklého pfi 41 °C je 70 685,0 kWh.

Kli¢ova slova: anaerobni fermentace, fermentacni zbytek, metan, produkce energie

Uvod

Fermentacni zbytek je vystupem (sekundarnim produktem) anaerobni fermentace na bioplynové
stanici. Anaerobni fermentace probiha ve d¢tyfech fazich, kterymi jsou hydrolyza, acidogeneze,
acetogeneze a metanogeneze’. Vysledkem je ekologické a obnovitelné palivo bioplyn? a fermentaéni
zbytek. Tento material je slozitd smés organickych a anorganickych substratu, Zivin, degradovatelnych
organickych latek avody®. Jeho vlastnosti jsou ovlivnény zejména &asem a zplGsobem skladovani
fermentacniho zbytku, charakteristikou a skladbou vstupnich substratd do procesu anaerobni
fermentace a procesnimi podminkami, za kterych fermentace probiha®.

Fermentacni zbytek ulozeny v uskladfiovaci jimce obsahuje bioplynovy potencial, ktery mize zvysit
aroveri produkce bioplynu® ®. Experimentalni méfeni emise bioplynu z uskladfiovaci nadrze bioplynové
stanice o vykonu 1 MWh poukézal na znaénou odlignost 0,190 — 0,468 m*m™-den™.” Mimo jiné také
dochazi k emisim NHjs, které u stejnych uskladfiovacich nadrzi bylo 0,06 — 4,44 g NH5-m™.

Uvolfiovanim hlavnich slozek bioplynu - metanu (CH;) do ovzdu$i je poruSovana ozonova vrstva
v stratosféfe. Amoniak (NH3) navic zpUsobuje erozi a okyseleni pld, coz znamend, ze bioplyn a NH;
uvolnény z uskladfovacich nadrzi na fermentaéni zbytek predstavuiji nebezpeéi pro Zivotni prostfedi®.

Daldi motivaci pro feSeni problematiky produkce bioplynu fermentaénim zbytkem uskladnéném
Vv nadrzi je zavazek Ceské republiky dle smérnice Evropského parlamentu a Rady 2009/28 k produkci
energie z obnovitelnych zdroji 13 % do roku 2020. Pro Evropskou unii je tato hodnota 20 % do roku
2020. Vyuzitim zbytkové produkce bioplynu fermentacnich zbytku se zvySuje mnozstvi energie ziskané
z obnovitelnych zdrojl energie.

Vyuziti bioplynu z fermentacniho zbytku mize mit, vzhledem k prodeji energie z tohoto zdroje
energie, i pozitivni ekonomicky dopad pro provozovatele bioplynové stanice. Uskladnéni fermentacniho
zbytku v nadrzich se provadi zlegislativnich a technologickych divodd. Vysou$eni a spalovani
fermentacniho zbytku je energeticky narocné a narazi na problém nedostatku organické hmoty na
zemédeélské padé. Na druhé strané fermentacni zbytek potencidlné muze obsahovat téZké kovy,
patogeny, vysoké davky dusiku, které ve vysledku omezuji aplikaci na padu®. Aplikace fermentaéniho
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zbytku na zemédélskou pidu neni mozna v kteroukoliv ro¢ni dobu. Proto se uskladhovaci nadrze
dimenzuji k uskladnéni 120 — 180 dni produkce fermenta&niho zbytku bioplynovou stanici®.

Cilem této studie je urceni produkce bioplynu a metanu z fermentacnich zbytk(. Byly provedeny testy
anaerobni fermentace s dobou zdrzeni 180 dni pfi rlznych teplotach. Tyto vysledky umozni nasledné
uréovani pripadl zastfeSeni a vytapéni konkrétnich uskladhovacich jimek na fermentacni zbytek
s ohledem na dobu trvani testu.

Experimentalni ¢ast

V této praci byly pouzity vzorky fermentacnich zbytkG ze zemédélskych bioplynovych stanic. Tyto
fermentacni zbytky byly odebrany vzdy pfi vstupu do uskladfiovacich jimek. Tyto zemédélské bioplynové
stanice pracuji v kontinualnim rezimu tekuté anaerobni fermentace s dvoustupriovou technologii. Slozeni
vstupnich materiall do bioplynovych stanic bylo pfedevsim kejda a hndj hospodaiskych zvifat (praseci
nebo skotu) a kukufi¢na silaz (v souctu £ 90 %).

Pro laboratorni testovani bylo vyuzito vybaveni celorepublikové referencni laboratofe bioplynovych
transformaci na Mendelové univerzité v Brné. Pfi testovani produkce bioplynu a metanu se jednalo o 24
zkusebnich fermentordl R1 — R24 o objemu 0,005 m3. Testovani bylo provedeno podle modifikovaného
standardu VDI 4630. Tyto fermentory jsou umistény ve tfech oddélenych systémech vyhfivanych
vodnich lazni. Kazdy vzorek byl davkovan do vice testovacich fermentor. Jednalo se vzdy o dva
fermentory v jednom systému. Celkem tfi systémy tedy obsahovaly 6 fermentorl se stejnym vzorkem
a celkem 6 kontrolnich fermentort pro ovéfeni funkénosti systému. Kazdy fermentor byl nadavkovan
3,3 kg materialu. Kazdy systém byl udrzovan pfi jiné teploté. Jednalo se o systém s teplotou 41 °C, dale
s teplotou 27 °C a 16 °C s dobou zdrZeni 180 dni. Vyhodnoceni produkce bioplynu je pro srovnani nutné
prepocist na fyzikalné normalni podminky (To = 0 °C, po = 101 325 Pa).

Obsah susiny byl stanoven pfi 105 + 3 °C dle normy CSN EN 14 346:2006 za pouziti elektrické
susarny VENTICELL Standard 111. Obsah organické suSiny (spalitelnych latek) byl stanoven
spalovanim pfi 550 + 25 °C dle normy CSN EN 15 169:2007 v muflové peci LMH 07/12. Analyza sloZeni
bioplynu byla provedena méficim pfistrojem Drager X-am 8600.

Produkce metanu a bioplynu byla vyhodnocena pomoci zakladnich deskriptivnich statistik. Je uvadén
prumér a rozsah namérenych hodnot. VeSkeré statistické analyzy probihaly na hladiné vyznamnosti 5 %,
tedy vysledky s p-hodnotou menSi nez 0,05 jsou povazovany za statisticky vyznamné.

Vysledky a diskuse

Charakteristika vstupnich material(l je znazornéna v nasledujici tabulce 1, kde uvedené hodnoty jsou
aritmetickym primérem namérfenych hodnot.

Tabulka 1: Charakteristika fermentacnich zbytku testu

Charakteristika Jednotka Vzorek A Vzorek B Vzorek C
Doba zdrzeni v BPS Den 34 60 51
Susina % 7,86 7,66 3,99
Spalitelné latky % 79,86 75,69 72,19
pH - 7,83 7,79 7,91

Hodnoty, které Ize v provozu bioplynové stanice ovliviovat, jsou doba zdrzeni materialu ve
fermentoru a susina materialu. Susina je ovlivnéna pfirodnimi podminkami, které ur€uji susinu vstupni
suroviny, napf. kukufiéné silaze. Druhou strankou je fedéni vstupni suroviny z technologickych divodu
praseci kejdou, pfipadné technologickou vodou nebo vracenim kapalné frakce fermentacniho zbytku.
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Proto budou vysledky konfrontovany predevSim s témito hodnotami. Produkce bioplynu dlouhodobého
testu jednotlivych vzorku je na obrazku 1.

Celkova pulro¢ni produkce bioplynu [102 - m® - kg'!]
0 50 100 150 200

A (41°C)
B (41 °C)
C (41 °C)

A (27 °C)
B (27 °C)
C (27°C)

A (16°C)
B (16 °C)
C (16 °C)

Obrédzek 1: Celkova pulroéni specifickad produkce bioplynu [10° m® kg™] pfi riznych teplotéch.
Produkce je vztazena na hmotnostni mnoZstvi organické susiny materialu.

Uvedeny obrazek 1 zobrazuje celkovou produkci bioplynu jednotlivych vzorkll ve tfech teplotnich
rezimech, vztazenou na kg organické susiny. Nejvice bioplynu bylo vyprodukovano vzorkem A pfi
teplotnim rezimu 41 °C, asice 152,9 x 10° m*kg™. Tato skutednost miZe byt dana charakterem
materialu, ktery mél nejkratsi dobu zdrzeni v bioplynové stanici a nejvice spalitelnych latek. Nejméné
bioplynu v8ak bylo naméfeno pfi teploté 16 °C opét u vzorku A. Uvedené produkce v jednotlivych
teplotnich rezimech 41 °C, 27 °C, 16 °C statisticky prukazné vykazovaly odliSnosti (p<0,05).

V é&lanku' testovali zbytkovou produkci bioplynu fermentadnich zbytk(i pfi raznych teplotach,
odebranych z bioplynové stanice s kratkou dobou zdrzeni. P¥i teploté 15 °C a dobé trvani testu 70 dni
dosahli produkce piiblizné 0,8 x 10° m3kg™ gerstvé hmoty. V nasem piipadé by byla primérna hodnota
pfi teploté 16 °C a dobé zdrzeni 180 dni 36 x 10° m®kg™, coz odpovida pfiblizné 2,35 x 10° m*kg™
bioplynu z Cerstvé hmoty. Vzhledem k delSi dobé zdrZeni je hodnota vyprodukovaného bioplynu
v nasem testu vy3Si. Dale pak produkce bioplynu zavisi na kvalité vstupnich surovin, organické zatézi
fermentoru, doby zdrzeni plvodniho materidlu ve fermentoru, prostiedi a teploté skladovani
fermentaéniho zbytku®?.

Vzhledem k délce testu pal roku nema tak vyrazny vliv doba zdrzeni materialu ve fermentoru pred
uskladnénim v nadrzi na fermentaéni zbytek. Vliv sudiny v pfipadé, kdy se jedna o mérnou produkci,
také nelze jednoznacné hodnotit. Rozdily tak mohou byt dany pouzitou technologii, kvalitou vstupnich
surovin adalSi. Pro predikci produkce bioplynu byl vytvofen linearni model produkce bioplynu,
vyobrazeny na obrazku 2. Tento model je pouZitelny v intervalu naméfenych hodnot.

Z obrazku 2 je mozné urcit, Ze s rostouci teplotou roste produkce bioplynu. To je také divodem, pro¢
provozovatelé bioplynovych stanic navySuji, v ramci technologickych moznosti, teplotu anaerobni
fermentace pouzivanou pro produkci bioplynu. Naméfena data byla prolozena polynomem 2. fadu, ktery
se b&zné pro zavislost V(T) u této problematiky pouZiva.'®* Druha derivace d”Y/dX* < 0 uvadi, Ze dochazi
ke zpomalovani produkce bioplynu.
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Obrazek 2: Model predikce celkové pulroéni produkce bioplynu [10° m®-kg™] v zdvislosti na teploté
Rovnice: Y = (-42,927 * 38,349) + (5,223 + 2,9566) - X + (-0,0181 £ 0,0510 - X?), (R? = 0,957)
Produkce je vztazena na hmotnostni mnozstvi organické susiny materialu.

V ¢&lanku™ provedli 70 dni testu pfi riznych teplotach. Pokud dosadime do zji§t&né rovnice hodnotu

pro teplotu 25 °C ztohoto ¢&lanku, dostavame produkci 76,34
produkce bioplynu v tomto &lanku byla pFiblizné 58 x 102 m*-kg™.

x 10° m*kg®*. NaméFena hodnota
Rozdil mezi vypoctenou a namérfenou

hodnotou je v tomto pfipadé dan rozdilnou dobou trvani testu. V naSem pripadé se za 180 dni testu

vyprodukovalo vét§i mnozstvi bioplynu.

Z tohoto modelu je také mozné vychazet pfi kalkulaci nakladi a doby navratnosti investice, pfi
zamysleni zastfeSeni a pfipadném ohfevu fermentacniho zbytku v uskladiovaci nadrzi pfed jeho dalSim
vyuzitim. Dualezitym faktorem pfi této kalkulaci vSak neni pouze bioplyn, ale pfedevSim produkce metanu
obsazeného v bioplynu. Mérna produkce metanu uvedenych vzork(l je znazornéna na obrazku 3.

Celkova pilro¢ni produkce metanu [10- - m® - kg!]
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Obrézek 3: Celkovd pulroéni mérnd produkce metanu [10° m® kg™] pfi riznych teplotach.
Produkce je vztazena na hmotnostni mnoZstvi organické susiny materialu.
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V pridbéhu testu za 180 dni vzniklo nejvice metanu u vzorku C pfi 41 °C, asice 86,4 x 10° m* - kg™
Tento vzorek vykazuje nejvétsi potencial produkce vztazeny na kg organické suSiny. Absolutni mnozstvi
metanu by se vsak liSilo od vzorkl s vy3Sim obsahem susSiny. Nejméné metanu bylo zjiSténo u vzorku a pfi
teploté 16 °C, zde se jednalo 0 10,67 x 10° m® - kg™. Vzhledem k tomu, Ze produkce bioplynu pfi 41 °C byla
nejvétsi u vzorku A, stejné jako pfi teplotnim rezimu 27 °C, tak je zifejmé, Ze se koncentrace metanu
u jednotlivych vzorku liSila. Spalitelného metanu tedy bylo pfi teploté 41 °C i 27 °C vyprodukovano nejvice
u vzorku C. V teplotnim rezimu 16 °C to bylo u vzorku B. V &lanku’ zjistili pfi primérné koncentraci metanu
v bioplynu 56 % produkci 2,4 x 10° m® - kg®. Tato hodnota byla naméfena pfi primémé teploté 29.2 °C
Z kazdodenni vsazky fermentacniho zbytku do uskladhovaci nadrze. Pokud bychom tento material naméili
kazdy den po dobu trvani testu 180 dni, byla by hodnota celkové produkce 432 x 10° m® - kg™. Tato
hodnota je vy33i nez u naseho testu, protoZze se nejedna o vsazkové méfeni, ale kontinualni. Pro predikci
produkce metanu byl vytvofen model produkce metanu na obrazku 4.
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Obrézek 4. Celkovd mérna produkce metanu [10° m® - kg™'] pFi riiznych teplotach
Rovnice: Y = -(26,85  27,94) + (2,3296 + 2,1541) - X + (0,0033 % 0,0372) - X?, (R* = 0,939)
Produkce je vztazena na hmotnostni mnozstvi organické susiny materialu.

Celkova mérna produkce metanu znazorfiuje tendenci produkce metanu ve vztahu k méfenym
teplotnim rezimdm. Jedna se o polynom druhého fadu pouzitelny pro predikci produkce metanu
v rozsahu teplot 16 — 41 °C. Druhou derivaci uvedené rovnice polynomu druhého fadu d*Y/dX* > 0
uvadime, Zze dochazi ke zrychlovani produkce metanu. Vzhledem k smérodatnym odchylkam &lenu této
rovnice je mozné dojit k zavéru, Ze se reakce zpomaluje, stejné jako v pfipadé produkce bioplynu.

Teplota pouzivana pro anaerobni fermentaci na bioplynovych stanicich se pohybuje od 35 °C az po
béZnych 41 °C, 43 °C i vice. UdrZovani vhodné teploty v uskladfiovaci jimce je otdzka investicnich
a provoznich naklad. Emise metanu za 180 dni z uskladfovaci nadrze bioplynové stanice s dobou
zdrZeni 60 dni a teploté anaerobni fermentace 38 °C byla zméfena 19,23 x 10° m® - kg™.** U tohoto
testu byla naméfena primérna teplota v uskladhovaci jimce 12,2 °C. PFi vypoctu teploty dosazenim
naméfené produkce metanu v testu z uvedeného ¢lanku do vypoétené rovnice polynomu druhého Fadu
byla ziskana hodnota 19,26 °C. Uvedené hodnoty odpovidaji skute€nostem s ohledem na dobu trvani
testu, zpusobu méfeni produkce metanu a proménlivosti vlastnosti vstupnich surovin.

Celkova, primérna produkce metanu za dobu trvani testu u teplotniho reZimu 41 °C byla 77 x .10
m®kg™. V pfipadé Uvahy modelové uskladfiovaci jimky na fermentacni zbytek o objemu 4800 m® by
v této jimce pfi jejim naplnéni bylo 219 336 kg organické susiny produkujici metan. Celkova produkce by
tedy byla 0,077 x 219 336 = 16 888,87 m® metanu. Vzhledem k vyhfevnosti metanu 9,965 kWh-m? je
celkovy potencial energie 16 888,87 x 9,965 = 168 297,61 kWh. Pfi spalovani bioplynu obsahujicim
metan v kogeneracni jednotce se uc€innost ziskani elektrické energie uvazuje pfiblizné 42 %. Jedna se
tedy o 70 685,0 kWh elektrické energie.
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Zaveéry

Produkce bioplynu a v ném obsaZeného metanu je ovlivnéna, mimo jiné, teplotou, pfi které anaerobni
fermentace probiha. Testy anaerobni fermentace fermentacnich zbytk( byly provedeny pfi teplotach
16 °C, 27 °C a 41 °C. Statisticky vyznamny rozdil byl shledan mezi mérnou produkci bioplynu i metanu
vSech variant testu. Nejvice bioplynu bylo vyprodukovano vzorkem A pfi teplotnim rezimu 41 °C, a sice
152.9 x 10° m*-kg™. U metanu stejny vzorek vyprodukoval pfi 41 °C aZ 86,4 x 10° m® - kg™. Teoreticka
produkce elektrické energie kogeneracni jednotou pfi vyuziti primérné produkce metanu za 180 dni
testu vzniklého pfi 41 °C je 70 685,0 kWh.

Pfi uskladnéni fermentacniho zbytku do uskladfiovaci nadrZze je mozné uvaZovat jeji zastfeSeni
a jimani vzniklého plynu. Ziskana data mohou byt pouzita pro nasledné urCovani pfipadud zastfeSeni
a vytapéni konkrétnich uskladnovacich jimek na fermentacni zbytek s ohledem na dobu trvani testu 180
dni. Do budoucnosti je planovano provedeni testli s méfenim produkce po urcitych ¢asovych usecich.
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Influence of temperature on biogas production from fermentation residues
Martin SOTNAR

Mendel University in Brno, Zemédélska 1, 613 00 Brno, Czech Republic
e-mail: martin.sothar@mendelu.cz

Summary

The fermentation residue from the biogas plant has the potential for residual biogas production. This
biogas and methane production was tested during 780 days at 41 °C, 27 °C and 16 °C. Most of the
biogas was produced by sample a with temperature regime of 41 °C, where the specific productionof this
sample was 152.9 x 10° m® - kg™. The same sample produced at 41 °C volume of 86.4 x 10° m? - kg™ of
methane. A statistically significant difference was found between the specific biogas and methane
production of all test variants. Furthermore, the production of biogas and methane, depending on
temperature, was interleaved by a second degree polynomial. The polynomial equations for biogas can
be written in the form Y = (-42,927 + 38,349) + (5,223 + 2,9566) - X (-0,0181 + 0,0510) - X?, (R* = 0,957)
and for methane Y = (- 26.85 + 27.94) + (2.3296 + 2.1541) - X (0.0033 + 0.0372) - X?, (R? = 0.939).
These equations allow the subsequent determination of cases of roofing and heating of specific storage
wells to the fermentation residue with respect to the test duration of 180 days. The theoretical electricity
production by the cogeneration unit using the average methane production for 180 days of the test,
generated at 41 °C, overall 70 685.0 kWh.

Keywords: anaerobic fermentation, fermentation residue, methane
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Abstract

Due to the progressive decrease in precipitation in the Czech Republic, the need for the irrigation of
agricultural crops is steadily increasing. It is proposed that the problem of alack of water resources
might be partially solved via the reuse of treated wastewater in certain agricultural sectors however there
is a very little known about the possible advantages or disadvantages of such sources of water under the
local climate conditions. For this purpose, a semi-operated irrigation field was established at Hostétin in
the Zlin region of the Czech Republic which was subsequently planted with willow cuttings (Salix
viminalis L.). The plants were irrigated by means of two different water sources — wastewater from the
local municipal treatment plant and local groundwater. During the 2018 and 2019 growing seasons, we
observed the significantly enhanced growth of the wastewater irrigated willows — biomass yield was of
6.6 and 31.3 t/ha respectively under wastewater irrigation conditions, while only 1.0 and 1.8 t/ha was
produced under fresh water irrigation conditions. The biomass quality was assessed via calorific values
and showed lower gross and net calorific values for the wastewater irrigated willow biomass, i.e. 18.5
and 17.2 MJ/kg of dry matter respectively compared to 19.2 and 17.9 MJ/kg. However, the overall high
yields of the biomass more than compensated for this disadvantage. This study confirmed the
hypothesis that treated wastewater can be used in agricultural areas in which it does not endanger either
public health or the environment.

Keywords: Wastewater reuse, drop irrigation, constructed wetlands, fast-growing trees

Introduction

Although water consumption per capita is decreasing on a continuous basis, a total of 744 million m?
of water was treated in wastewater (WW) treatment plants in the Czech Republic in 2018 ™. Of a total of
2 677 WW treatment plants that treated 97.6% of all the WW produced in that year, only 773 plants
included tertiary treatment for the removal of phosphorus . Due to the fact that overall precipitation in
the Czech Republic has been decreasing over the last few years ¥, the need for the irrigation of
agricultural crops is increasing steadily. Moreover, the moderate climate change scenario predicted for
the period 2050 — 2070 suggests that approx. 40 — 70% of the permitted consumption of irrigation water
will not be covered by existing water sources . It is proposed that the problem of a lack of water
resources might be partially solved via the reuse of treated WW in certain agricultural sectors such as
the farming of fast-growing trees (FGT). Almost 1 million m® of treated WW is used annually by the
agricultural sector across the European Union .. While this source of irrigation water is particularly
important in southern European countries such as Spain, it also makes a significant contribution in
several northern European countries such as Denmark. In rural areas, so-called willow-based zero
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discharge constructed wetlands are often employed as recycling systems . The application of WW for
the irrigation of FGT results in higher biomass yields together with the recycling of nutrients and
a reduction in the volume of WW "8 FGT plantations not only work as low cost WW treatment plants as
in the case of zero discharge constructed wetlands, but also produce biomass for the production of
energy, thus reducing the need for fossil fuels .. Due to the decrease in greenhouse gas emissions as
a result of its carbon neutrality, many authors have suggested the use of FGT biomass provides one of
the most efficient technological solutions for reducing the production of carbon % %12 13 pye to their
shallow root system, high resistance to root system flooding, high evapotranspiration rates and high
nutrient and heavy metal adsorption rates [ ** ** willows (e.g. Salix viminalis, Salix dasyclados) are
considered to be one of the most suitable FGTs in terms of the recycling of WW. Moreover, willows
irrigated with WW produce twice or three times the biomass yield of non-fertilised willows ™. Due to high
evaporation rates, large amounts of WW can be used in such systems ™.

While the reuse of WW for the irrigation of fast-growing trees is not explicitly covered by Czech
legislation, the general reuse of WW is governed in the Czech Republic principally by Act No. 254/2001
Coll. ™ that permits the disposal of accumulated treated WW via the irrigation of crops in doses that do
not infiltrate into the groundwater (§ 38, subsection 9). However this only can be allowed in exceptional
cases and after the issuance of the opinion of specialist (hydrogeologist) that it will not negatively
influence the groundwater. Moreover, the increased reuse of water is encouraged in Government decree
No. 620 of 2015 ™ that sets out measures for decreasing the negative aspects of drought and water
scarcity. In addition, the Adaptation to Climate Change in the Czech Republic Strategy ™ established
new rules concerning the reuse of treated WW with particular reference to reducing the use of quality
water sources in cases where it is sufficient to use treated WW.

Existing legislation, however, lacks direction with respect to the specific application of WW for the
irrigation of FGT plantations; moreover, very few precedents exist with respect to the reuse of WW in this
context. This study aims to demonstrate the advantages of the reuse of WW in willow plantations
focusing patrticularly on the harvested yield as a result of targeted plant-induced nutrient reduction.

Experimental part
Experimental location

A semi-operated irrigation field was established in 2017 in the village of Hostétin in the Zlin region of
the Czech Republic specifically for the purposes of the experiment. The municipality features
a combined sewage system that was built for the collection of both municipal WW and surface water
runoff from the paved areas of the village. The capacity of the CW is 48 m*/day representing a maximum
peak flow WW of 4 L/s and an average daily WW flow of 0.55 L/s. The constructed wetland features
4 treatment stages - mechanical pretreatment, an initial horizontal subsurface flow filter CW (505 m?),
a second horizontal subsurface flow constructed wetland filter (626 m? and a biological stabilisation
pond 2%, While the constructed wetland exhibits a high degree of efficiency concerning the removal of
organics, the removal of nutrients is low, a fact that favours the reuse of treated water for the irrigation of
FGT as a tertiary treatment method 2%,
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Figure 1: Schematic image of the experimental location

The experimental irrigated field was constructed adjacent to the existing constructed wetland. The
WW used for irrigation was pumped directly from the CW discharge shaft to a small storage tank
installed inside a service building located near to the new irrigation plot. Fresh groundwater (FW)
extracted from a well was used as the WW control variant. The fresh water was also pumped into
a storage tank located inside the service building. In addition, an irrigation control system (CS) with
a Hunter I-Core control unit was installed in the service building. The CS was equipped with a rain
sensor that automatically shut down the irrigation system in the case of heavy rainfall (>3 mm), the aim
of which was to prevent the leakage of nutrients and, potentially, pathogenic microorganisms and
hazardous substances into the groundwater. The CS was connected to two water pumps (Q = 0.5 L/s)
for the pumping of the WW and FW into the drip irrigation hose system from the storage tanks. The
pumps were equipped with 1” disk filters so as to prevent the clogging of the drippers. The DRIP
irrigation hoses were installed in the irrigation field (with dimensions of 8 x 4 metres) that had previously
been planted with Salix viminalis L. as the model FGT in 4 rows with a total of 24 cuttings. The planting
density was selected in accordance with suggestions provided in #2. The willows were planted in a 0.5 x
1m grid in fluvisols. The initial soil quality of the irrigation plot is summarised in Table 1.

Table 1: Soil quality at the commencement of the experiment

Parameter Unit Value
Bulk density glem?® 1.2
Porosity % 53.2
pH (25 °C) 7.7
Mg mg/kg of DM 4,627.0
Na mg/kg of DM 129.3
K mg/kg of DM 2,666.7
Ca mg/kg of DM 28,550
Cr mg/kg of DM 8.7

S mg/kg of DM 454.0
Total phosphorus mg/kg of DM 707.3
Total nitrogen mg/kg of DM 2,330
Total organic carbon % of DM 2.9
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Two of the rows were irrigated with the WW and the other two with the control FW. A further 12 willow
cuttings (4 x 3) were planted adjacent to the irrigation plot and were not irrigated at all (marked with the
abbreviation Cont). The plants were irrigated via DRIP irrigation hoses 4 m in length, each serving
6 willows. The hoses were equipped with regulated drippers positioned at 40 cm intervals so as to
provide an average flow of approx. 2 L/hour. The total amount of water applied to the field together with
the water quality parameters is summarised in Table 2.

Table 2: Total volume of water applied in the 1% (S1) and 2" (S2) seasons with the total amount
of nutrients added by the water

Season and Volume (m?) Total organic Total nitrogen Total phosphorus
source of water carbon (kg) (kg) (kg)
S1-ww 23.4 0.42 0.54 0.07
S1-FW 17.2 0.05 0.03 0.00
S2 - WW 9.4 0.12 0.10 0.02
S2 - FW 5.8 0.03 0.03 0.00

A semi-professional meteorological station was installed near to the experimental field and the WW
treatment plant for the recording of information on the air temperature, humidity, precipitation, wind and
UV radiation in one-hour interval. A number of small USB dataloggers (air temperature, humidity) were
installed within the experimental field at locations with differing degrees of shade so as to obtain more
precise datasets. The meteorological data for the observed time period are shown in Figure 2.
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Figure 2: Meteorological data from the experimental location for seasons S1 (2018) and S2 (2019)

The drip irrigation method was chosen in an effort to prevent the occurrence of hygiene risks arising
from the dissemination of pathogenic microorganisms. The layout of the irrigation field and the settings of
the automatic CS were determined in accordance with suggestions provided by Stupavsky (2008) . The
field was irrigated from the beginning of May to the end of September 2018 (first season — S1) and from
May to September 2019 (second season — S2). The drip irrigation system provided equal doses of water
to each plant and ensured the supply of a sufficient amount of water for the root systems of the willows.
The amounts of water supplied by both the irrigation systems were recorded by means of water meters.
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Sampling and analysis

Samples of the inflow of WW and FW, the drainage water and the soil were taken regularly during
both growing seasons; in the case of the water, once per month and concerning the soil, prior to the
commencement of irrigation at the start of each season and following the conclusion of irrigation at the
end of each season. Qualitative analysis was performed employing standardised methods aimed at
obtaining information on i) the basic characteristics of the water (temperature, dissolved oxygen, pH,
conductivity and turbidity), the content of suspended solids and organic compounds, nutrient
concentrations, the content of ions and selected elements and microbial contamination, and ii) the
characteristics of the soil, the content of selected elements and nutrients, including the plant forms
available, and microbial contamination.

The length of the branches and the total annual harvested biomass of the willow plants were also
recorded; only the final yield of the harvested biomass was considered for the purposes of this study.
The length of the branches was measured at the end of each season (between September and
October). Three measurements from each three were then evaluated using statistic methods. The wood
yield was recorded at the end of both seasons. All the willow branches were cut, weighed and analysed
in the experimental laboratory. The dry matter of the harvested biomass was measured via the
gravimetric method and subjected to examination with respect to the gross and net calorific values
employing the calorimetry approach based on CSN ISO 1928 13!,

Statistical analysis was done using software R version 3.5.1. In the first step the normality of data was
evaluated by histogram and Shapiro-Wilk normality test rejecting the null hypothesis of normality for
irrigated plants from S1 and S2 and declining it for non-irrigated willows. To compare data from S1 we
used the paired sample t-test. For the S2 data set we used Wilcoxon test and paired sample t-test.

Results and discussion

As can be seen from Table 2, the total amount of water applied to the irrigation field during the
growing season differed between S1 (23.4 m® of WW and 17.2 m*® of FW) and S2 (9.4 m*® of WW and
5.8 m® of FW). Moreover, a difference was observed between the total volumes of WW and FW within
each season, which was due primarily to a number of technical problems during S1 and, probably, to
differing pressures in the hoses and reduced irrigation water flow rates. However, these issues did not
significantly influence the total amount of nutrients that were supplied to each plant. Of greater
importance was the differences in the WW and FW volumes between the two seasons. The volumes of
WW and FW applied in S2 were lower than those in S1, i.e. 60% and 66% respectively, which was due
to the differing character of the precipitation regimes during the two growing seasons. Although the total
precipitation in the two growing seasons did not differ significantly (S1 and S2, 389 and 364 mm
respectively), the intensity of the rain events in S2 was higher. Since the rain sensor halted the irrigation
process for 24 hours if the amount of rain exceeded 3 mm, the irrigation system was operational for
a shorter total time than in S1. This factor also influenced the total amount of nutrients supplied to the
plants and, therefore, may have exerted a negative effect on total biomass production.

This study focused primarily on providing a comparison of the amount of biomass produced as
a result of irrigation with WW and FW. The comparison involved the consideration of three differing
perspectives, i.e. i) the length of new branches that grew during the respective season; ii) the total
amount of biomass created per season and iii) the calorific values of the willow wood.

Length of newly-grown branches

As can be seen in Figure 3, the average length of the branches was significantly higher with respect
to the plants irrigated with WW in both seasons (as also shown in Figure 4). The average lengths of the
branches after S1 and S2 were 195 and 306 centimetres respectively for the WW-irrigated plants and
only 125 and 148 centimetres respectively for the FW-irrigated willows. The control trees that were not
irrigated failed to survive the dry conditions of the summer of 2018. New control willow cuttings were
planted at the beginning of S2; however, only a small number survived the dry summer conditions. While
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Khurelbaatar et al. ® document a 40% mortality rate for young willows irrigated with wastewater and
90% for non-irrigated plants, our study documented 0% mortality for the wastewater-irrigated plants after
two seasons, 8% mortality for the groundwater-irrigated plants after two seasons and 100% (S1) and
70% (S2) mortality for the non-irrigated plants. The same source also describes the much higher growth
rate of WW-irrigated willows, recording trunk diameters of up to 13 mm. However, our study considered
only the length of the branches, i.e. a parameter that is determinant with respect to industrial applications
e.g. basket production. A more efficient comparison of the yield was provided by the consideration of the
production of biomass (see below).
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Figure 3: Boxplot comparison of the growth of the willow branches after S1 and S2
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Figure 4: Images of the field experiment in the middle of S2
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Biomass production

The production of biomass differed significantly between S1 and S2 (see Figure 5) for the WW-
irrigated plants by the Wilcoxon signed rank test. The differences between the seasons were not
statistically significant for the FW-irrigated willows. The biomass production of the WW-irrigated plants
was found to significantly exceed those irrigated with FW (proved by Wilcoxon signed rank test),
particularly in the second season. While the total weight of biomass produced under FW irrigation
conditions during S1 and S2 was 0.4 and 0.7 kg respectively, the amount of WW-irrigated biomass was
determined at 2.7 and 12.5 kg respectively.

Biomass production of FGT
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Figure 5: Boxplot comparison of the production of biomass (in grams) for each willow after S1 and S2

After recalculating the yield to hectares, we determined the production of the FW-irrigated biomass in
S1 and S2 at 1.0 and 1.8 t/hal/year respectively, while for the WW-irrigated plants the yield was 6.6 and
31.3 t/halyear respectively. While some authors * have reported 2-3 times higher biomass yields after
two years of irrigation with WW, our study resulted in harvested yields of almost 18 times higher after two
years of irrigation with WW. Hardcastle et al. (2006) ?* reported the production of 8 t/ha/year of willow
biomass in a conventional FGT plantation. Khurelbaatar et al. (2017) ¥, on the other hand, reported the
production of 15.2 t/halyear after the second season, which is in accordance with the findings of
Dimitriou and Aronsson (2011) ! who describe the production of 15 t/halyear in experimental
lysimeters.

Calorific values

A further approach to describing the efficiency of the application of WW for the irrigation of FGTs
consists of the consideration of the gross calorific value (GCV) and net calorific value (NCV), which
reflect the energy content of the wood and, indirectly, indicate the quality of the FGT biomass. This study
considered the GCV and NCV of the biomass in the dry matter state, see Figures 6 and 7.
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Figure 6: Gross calorific value of the dry matter of the biomass irrigated with FW and WW in S1 and S2.
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Figure 7: Net calorific value of the dry matter of the biomass irrigated with FW and WW in S1 and S2

As shown in the graphs above, the willows irrigated in S1 with WW exhibited slightly higher GCVs and
NCVs than did the other samples (19.6 and 18.3 MJ/kg of DM respectively), while in S2 the WW-irrigated
willows exhibited the lowest GCVs and NCVs (just 18.5 and 17.2 MJ/kg of DM respectively).
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Nevertheless, these results are still comparable with those of other studies. For example Stolarsky et al.
(2013) % recorded a GCV for Salix spp. non-irrigated with WW of 19.5 MJ/kg of DM and Ledin (1996) "
determined an NCV for Salix spp. non-irrigated with WW of 19.6 MJ/kg of DM. Labrecque et al. (1997)
28 when studying the effect of the fertilisation of different willow species with wastewater treatment
sludge, reported an NCV for Salix viminalis of an average of 19.2 MJ/kg. A further study % reported
similar GCVs and NCVs for Salix viminalis to those determined by our study (18.9 and 17.7 MJ/kg
respectively). Although the results indicate slightly lower calorific values for the biomass produced via
irrigation by WW, the significantly higher biomass yield than that of the freshwater-irrigated plants more
than compensates for this disadvantage, a factor that is positively reflected in the economic results of
FGT plantations.

Conclusions

This study aimed to determine whether the use of wastewater for the irrigation of fast-growing trees
exerts a positive growth effect. Fast-growing tree plantations are widely used as tertiary wastewater
treatment systems, the main advantages of which lie in the reuse of nutrients that remain in the
wastewater and a decrease in the volume of wastewater that is released into the environment.

During the two-year study period, we observed an increase in the production of willow (Salix viminalis L.)
biomass even though the total volume of water supplied via the drip irrigation system in the second
season was significantly lower than in the first season. The mortality rate of the non-irrigated plants was
100% after S1 and 70% after S2 which was caused by the very hot and dry weather during the summer
of 2018 and similar weather conditions during the summer of 2019 in combination with the soil type at
the site which was characterised by a low water retention capacity. Following the second testing season,
the average lengths of the willow branches irrigated with wastewater and fresh groundwater were
determined at 306 and 148 cm respectively. The biomass yield was determined at 1.8 t/ha/year for the
groundwater-irrigated plants and 31.3 t/halyear for the treated wastewater-irrigated plants. The quality of
the biomass was assessed via calorific values which revealed that despite the lower gross and net
calorific values of the wastewater-irrigated willow biomass, the total yield per area more than
compensated for this disadvantage.
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Abstract

Vzhledem k poklesu srézkovych uhrnii v CR, a to zejména ve vegetacnim obdobi, zaznamenavame
rovnéZz potfebu navySeni zavlahy zemédélskych plodin. Nedostacujici zasoby vody pro tuto zaviahu by
v nékterych zemédélskych sektorech mohly byt potencialné feSeny s vyuzitim vycisténych odpadnich
vod, nicméné doposud existuje fada otazek ohledné rizik a pfinost vyuZiti téchto vod pri zavlahach. Pro
tento ucel byla v obci Hostétin ve Zlinském kraji vybudovana pokusna zaviahova plocha, ktera byla
osazena vrbou kosSikarskou. K sazenicim byla privedena kapkova zavliaha napojena na automaticky
davkovaci systém, ktery k vrbam pfivadél vodu ze dvou zdroji — odpadni vodu z obecni korfenové
Cistirny a Cistou vodu z vrtu. V prubéhu dvou vegetacnich obdobi 2018 a 2019 byla patrna vyrazné vyssi
produkce biomasy v sekci zaviahy odpadni vodou, ktera byla 6,6, resp. 31,26 t/ha, zatimco u plochy
zavlazované Cistou vodou to bylo pouze 1,0, resp. 1,77 t/ha. Kvalita biomasy byla hodnocena pomoci
spalného tepla a vyhfevnosti. V druhé sezéné 2019 je u vzork( biomasy zavlaZované odpadni vodou
patrna niZ8i hodnota spalného tepla i vyhfevnosti, a to 18,5, resp. 17,2 MJ/kg suSiny ve srovnani s 19,2,
resp. 17,9 MJ/kg suSiny u plodin zaviazovanych vodou z vrtu. Celkové vy$Si vynosnost biomasy na
plochu plantaze nicméné vyrazné zvysuje energetickou vytéznost rychle rostoucich drevin. Tato studie
tedy potvrdila hypotézy, Ze odpadni voda muze byt opétovné vyuZita v zemédélské produkci a to tam,
kde nehrozi pfimé ohroZeni zdravi lidi.

Kli¢ova slova: opétovné vyuZiti odpadnich vod, kapkova zaviaha, kofenova ¢Cistirna odpadnich vod,
rychle rostouci dfeviny
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Abstract

The construction industry in Slovakia has been relying heavily on traditional construction technology.
Buildings are usually constructed by the conventional cast in-situ methods. Recently, the modern
methods of construction (MMC) are more apply for its performance improvement in construction,
improvement of economic, environmental and social aspects of construction. The aim of submitted paper
is to describe the waste reduction potential of using modern methods of construction which was
determined through a questionnaire survey. The primary step of survey was to find out the state of
awareness in professional public about the MMC and determine the importance level of particular factors
for the selection of construction technology. Subsequently, based on expert opinions or professional
experiences, the respondents evaluated the potential of waste reduction through the MMC using and
identified the construction processes which may contribute to significantly reduce construction and
demolition waste. The conclusion of paper is focused on the results comparison of this research and
similar foreign research in this issue.

Key words: modern methods of construction, construction and demolition waste, reduction, potential,
questionnaire survey

Introduction

The development in the field of construction production has a significant impact to production of waste
derived from the construction industry. Based on volume, construction and demolition waste (C&DW) is
the largest waste stream in the European Union*. C&DW represents the remnants of what is essentially
new building material®>. The construction industry, historically, produces high levels of waste during the
construction process, which present even 33,5% of total waste generation in the EU®. Considering this,
worldwide policies, have promoted the incorporation of sustainable practice within the construction
industry, a principal focus being the reduction of waste and recycling of material and responsible
sourcing®. There are a range of opportunities to minimise waste before it is created and the earlier they
are implemented within the project the greater the potential to significantly reduce waste. One of them is
using of modern methods of construction (MMC) which has a range of benefits compared to traditional
methods of construction including the potential to greatly minimise on site waste.

MMC can be defined as a method in which less or greater extent building blocks (walls, floor slabs,
beams, columns and staircases) are mass-produced in the factory under strict supervision with high
quality®. The term of modern method of construction was established in the UK as a common label for
the construction methods of construction based on the off-site technologies (prefabrication elements or
parts of constructions are made off-site and then transported and assembled on site) and innovative on-
site technologies (parts of construction elements are produced in the factory, but its functional location is
completed®. MMC presents the improvements in the products or processes employed in the construction
industry, ranging from innovative components to be used on site through to whole building systems
manufactured off-site. Off-site refers to MMC which has predominantly been manufactured and
assembled in a factory controlled environment and on-site refers to MMC which brings together systems
or components which are predominantly assembled on-site. According he Housing research and
development " are known 5 systems of MMC:
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- off-site manufactured — volumetric,

- off-site manufactured — hybrid, pods

- off-site manufactured — panellised,

- off-site manufactured — sub-assemblies and components,
- on-site manufactured modern methods of construction.

4. Sub-assemblies and
components

3. Panelised systems :g:::z‘::::u 5. Site-based MMC
Panels with timber or new homes. They Innovative methods
1. Volumetric construction 2. Pods light steel framing, nckide ook and flooe of construction used
Three-dimensional units which Pods are used in structural insulated cassettes, prefabricated o:-s-le. T::C-:duc:e >
are fully fitted out off-site conjunction with another panels (SIPS) or cross- chimneys, porches and o SHCEK: S
laminated timber (CLT) dormers, and I-beams insulated formwork

construction method.
N\
\ —‘ Examples are bathroom
or kitchen pods

Figure 1: Types of MMC according the NHBC Foundation ’

The many studies describe the drivers and barriers of MMC using®. One of the MMC using drivers is
construction waste minimisation. The construction waste minimisation by MMC is realised due to the
controlled environment and the “production line” type process where there is repeatability in construction.
Many foreign studies have confirmed the potential of MMC using as a possible tool for construction waste
reduction®*****2, The magnitude of waste reduction depends on the level of using MMC, waste levels have
an average reduction of 65% and up to 70% when compared with traditional construction method®. The
organization Waste and Resource Action Programme (WRAP)* processed the case study focused on the
benefits and waste reduction achieved from using different forms of MMC construction compared with
traditional construction methods. For example, this study shows a 22% waste reduction using light steel
frame construction and 11% for timber frame, compared to traditional methods. The study shows that the top
three waste streams for each system were plaster/cement (largely comprising plasterboard), timber and
packaging. Figure 2 shows a breakdown of the types of waste arising from the three types of MMC.

100%

Timber

[] stastis

[] astericemen
5] Packaging
E] meats

I:‘ Insulation

. Inert

l:l Hazardous

. Electrical equipment
ﬁl Concrete

. Ceramics/bricks

. Cantesn/officelad-hac

Percentage of waste by type

Timber frame Steel frame Steel volumetric

Figure 2: Composition of waste in three MMC types™

All analysed studies were from abroad. Similar research in Slovakia has not yet been realized.
Therefore, the aim of submitted paper is finding out the waste reduction potential of using MMC in
Slovakia and comparison of results with foreign studies.
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Materials and methodology

The research focused on the waste reduction potential of using MMC in Slovakia was realized
through the questionnaire survey. A questionnaire was developed and administered to 725 professionals
in the building industry in Slovakia. The survey was conducted over a period of 3 months in 2018. There
were 51 respondents with aresponse rate of 7%. The majority of respondents were experienced
contractors (80%), architects were 18%, producers of precast 2% same as consulting companies (Figure
3). The questionnaire, consisting of 11 questions, was designed to address the following issues: general
information, construction methods, waste reduction and benefits and barriers of MMC using.

RESPONDENTS PROFILE
2%

= contractors
m architects

producers of precast

BO%%

Figure 3: Respondents profile of questionnaire survey

The research aim was divided into 4 steps:

to find out he state of awareness in professionals about the MMC - the relevance of the
responses was assessed,

to determine the importance level of particular factors for the selection of construction technology,
to evaluate the potential of waste reduction through the MMC using,

to identify the construction processes which may contribute to significantly reduce C&DW.

In the questionnaire, the respondents were requested to assign an appropriate rating on a Likert
scale®® of 1 — 5, from the highest to the lowest level, against each factor to reflect the importance of the
factors in each question. The means of the factors were calculated based on the following weightings:

“Least important” was given a negative two (-2) weight,
“Less important” was assigned a negative one (-1) weight,
“Neutral” was given a zero (0) weight,
“Important” was assigned a positive one (+1) weight,
“Most important” was given a positive two (+2) weight.

The mean of each factor was calculated by the following equation.

s
= = Z=Wirth

1 Ef—‘r_. £
Mean of factor: =2t QD

where, W; = weights of the degree of importance j of factors (-2, -1, 0, +1, +2), f; = corresponding

=, f

frequencies of the degree of importance j of factor i, EJ:l ii = total number of respondents.

The ranking of the factors was then based on the means calculated using the above equation. The
higher the mean, the higher the ranking.
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Results and discussion

The construction industry in Slovakia has been relying heavily on traditional construction technology
(masonry, concreting). The modern methods of construction present relatively new construction
technology. Despite this, knowledge of professionals concerning the MMC is sufficient.

Approximately 60% of professionals (Table 1) know or realized in their practice mainly frame
construction (timber, steel) and precast concrete panels. The least known modern technology is cross
laminated timber (CLT) panels. Only 9,8% respondents know no modern method of construction.

Table 1: Awareness state of professionals about modern method of construction types,
Source: authors

Type of modern method of construction
Off-site MMC On-site MMC
) - ) c n |2
E |52 sl | 2 o 290 |oglhk Bg o | ow
£ 185|387 | ¢ sy 85 |82 EE2 g8
5 s = ng a [§Cec g2 c—UOJ) %qs'-c_; =5
£ |22 |g2c |5 &82|5c |28E Sc3|83
= |38 |®=8 |0 >g |=eg 5~ |o“
()Af"lv\;'l"l[/?ge[f/f] 58.8 | 627 | 314 | 78 | 588 | 333 | 549 | 353 | 17.6

Next part of research is focused on the importance level identification of particular factors for the
selection of construction technology (Figure 4). Not surprisingly, the respondents determine that cost is
the most important factor (1.49) in selection of construction methods or technologies for building
projects. The reduction of C&DW is the least important factor (0.392) in the minds of the professionals in
construction industry. This ranking is identical with many foreign researches™. For instance, the research
of The Hong Kong Polytechnic University confirms the ranking of factors when selecting a construction
method. Surprisingly, the second most important factor when choosing technology in Hong Kong was the
construction time. In Slovakia, the professionals indicated as a second most important factor the
familiarity with the construction technology. We can assume that the high mean of this factor significantly
influences the construction duration — the constructor knows the possible time, technological and space
advantages, disadvantages and threats of particular modern method.

waste reduction
spatial possibilities of building
availability of resources

market’s requirement

factor

construction time
familiarity with the construction...

construction cost

Figure 4: The importance level of particular factors for the selection of construction
technology
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The respondents according own expert opinions or professional experiences determined the ranking
of construction works friendly to construction waste during the traditional construction methods (TMC)
using (Figure 5). The ranking confirmed our assumptions. The most significant producer of construction
waste presents the finishing works of walls, ceilings, floors (plaster, cement, plasterboard, etc).
Oppositely, the friendliest construction processes to waste production are scaffolding and formwork. The
constructors mainly use the scaffolding and formwork systems that can be used multiple times.

The results of two researches'®'* were showing that timber formwork was the major contributor to

construction waste, accounting for 30% of the total identified waste because the formwork systems are
not use. Wet trades, such as concreting, masonry, plastering and tiling on-site were considered as the
second major waste generator as well as in Slovakia (masonry work, concrete work).

scaffolding 1,157

formwork 0,569
material handling 0,549

hoarding 0,431

factor

concrete work 0,264

mean

Figure 5: The construction works friendly to construction waste at traditional methods of
construction using

One of partial aims of questionnaire survey was to find out the potential of waste reduction through
the MMC using according the professionals (Table 2) as well as to determine the waste reduction
potential for particular construction processes (Figure 4). Certainly, the magnitude of waste reduction
depends on the level of using MMC. The most professionals (47.1%) identified the potential of C&DW
reduction during MMC using in interval 11 — 30%. Surprisingly, nearly a third (29.3%) of respondents
could not determine the waste reduction potential. Respondents in Slovakia were pessimistic in their
statements compared with foreign respondents. The respondents in Hong Kong identified the waste
levels reduction an average of 65% and up to 70% when compared with traditional construction method).
The study of RICS international standards team®® identified the waste reduction potential in 80% with
95% of that waste being recyclable.

Table 2: The potential of waste reduction through the MMC using according the professionals [in %)]

Potential of waste reduction through the MMC using

Rate waste | _ 1400 | 11 2006 | 21-30% | 31-40% | 41-50% | >519 | cannot
reduction determine

Frequency of 9.8 25.5 21.6 5.9 2 5.9 29.3
responses [%]

Considering that the primary use of masonry works at MMC is not significant, the survey confirmed
our assumptions. The respondents see the greatest potential for waste reduction in particular during the
masonry works (44.32%). The high level of prefabrication provides production of the significant part of
constructions in the controlled environment of production line. Therefore, we can have assumed the
minimizing the need for finishing works at building site. Respondents reaffirm your opinion, they
identified the waste reduction in 43.14%. On the other hand, also in the application of MMC need to use
scaffolding. The respondents do not foresee great potential for waste reduction during the scaffolding,
because in MMC application is also used the scaffolding systems (used multiple times).
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masonry work 44,32
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Figure 6: The potential of waste reduction during particular construction works through the MMC
using [in %]

Conclusions

The waste generation quantities significantly varied from construction project to project. The waste
generation may mostly be related to the construction method selection, the availability of on-site sorting
and recycling facilities for construction waste, and the level of education and training of the workers.
Waste also arises as a result of design concepts and decisions. The MMC is a possible solution to major
causes of waste arising during both the design and construction stages.

The submitted questionnaire survey was focused on the find out the waste reduction potential of using
modern methods of construction in Slovakia. The results of research reaffirmed the claim, that the
reduction of construction and demolition waste is the least important factor in the minds of the
professionals in construction industry. On the other hand, professionals confirmed the high the potential
of C&DW reduction during MMC using.
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Znizovanie mnozstva odpadov pomocou modernych metdéd vystavby
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Technicka univerzita v KoSicich, Stavebni fakulta, VysokoSkolska 4, 042 00 KoSice, Slovensko,
e-mail: marcela.spisakova@tuke.sk, maria.kozlovska@tuke.sk

Suahrn

V podmienkach slovenského stavebnictva sa vyuZivaju najméa tradi¢né spdsoby vystavby, vaésinou
realizované priamo na stavenisku. V sucasnosti vystupuju do popredia aj moderné metody vystavby
(MMV) s potencialom zvySovat vykonnost stavebnictva, zlepSovat' ekonomické, environmentalne
a socialne aspekty vystavby. Cielom prispevku je popisat’ potenciél zniZzovania odpadov prostrednictvom
vyuZivania modernych metod vystavby, ktory bol uréeny prostrednictvom dotaznikového prieskumu.

Prvotnym krokom prieskumu bolo zistit' stav povedomia odbornej verejnosti o modernych metédach
vystavby a urCit mieru dblezZitosti jednotlivych faktorov pri vybere technolégie vystavby. Nasledne,
respondenti na zaklade svojich odbornych skusenosti zhodnotili potencial modernych metod vystavby
v oblasti zniZzovania stavebnych odpadov a identifikovali stavebné procesy, v ramci ktorych je mozné
dosiahnut’ vyznamné zniZenie ich mnoZstva. Zaver prispevku je zamerany na porovnanie vysledkov
v danej problematike s podobnymi zahrani¢nymi vyskumami.

Kracové slova: moderné metddy vystavby, stavebné a demolaéné odpady, zniZovanie, potencial,
dotaznikovy prieskum
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Abstract

The paper presents the suitability of an alternative raw material for use in cement-bonded
particleboards. It focuses upon those trimmings produced as by-product when these boards are cut to
size. The research aims to determine how this seldom used by-product might be reconstituted for use in
a modified matrix. It was also determined the optimal particle size of these trimmings. The properties of
the tested materials were analyzed after 90 days of curing. Given the intended purpose of the raw
material as cement bonded particle boards, special conditions of higher temperature and humidity were
set for the first stages of curing. The investigation involved the testing of physical-mechanical properties
(DTA, XRD) including analyzing microstructure (SEM).

Keywords: Cuttings from cement-bonded particleboards formatting, cement, modification, physico-
mechanical parameters, microstructure.

Introduction

Cement-bonded patrticleboards are a fairly common material. The Czech producer CIDEM Hranice,
a.s. produces about 55,000 m® of these boards every year. Much like the case in other manufacturing
processes, this generates by-products that would be considered waste unless used in some other way.
In this case the by-product is the trimmings from cement-bonded particleboard manufacture (yearly
production approx. 5,000 t). Only a small percent of these cuttings are currently used, the majority
ending up in landfill. Simultaneously, the manufacturing process is constantly under pressure to reduce
its environmental impact and costs. Therefore, the research that was focused on modifying the cement
matrix of the boards, further investigated the use of these cuttings as a useful by-product.

Studying the information currently available on this topic, it becomes evident that this is a rather
poorly explored area. There are numerous publications on cement-bonded particleboards, although none
mention the reuse of trimmings as a modification component. Cement-bonded particleboards and, more
generally, cement composites with organic filler are commonly modified by a variety of secondary
fillers. ¥ The idea of modifying the matrix of these boards using alternative materials; i.e. cuttings or
trimmings produced during their manufacture is therefore very interesting in terms of developing new or
strongly modified building materials.

Experimental part

The cement-bonded particleboard cuttings (see Figure 1) were supplied by the manufacturer. These were
treated to be made suitable for application in the cement composite. Due to both ease of use and
effectiveness, this was performed using a jaw crusher (Retsch BB200 Mangan), where several sizing-gap
settings were tested, ranging from 2 to 10 mm in particle size (see Figure 4). The optimum setting proved to
be 2 mm, as it produces up to 10% fine particles of less than 63 um in size (see Figure 3). This material of
particle density 2,350 kg/m® (tested in helium pycnometer Micromeritics AccuPyc 100-cc with accurracy
0.03% of reading and plus 0.03% of sample capacity) and specific surface area of 246 kg/m? (tested in Blaine
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apparatus ZEB / PC-Blaine Star 441) was then used in the modification of the binder component of these
composites. The amount of 10% (weight percentage) of crushed cuttings was utilized for the research (grains
up to 63 um only). Concerning the composition of the cutting/trimmings, they represent a composite material

consisting of a cement matrix and wood chips mineralized by soluble glass.

1 - left), after crushing

in ajaw crusher (Fig. 2 — middle; image from optical microscope) and separated grains of 0-63
um (Fig. 3 —right; image from optical microscope)
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Figure 4: Particle size distribution; effect of grinding (material used in the following research —
dashed curve)

To evaluate the usability of the cuttings in various building materials, their phase composition was
examined. The focus was on determining the ratio of cement matrix and wood chips (see Figure 5). This
was performed by a combination of thermal, chemical and calorimetric analyses (tested in electric
furnace CLASIC 2018S, calorimeter IKA C200 with temperature measurement resolution 0.0001K,
differential thermal analyzer Mettler Toledo TGA/DSC 1 STAR System with sensitvity of DSC sensor

0.1 mW and resolution of temperature 0.00003 °C).

The thermal analysis of a composite containing fundamentally different components is characterized by
several processes taking place simultaneously. Several changes thus occur at certain temperatures - e.g.
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the breakdown of hydration products (CSH gels or phases, portlandite, etc.) as well as the decomposition
of wood chips. Detailed analysis was performed with cuttings crushed at a sizing-gap of 2 mm.

16 45

[
N

=
N

TOC [%)]

combustion [MJ/kg]
|_\
o

Weight loss DTA [%], Gross heat of
Loss on ignition furnace, Content of wood

Q . .
° Grain size [mm)]
m— 60-120 e 230-350 e 410-440 460-550  mmmmm 550-700 s 730-850
850-1000 ceccee QPCI LI - DTA LI - fur TOC

Figure 5: Thermal analyses of crushed and separated cuttings from cement-bonded
particleboards (distance of jaws in crusher 2 mm) — DTA (1000 °C; legend of decomposition
intervals — see Table 1), Qpc gross heat of combustion, LI loss on ignition in furnace (1000 °C),
content of wood by TOC

Table 1 below shows all reactions that were identified by differential thermal analysis. It is clear that
the decomposition of wood takes place over a rather broad temperature range (230 to 700 °C), which is
also typical for the cement matrix decomposition. This was supported by the presence of exothermic
effects at this temperature interval. The reason for such a wide interval is the fact that the wood chips are
quite thoroughly mineralized. Their degree of mineralization then increases the maximum temperature
needed for the wood to decompose. Therefore DTA was supplemented by other analyses, such as
combustion heat, loss on ignition, and wood content (evaluated from TOC analysis, carried out at
laboratory ALS Czech Republic, s.r.o.).

Table 1. Temperature intervals of decomposition of all mineralogical components, incl. wood
particles in cuttings

60-120°C 230-350°C 410-440°C 460-550°C 550-700°C 730-850°C 850-1000°C
exothermic exothermic . second phase
o . decomposition
decomposition | decomposition of Ca(OH) of CSH gels decomposition residual
of wood of wood 2 decomposition P .
water leak - - of carbonates, | decomposition
. o residual residual
decomposition | decomposition - - mostly CaCO; | of carbonates
decomposition | decomposition
of CSH gels of CSH gels
of wood of wood

The results of the analyses (presented in Figure 5) show the cement and wood chips distribution

(cuttings crushed with distance of jaws 2 mm. Thermal, chemical and calorimetric analyses correspond
to one another. A quick and rough estimate of the ratio between the cement matrix and the wood chips
can be obtained from loss on ignition values. Detailed information is provided by DTA where losses
between 230 and 350 °C follow very closely the progression of combustion heat and TOC values.
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However, an exact wood content can only be determined from TOC, where the result of this value using
reference wood chips and cement provides information on the wood content in the cuttings as well.

Crushing separates the chips from the cement matrix. However, this process is not completely
effective and a portion of the cement matrix remains bonded with the wood. For instance, crushed
particles of 0 to 63 um still contain 3.9% wood (i.e. mineralized chips). It is also apparent that a portion of
the wood chips is crushed together with the matrix. The individual fractions were separated using the
sieve analysis. If more sophisticated methods were used, the wood content in some fractions of the
cuttings might be eliminated (mainly particles smaller than 63 or 125 ym).

Cuttings with the particle size of 0 to 63 um were used as a binder substitute in a cement mortar of
standard composition (see CSN EN 196-1), replacing 5, 10, 15 and 20% of cement. Specimens with the
dimensions of 40 x 40 x 160 mm were prepared for testing. The goal was to determine how the
modification influences the cement matrix and, by extension, the particleboards. This is why they were
aged under conditions that simulated the manufacturing process. Specifically, this entailed heat curing
(while still in moulds) and increased moisture. Higher temperature (minimum 40° C) and humidity were
applied over several hours. After heat curing the specimens were cured in laboratory conditions for
7 days and afterwards were moved back to the chamber for the second stage of heat curing (at
a minimum temperature of 65° C).

The sample sets per each curing time consisted of 3 specimens. Totally, 48 specimens of modified
composition and 12 reference specimens were produced. Approximately 700 g of the crushed cuttings
were used for this purpose. The properties were tested and evaluated after 9, 14, 28 and 90 days.
Curing of 28 and 90 days are required by the CSN EN 450-1 standard to set efficiency indexes. The
intention of using the cuttings as cement substituent was why the testing principles stated in the CSN
EN 450-1 standard were used. The standard is valid for the fly ash. However, no technical standard
relevant for crushed cuttings was found. Curing of 7 and 14 days represents the actual conditions of
cement-bonded particleboard manufacturing. Curing after 9 days was chosen because the second stage
of heat curing ends and curing after 14 days represents time when the boards can be considered ready
for shipping. During heat curing, specimens were kept under laboratory conditions; i.e. at a temperature
of ca 22° C and relative humidity of c. 45%. All specimens were tested for bulk density in hardened state,
compressive strength and flexural strength after 9, 14, 28 and 90 days of curing. Bulk density and
(compressive, flexural) strengths were measured in accordance with CSN EN 196-1 (strengths tested in
electric-hydraulic press machine Ratiotec RT 200/10-1D servo with accuracy class 1 according the
EN 7500-1). To understand the action of the alternative component in the composite, its microstructure
was analysed by a scanning electron microscope (analyzed in scanning electron microscope TESCAN
MIRA3 XMU with resolution 1.2 to 1.5 nm at 30 kV in SE mode and 2 nm at 30 kV in BSE mode).

Results and discussion

The replacement of cement with alternative components had an influence on the final values of bulk
density depending on the amount of the alternative material (see Figure 6, 7). The influence of curing is
also interesting, as it is also resulted in differences of average bulk density. The highest bulk density was
reached after 14 days of curing by the reference mixture, which was not modified. Decreases in bulk
density in mortars with the crushed cuttings as a partial cement replacement were observed in cases
with higher alternative material content. This shows a dependence of bulk density on the amount of
cuttings. The initial decreases in bulk density were probably caused by the gradual release of moisture.
The fact that mixtures containing the crushed cuttings saw a marked decrease in bulk density is due to
their composition (among others including 4% of wood). Mixtures containing crushed cuttings had lower
values of bulk density due to residues of wood chips (they contained 4% of wood).

Another important finding is the behaviour of this material, which is most likely an inactive filler and
will be further discussed in the section on strength. Thus it does not reinforce the structure nor increase
bulk density. A further important finding is that the alternative material behaved as inactive filler, as will
be discussed below, i.e. it does not reinforce the structure and increase bulk density. Compared to bulk
density, compressive strength shows a rather different trend (Figure 8, 9). The longer the curing is, the
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higher the compressive strength is. This is valid for all tested mixtures. However, at higher dosages of
the cuttings, strength tends to increase slowly. At 15 and 20%, replacement caused an evident decrease
of the strength of cement-bonded patrticleboards, where a 15% replacement caused a strength decrease
by up to 32% (after 28 days of curing), while 20% resulted in up to a 46% decrease (after 28 days
curing). After 90 days of curing there was slightly less decrease; i.e. 27 and 44% (at dosages of 15 and

20% respectively).
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Figure 6: The influence of the alternative raw materials on the bulk density of cement composites
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An interesting finding is that values of bulk density are rather similar (especially when compared with
the reference mortar), whereas the values of compressive strength closely reflect the modification. The
reason for this decrease could be the wood content (crushed wood chips where mineralization is
compromised), which increases along with the proportion of cuttings. Two-stage heat curing of the
mixture, combined with saturated water vapour can produce volume changes in the wood. Despite the
fact that this aspect was not tested and evaluated, this is quite an intriguing area for possible further
research.
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Figure 8: The influence of the alternative raw materials on the compressive strength of cement
composites with modified composition (incl. absolute error bars)
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Figure 9: The influence of the alternative raw materials on the compressive strength changes of
cement composites with modified composition
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The highest flexural strength was reached in case of reference mixture, while in case of modified
mortars a significant decrease was observed. The trend of flexural strength values basically copied that
of compressive strength ones. Flexural strength was affected less than compressive strength. The
mortars containing the cuttings suffered a decrease in flexural strength by 18 to 40 % compared to the
reference. The decreases varied with curing as well, however, less than in case of compressive strength.
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Figure 10: The influence of the alternative raw materials on the flexural strength of cement
composites with modified composition (incl. absolute error bars)
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Figure 11: The influence of the alternative raw materials on the flexural strength changes of
cement composites with modified compaosition
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The results of measurements of the physical-mechanical properties indicate that the crushed cuttings
from cement-bonded particleboards function as fine-grained filler in the composites. Thus they take no
active part in creating the structure of the cement matrix.

The influence of cuttings on the cement matrix was then analysed by physical-chemical analyses.
A guantitative phase composition analysis (XRD with Rietveld refinement, SAXS — Panalytical Empyrean
Series 2 with linearity of 2theta through whole range = £ 0.01°) failed to identify any major differences
between the mixtures. All materials contained practically the same minerals. Slight differences were
found only in a minor increase in the background which characterises the glass phase. This occurs
mainly in the crushed cuttings containing soluble glass bonded with the material (mainly originating from
wood mineralization). Other small differences, were found in the individual diffraction lines (strong
portlandite in the reference mixture, etc.).

A gqualitative analysis (DTA) confirmed the findings of XRD especially in terms of Ca(OH),, calcite and
CSH phase content which was slightly higher in the reference mixture. The reason for this is the
character of the alternative material, which predominantly contains a cement matrix with 4% of wood
chips.

Regarding the character of material and the results of the above-described tests, the microscopic
examination focused on the seeking of defects and anomalies in the cement matrix. It should be said
that it was very difficult, sometimes impossible, to distinguish the cement matrix of the mortar from the
matrix of the cuttings. The identifying feature of the cutting particles was mainly by the presence of small
wood particles.

PR B I
SEM MAG: 10.00 kx ‘ Det: SE MIRA3 TESCAN SEM MAG: 10.00 kx I Det: SE MIRA3 TESCAN SEM MAG: 20.0 kx U MIRA3 TESCAN
‘ SEM HV: 10.0 kV 2pm SEM HV: 10.0 kV SEM HV: 10.0 kV

AdMas - FAST VUT Brno AdMas - FAST VUT Brno AdMas - FAST VUT Brno

Figure 12, 13 and 14: Microstructure of mixture RO (left, 10,000 magnification), C10 (middle,
10,000% magnification) and C20 (right, 20,000 magnification) at the age of 90 days

However, the microscopic examination revealed no major defects or inconsistencies in the structure
of the modified materials. The cement matrix and the cuttings crushed in a jaw crusher are compatible
with one another.

Conclusions

The results show that the cuttings produced during the manufacturing of cement-bonded
particleboards have some use in the production of cement composites (however, as no more than a 10%
replacement of cement), which have undergone heat-curing at an early age (higher temperature and
humidity). It is most likely inert filler which does not take active part in the formation of the cement
composite structure. This fact was also apparent in the final parameters of tested composites. There
were more observed decreases of strength associated with an increased content of the alternative
material over both — after 28 and 90 days curing.
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Based on the results and findings, the following conclusions can be stated:

e To utilise the cuttings from cement-bonded particleboards more effectively (i.e. their re-use in
particleboard manufacturing or in cement composites generally), more extensive research will
need to be performed to optimize the treatment of the cuttings (composition, particle size,
etc.). Using the cuttings as described above is only feasible as partial cement substitute is not
more than 8% of cement content.

e An interesting direction for future research is the analysis of various processes of producing
finer grains combined with the separation of the cement matrix from the wood. If it would be
possible to completely remove all wood chips from the crushed or milled cuttings, the
properties of the final composite would not suffer deterioration even at higher amounts of the
alternative material (15 and 20%).

e Only when the composition and properties of the cuttings are optimized will it be possible to
proceed with a thorough investigation into the composition of cement-bonded particleboards.
This will involve, along with basic physical, mechanical and chemical properties, an
assessment of durability, which is also another key parameter to determine the material’'s
usability in construction.

o Use of residual amount of crushed cuttings grains, i. e. 63 um to 16 mm, is also significant.
There is no further utilization for this alternative raw material. Further research could be
focused on usage of cuttings, such as dry levelling compound for floors. No other strong
adjustments of the cuttings would be necessary for such floor component. The cuttings would
be crushed and subsequently only grains of inappropriate size would be eliminated.
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Vedlejsi produkt s potencialem pro modifikaci slozeni cementotriskovych
desek

Tomas MELICHAR, Jifi BYDZOVSKY, Amos DUFKA

Vysoké uceni technické v Brné, Fakulta stavebni, Vevefi 331/95, 602 00 Brno
e-mail: melichar.t@fce.vutbr.cz, bydzovsky.j@fce.vutbr.cz, dufka.a@fce.vutbr.cz

Souhrn

Clanek prezentuje potencial vybrané alternativni suroviny s ohledem na vyrobu cementotfiskovych
desek. Ddraz byl kladen na odfezky vznikajici jako vedlejSi produkt pri opracovani téchto desek.
Zamérem prezentovaného vyzkumu bylo hodnoceni vlivu této vybrané slozky na finalni parametry
cementovych kompoziti s modifikovanou matrici. Pozornost byla vénovana upravé granulometrického
sloZzeni odrezku. Vlastnosti testovanych hmot modifikovaného sloZeni (matrice) byl sledovan v ¢asovém
horizontu 90 dni zrani kompozitd. Vzhledem k zamys$lenému vyuZziti suroviny (vyroba cementotfiskovych
desek) byly v dvodnich fazich zrani hmot nastoleny specifické podminky zrani (zvy$ena teplota
a vlhkost). V ramci vyzkumu byly testovany fyzikalné mechanické a chemické (XRD, DTA) viastnosti,
véetné analyzy mikrostruktury (SEM).

Klicova slova: Odrezky z formatovani cementotriskovych desek, cement, modifikace, pevnost,
mikrostruktura.
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Vliv prachového odpadu s obsahem silikatové matrice
a organického plniva na vlastnosti cementovych kompozitu

Tomds MELICHAR, Jifi BYDZOVSKY

Vysoké uceni technické v Brné, Fakulta stavebni, Veveri 331/95, 602 00 Brno,
e-mail: melichar.t@fce.vutbr.cz, bydzovsky.j@fce.vutbr.cz

Souhrn

Clanek prezentuje vyzkum zaméreny na hodnoceni vlastnosti cementovych kompozit(i
modifikovanych prachem z opracovani cementotfiskovych desek. Byla posouzena mozZnost ¢astecné
nahrady cementu (aZz 8 %) zminénym prachem. Parametry prachu byly upraveny. Vlastnosti
cementovych kompoziti byly analyzovany po 28 a 90 dnech zrani v laboratornich podminkach.
Cementové kompozity na bazi cementové matrice a anorganického kameniva neobsahovaly Zadné dalsi
pfisady a pfimési. Vysledky prezentovaného vyzkumu lIze shledat jako pfinosné. Velmi jednoduchou
upravou vlastnosti prachu Ize v pripadé hmot modifikovanych timto prachem (jako substituent cementu)
docilit parametr(i srovnatelnych s referenéni hmotou.

Klicova slova: Prach z opracovani cementotfiskovych desek, vedlejsi produkt, odpad, Uprava
sloZeni, alternativni surovina, cementovy kompozit, parametry.

Uvod

Pfi vyrobé cementotfiskovych desek je produkovano znacné mnozstvi vedlejSich produktu, které
nejsou dale vyuzZivany a tudiz pfedstavuji odpad. S ohledem na vyzkum jejich vyuZiti pro modifikaci
cementovych kompozitll se jako zajimavy jevi prach (z odprasSovaci véze &. 4 — viz obrazek 1), ktery ma
plvod pfi opracovani cementotfiskovych desek. Toto opracovani zahrnuje fezani, frézovani, vrtani i
brouseni desek dle aktualnich pozadavku zékaznika. Prach vznika téz v mistech vyrobni linky s vyssi
prasnosti. Témito misty jsou napfiklad pfesypy pfi pfepravé materialu, michaci zafizeni nebo vrstvici
stroje. Proto jsou soucasti vyrobni linky desek také odsavaci zafizeni, ktera jsou vhodné rozmisténa
pravé se zamérem zachyceni vznikajiciho prachu. Prach je zachytdvan v cyklonech a na textilnich
filtrech ve ¢tyfech odprasSovacich vézich (€. 1, 2, 4 a 5). Do kazdé z vézi je pfivadén prach z jiné Casti
vyrobni linky. Dle aktualnich informaci vyrobce spol. CIDEM Hranice, a.s. je ro¢né vyprodukovano
priblizné 7 tis.t tohoto typu odpadu. PodrobnéjSi vyvoj produkce odpadu (souhrn ze vSech
odpraSovacich vézi) je uveden na nasledujicim grafu (viz obrazek 2).
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Obrazek 2: Vyvoj produkce odpadniho prachu z vyroby a opracovani cementotriskovych
desek se zohlednénim naristu produkce v letech 2010 az 2017

Provedenim prizkumu s ohledem na odborné publikace (napt. *®°) nebylo zji§téno, e by se nékdo
podrobné zabyval problematikou opétovného vyuZziti praSného odpadu vznikajiciho na vyrobni lince
cementotfiskovych desek.

Proto byl zde prezentovany vyzkum zaméfen na podrobnou analyzu prachu vznikajiciho pfi
opracovani cementotfiskovych desek a dale na jeho vyuZiti jako ¢asteéné nahrady pojiva v cementovych
komopozitech. Pro analyzovani prachu byla vyuZita kombinace fyzikalné chemickych a termickych
analytickych technik. S ohledem na zkoumani vlivu prachu jako parcialni slozky pojiva byla pozornost
zaméfena na hodnoceni zakladnich fyzikalné mechanickych charakteristik, v&. detailniho posouzeni
struktury optickym mikroskopem.

Pouzité suroviny

Pro UCely nize prezentovaného vyzkumu byl vybran prach, ktery je zachytavan ve vézi ¢. 4 (vyrobni
zavod CIDEM Hranice, a.s.). V odpraSovaci vézi €. 4 je odsavan prach z frézy a z CNC stroje (novéjsi
typ — vyrobni linka disponuje vice typy téchto zafizeni). Vzhledem k pGvodu prachu (vznik z opracovani
pomoci CNC, resp. frézy) ase zohlednénim minimalnich vykyvl v Upravé slozeni receptur
cementotfiskovych desek Ize pfedpokladat prakticky konstantni vlastnosti prachu. Podobnost prasného
odpadu pochazejiciho z frézy a CNC totiz eliminuje vykyvy zrnitosti (a tudiz celkového slozZeni) v pfipadé
provozu pouze jednoho z vySe uvedenych zafizeni pro opracovani desek, ¢imz tedy nebude dochazet
k vyraznéjSim odchylkam vlastnosti prachu.

Prach byl aplikovan jako alternativni sloZka pojiva v cementovych kompozitech (maltach). Pro ovéfeni
potencialu z hlediska opétovného vyuziti prachu v cementovych kompozitech byl diraz kladen na
zhotoveni zkuSebnich téles s davkou 4 — 8 % jako nahrada cementu. Pro vyrobu malt byl pouzit
portlandsky cement CEM | 42,5 R (zavod Mokra), jehoz parametry odpovidaji pozadavkiim EN 197-1.
Dale byl pouzit normalizovany kifemicity pisek CEN, EN 196-1 (ij. pfirodni kiemicity pisek sestavajici ze
zaoblenych &astic a jehoz obsah oxidu kfemicitého je nejméné 98 %).
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Metodika experimentu

Prach, ktery je odsavan z frézy a CNC zafizeni (pfi opracovani cementotfiskovych desek) a dale
dopravovan do véze €. 4, byl odebran priabézné béhem roku 2018 (celkem 4 odbéry — bfezen, Cerven,
zari, prosinec). Tyto odbéry prokazaly vysokou shodu jejich vlastnosti a byl znich pfipraven
reprezentativni vzorek. Pfed aplikaci prachu do cementovych kompozitd bylo nejprve tfeba podrobné
analyzy podstatnych parametrd prachu. Ddraz byl kladen na posouzeni nasledujicich charakteristik
prachu z odprasovaci véze €. 4 (dale také ,prach V4%):

e sypna hmotnost — v souladu s EN 1097-3;

e mérna hmotnost — v souladu s EN 1097-7, CSN EN ISO 8130-2 (pfistroj Micromeritics
AccuPyc 100-cc);

e mérny povrch — v souladu s EN 196-6 (permeabilni metodou v Blainové pfistroji, ZEB / PC-
Blaine Star 441);

e distribuce a velikost &astic — v souladu s EN 933-1, CSN EN ISO 8130-13 (sitovym rozborem
a na pfistroji vyuzivajicim princip laserove difrakce Malvern Mastersizer 2000);

o mikrostruktura — detailni posouzeni struktury bylo realizovano s vyuzitim pfistroje Keyence
VHX-950F, umoznujiciho zvétSeni az 200x;

e ztrata zihanim (termicky rozklad) — principialn& dle CSN 720103 (modifikace — zihani pouze
do 1000 °C, vzorek o hmotnosti cca 15 — 20 g, elektricka pec CLASIC 2018S);

e spalné teplo — v souladu s EN ISO 1716 (pfistroj IKA C200);

e mineralogie, pomér anorganické a dfevni hmoty — v souladu s CSN 721083 (diferenéni
termicka analyza s vyuzitim pFistroje Mettler Toledo TGA/DSC 1 STAR System, analyza
v oxida¢ni atmosféfe o pratoku vzduchu 0,2 I/min, pfi hmotnosti vzorku cca 70 mg) ;

e obsah dfevni hmoty stanoveny z obsahu organického uhliku (TOC) — v souladu s EN 1SO
29541, EN ISO 16948, EN 15407, EN ISO 10694 (byly analyzovany jednak referenéni vzorky,
tj. pouze cement, dale surové ftfisky a nasledné vzorky prachu; ze zjiSténych dat bylo
procentualné vyjadifeno na zakladé obsahu uhliku mnozstvi dfevni hmoty);

e chemické slozeni — principialné dle EN 725-4 (na pfistroji PANanytical Axios — XRF analyza).

Vysledky analyzovani vlastnosti prachu jsou uvedeny v samostatné kapitole.

Byly navrZeny tfi receptury cementovych malt normového slozeni (CSN EN 196-1 — 1 dil cementu, 3
dily kifemicitého pisku a vodni soucinitel 0,5, ktery byl modifikovan dle konzistence rozlitim — viz dale
v textu), kdy byl substituovan cement v mnozstvi 4, 6 a 8 % prachem z opracovani cementotfiskovych
desek.

Dale byly pro vSechny tfi davky zkoumany tfi varianty upravy slozeni prachu, a to konkrétné eliminace
podilt zrn vétSich nez 2; 0,5 a 0,25 mm. Pro tento ucel byla zhotovena zkuSebni télesa o rozmérech
40 x 40 x 160 mm. Celkem bylo zhotoveno 60 zkuSebnich téles (pro stanoveni kazdého parametru 3
télesa, z nichz byl stanoven pramér, ktery je uveden nize v grafech — viz obrazek 14 az 16), ktera po
vyrobé zrala v laboratornim prostredi, tj. o teploté cca 22 °C a relativni vlhkosti pfiblizné 50 % po dobu
28 a 90 dni.

P¥i vyrobé kompozitl byla nejprve vyrobena hmota referencni, na niz byla stanovena konzistence (dle
CSN EN 1015-3) a dle zji§t&ného parametru byla upravena davka u v8ech nasledujicich modifikovanych
hmot, tj. v8echny vyrobené hmoty vykazovaly stejnou konzistenci (rozliti v intervalu 115 az 120 mm),
ovSem rozdily mohly nastat v pfipadé davky vody, tzn. vodniho soucinitele (hodnoty w — viz obrazek 15
a 16).

Hmoty modifikovaného sloZeni byly podrobeny analyzovani objemové hmotnosti ve ztvrdlém stavu,
pevnosti v tlaku avtahu za ohybu, ato vkazdém sledovaném stafi, tj. po 28 a 90 dnech. Postup
stanoveni objemové hmotnosti (stanovenim rozmért v kombinaci s gravimetrickou metodou, vyjadfeni
pomérem hmotnosti k objemu zkuSebnich téles), dale pevnostnich charakteristik byl metodicky proveden
dle CSN EN 196-1. Déle byla s ohledem na spoluplsobeni alternativni sloZky v kompozitnim materialu
detailné analyzovana struktura pomoci optického mikroskopu.
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Vysledky a diskuze — analyza alternativni suroviny

Bylo zji$téno, Ze prach vykazuje sypnou hmotnost 620 kg/m*® a dosahuje mérného povrchu 95 m?/kg
s mé&rnou hmotnosti 2016 kg/m?>. Podstatné je rovnéz sloZeni z hlediska velikosti ¢astic jednotlivych zrn.
Byly analyzovany podily zrn rdznych velikosti (viz obrazek 3). Dominantni hmotnostni podil prachu V4
zaujimaji zrna do velikosti 500 ym (cca 85 %). Zrna velikosti 500 az 1000 um pfedstavuji cca 8 %
z celkového mnozZstvi prachu V4 a zrna o velikosti ¢astic 1 az 2 mm zaujimaji pfiblizné 4% podil. Je tedy
evidentni, Ze se jedna o pomérné jemnozrnnou partikularni latku. Na zakladé vysledk( sitového rozboru
a s ohledem na mozné vyuziti prachu pfi vyrobé cementovych komopozitl (zahrnujicich mimo jiné
I cementotfiskové desky) byly navrzeny 3 varianty, tj. s eliminaci nadsitného > 250, 500 a 2000 ym, coz
je znazornéno i v nasledujicim grafu (obrazek 3).
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Obrazek 3: Vyhodnoceni rozboru velikosti ¢astic prachu V4 s vyznacenim separace nezadoucich
zrn, tj. nad 250, 500 a 2000 um (tyto 3 varianty byly navrZzeny pro posouzeni vlivu na cementové
kompozity)

Pro analyzovani charakteru zkoumaného prachu byl vyuzit také opticky mikroskop. Snimky na
obrazcich 4 az 10 zachycuji detailni pohled na strukturu prachu, ato i v pfipadé jednotlivych frakci. Ze
snimkuU 4 az 7 je evidentni, Ze prach obsahuje znac¢né mnozstvi dfevni hmoty, jejiz podil se s rostouci
velikosti zrn zvySuje.

Zameérné byly analyzovany jednotlivé frakce prachu, aby bylo patrné, jak se méni sloZeni a vlastnosti
téchto slozek, nebot’ je mozné uvazovat o pomérné jednoduchém kroku — separaci (sity) a nasledném
vyuziti upraveného odpadu pfi vyrobé stavebnich hmot. Snimky poukazuji na skute¢nost, Ze se v prachu
nachazeji jak Castice samotné cementové matrice, tak plniva (dfevénych tfisek) a rovnéz i kompozitni
Castice, tj. dfevéné tfisky se zbytky pfilnuté matrice, pficemz tyto kompozitni Eastice jsou vice patrné
spiSe od velikosti ¢astic 500 pm.
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Obrazek 4, 5: Detailni pohled na strukturu prachu V4 — velikost ¢astic 0 az 63 um (vlevo;
obrazek 4) a 63 az 125 um (vpravo; obrazek 5)

Obrazek 6, 7: Detailni pohled na strukturu prachu V4 — velikost ¢astic 125 az 250 um (vlevo;
obrazek 6) a 250 az 500 um (vpravo; obrazek 7)

NiZe na snimcich je zachycena detailné struktura prachu V4, a to konkrétné vSech tfi typu (obrazek 8
az 10), které byly vyuzity pro navazujici experimenty, tj. pro substituci pojiva v cementovych
kompozitech. Snimky potvrzuji pfedchozi zjisténi, tj. se zvySujici se velikosti ¢astic roste podil dfevnich
Castic a dale také kompozitnich ¢astic obsahujicich cementovou matrici ulpivajici na dfevénych tfiskach.
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Obrazek 8, 9

: Detailni pohled na strukturu prachu V4 — velikost ¢astic 0 az 250 ym (vievo;
obrazek 8) a 0 az 500 um (vpravo; obrazek 9)
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Obrazek 10: Detailni pohled na strukturu prachu V4 — velikost ¢astic 0 az 2000 um

Po separaci dosahovaly jednotlivé typy prachu V4 rozdilnych parametrd, ato i s ohledem na mérny
povrch a mérnou hmotnost, coz je uvedeno v tabulce 1. Je patrné, Ze s postupnou eliminaci €astic
vétSich nez 2000 500 a 250 ym dochazelo k mirnému zvySeni mérné hmotnosti, coz koresponduje
s pfedchozimi zjiSténimi (zvySujici se podil dfevni hmoty v pfipadé vétSich Castic prachu). Déle byla
posouzena zavislost postupné separace nadsitného na zvySujicim se mérném povrchu prachu V4.
Narast mérného povrchu ovSem nebyl nikterak zasadni.

Tabulka 1: Vysledky stanoveni mérného povrchu a mérné hmotnosti prachu V4 s ohledem na
upravu jeho slozeni eliminaci nezadoucich c¢astic

. . Mérna hmotnost Mérny povrch
Prasny odpad [kg/m?] [m¥kg]
V4 <2000 uym 2180 108
V4 <500 ym 2240 117
V4 < 250 ym 2280 125

Pozornost bylo déle tfeba vénovat i sloZzeni s ohledem na mineralogii, obsah chemickych slou€enin,
podil cementové matrice a dfevni hmoty. Fyzikalné-chemické a termické analyzy byly doplnény také
kalorimetrickymi testy (spalné teplo — Qpc|). Tyto charakteristiky totiz do velké miry determinuji chovani
finalnich hmot s obsahem prachu V4 (a to zejména pfi vy8Sich davkach prachu jako substituéni slozky).
Na nésledujicich obrazcich 11 a 12 jsou zachyceny vybrané vzorky pfed a po stanoveni spalného tepla.

Obrazek 11, 12: Vybrané vzorky pred a po provedeni kalorimetrické analyzy spalného tepla
Qrci (prach V4 bez eliminace castic)
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Vysledky chemické analyzy poukazuji na slozeni typické pro silikatovou matrici na bazi cementového
pojiva, kdy byly kvantifikovany tyto slozky testovaného prachu: CaO (42,7 %), Al,O3z (13,4 %), Fe,O;
(4,7 %), SiO, (12,1 %), SO, (0,47 %), Na,O (0,25 %), K,O (0,093 %), MgO (0,076 %), CI (< 0,01 %)
a MnO (0,041 %).

Nasledujici graf (obrazek 13) uvadi souhrn vyhodnoceni komplexu fyzikalné-chemickych, termickych
a kalorimetrickych analyz. Jmenovité se jedna o diferenéni termickou analyzu (DTA); pro kvantitativni
posouzeni mineralogického sloZeni a ztraty Zzihanim), dale termicky rozklad v peci (pouze ztrata zihanim
— ov8em vétsi vzorek, nez v pfipadé DTA), chemicky rozbor (stanoveni obsahu organického uhliku —
TOC a tedy i obsahu dfevni hmoty) a stanoveni spalného tepla (Qrc;; coz vypovida také o obsahu drevni
hmoty). Tento komplex analyz byl realizovan pro jednotlivé frakce prachu V4 separatné tak, aby bylo
mozne podrobné analyzovat vdechny podstatné souvislosti.
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Obrazek 13: Fyzikalné-chemické, kalorimetrické a termické analyzy prachu V4 pro jednotlivé
velikosti éastic

Pfi vyhodnoceni DTA je nejprve je nutné definovat, k jakym rozkladnym procesim dochazi
v jednotlivych intervalech. Bylo zjiténo, Ze hmotnostni ubytky charakteristické pro urcité faze (portlandit,
uhli¢itany, CSH) ¢&i slouCeniny (dfevo — v pfipadé cementotfiskovych desek je pouzivano smrkové) byly
identifikovany v raznych teplotnich oblastech, ato napfi¢ celym teplotnim intervalem DTA. Pozornost
byla zaméfena jednak na typické slozky cementové matrice a dale pak také na obsah dfevni hmoty.

Charakteristika dekompozi¢nich procesl pro jednotlivé teplotni intervaly je uvedena v tabulce 1.
Béhem vyhodnocovani DTA bylo zjiSténo, Ze rozklad dieva pfekryva pomérné Siroky teplotni interval
(230 az 700 °C). V tomto teplotnim rozmezi rovnéz dochazi i k rozkladu silikatovych slozek matrice
cementovych kompozitd. Pfitomnost dfevni hmoty byla v teplotnim rozmezi 230 az 700 °C potvrzena
vznikem exotermnich efekta.

S ohledem na rizné odborné publikace'®", v nichz jsou uvedeny poznatky tykajici se termického

rozkladu dfeva, se jedna o pomérné Siroké rozmezi teplot. Esteves a Pereira™ uvadi, Ze pfi teplotach
nad 250 °C dochazi k dekarbonizaci pfi vzniku CO, a dalSich produktl pyrolyzy. Pyrolyticky rozklad
dfeva, konkrétné hemicelul6zy, se dle Carriera a kol.'* odehrava pfi nizSich teplotach, které jsou
charakterizovany rozmezim 250 az 300 °C. Nasledné dochazi k rozkladu celuldézy pfi teploté 300 az
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350 °C a v konec¢né fazi se pak v teplotnim intervalu 300 az 500 °C rozklada lignin. Celuloza je sice
polysacharid, ovéem dle Siebela a kol.™ celuléza ve dfevé reprezentuje krystalické &asti dfevni hmoty,
zatimco struktura hemicelulézy a ligninu je amorfni. Hlavni mechanickou funkci hemiceluldzy a ligninu je
zpevnéni celulézovych fibril, coz uvadi Wikberg a kol.”®. Dle Siebela a kol."**® je celuldza v krystalické
formé pfi teplotach pod 300 °C téméF inertni vuci termickému rozkladu.

Barta-Rajnai a kol."* provedli podrobnou analyzu termického rozkladu smrkového dfeva, a to zvlasté
pro jednotlivé &asti této dfeviny (kmenové dfevo, kara atd.), pfiéemz na zakladé vysledk DSC** analyzy
je patrné, ze rozklad dominantné obsazenych slozek (celulozy a hemicelulézy) probiha v teplotnim
rozmezi pfiblizné 250 az 560 °C, kdy od 430 °C vySe jiz probihaji rozkladné déje spiSe v minoritnim
rozsahu. Je tedy evidentni, ze zjistény horni teplotni limit (230 az 700 °C) je s ohledem na chovani
smrkového dfeva béhem termického namahani vy3si. PFiinou tohoto jevu je pfedevsim skute€nost, Ze
tfisky jsou v cementotfiskovych deskach pomérné dokonale mineralizovany (zejména vodni sklo
a cement). Uginnou mineralizaci je tak zvy$ena maximalni teplota potfebna k rozkladu téchto dfevénych
tfisek. Proto byla DTA dopln&na o dalsi analyzy, tj. Qpc, ZZ a TOC.

Tabulka 1: Teplotni intervaly rozkladu slozek charakteristickych pro analyzovany material, tj.
prach z opracovani cementotriskovych desek (véz ¢. 4)

60-120 °C 230-350 °C 410-440 °C 460-550 °C 550-700 °C 730-850 °C 850-1000 °C
exotermicky exotermicky rozklad rodzrljggJaggH ) ]
uvolnéni | rozklad deva | rozklad dfeva | Ca(OH), . dekompozice |  zbytkovy
geld uhligitand rozklad
vody ; ! o
rozklad CSH | rozklad CSH | exotermicky zbytkovy zejm.CaCOg uhlicitand
gell gell rozklad difeva | rozklad dieva

Komparace vyslednych hodnot provedenych analyz v predchazejicim grafu (obrazek 13) jasné
poukazuji na velmi dobrou korespondenci pouzitych analytickych technik. Pribéhy kfivek TOC a Qpc se
s mirnym posunem prakticky vzajemné kopiruji, tj. obsah difeva koreluje s hodnotami spalného tepla. Co
se tyka DTA a ZZ, tak byla opét prokazana korespondence s vysledky TOC, picemz se mirné lisi trend
jednotlivych kfivek. Hodnoty hmotnostnich ubytkd charakteristickych pro danou sloZzku v jednotlivych
teplotnich intervalech také relativné dobfe koresponduji s priibéhy kfivky obsahu dfeva, ovSem jsou jiz
| pfesto hmotnostni ubytky v intervalu 230 az 350 °C (z DTA) pomérné dobfe kopiruji pribéh spalného
tepla a hodnot obsahu dfevni hmoty (TOC).

Orientacni posouzeni prachu s ohledem na pomér cementové matrice a dfevni hmoty je mozné
s vyuzitim termického rozkladu v elektrické peci (pfi stanoveni ztraty zihanim; vhodnéjSi pro obsahlejsi
soubor vzorkll s vylou€enim zcela nevhodnych variant pro dany ucel pouziti), ovSem pro exaktni
posouzeni slozeni analyzovaného prachu je vhodné vyuzit pfimo stanoveni TOC, kdy pfi analyzovani
tfisek (které jsou pfimo pouzivany pro vyrobu cementotfiskovych desek) Ize pfesné stanovit obsah dfeva
v prachu vznikajicim béhem opracovani desek.

V tomto konkrétnim pfipadé byl napf. pro prach V4 o velikosti zrn 500 az 1000 um stanoven obsah
dfeva 42 % (TOC), €emuz odpovida spalné teplo cca 9 MJ/kg a hodnoty hmotnostnich ubytkd cca 55 %
(ZZ a DTA) s hmotnostnim Gbytkem v intervalu teplot 230 az 350 °C cca 23 %. Zrna o velikosti 125 az
250 uym se vyznacovala obsahem dfeva 15 % (TOC), ¢emuz odpovida spalné teplo cca 3 MJ/kg
a hodnoty hmotnostnich tbytkd cca 42, resp. 46 % (ZZ, resp. DTA) s hmotnostnim ubytkem v intervalu
teplot 230 az 350 °C cca 17 %.
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Vysledky a diskuse — modifikované kompozity

Objemové hmotnosti nebyly substituci cementu prachem z opracovani cementotfiskovych desek
(dale jen prach V4) vyrazné ovlivnény (obrazek 14). Toto ovSem také souvisi i niz§i davkou modifikacni
slozky prachu V4. Projevila se mirna zavislost objemové hmotnosti na zvySujici se davce alternativni
suroviny, jakoz i vliv Upravy slozeni prachu V4. S rostouci davkou prachu V4 se velice mirné snizovala
objemova hmotnost, s vyjimkou receptury V4-0,25/4, coz lIze charakterizovat jako zajimavé zjisténi.
Z hlediska stafi malt nebyl zaznamenan prakticky zadny vliv na vyvoj objemové hmotnosti, pficemz
zmeény objemové hmotnosti se pohybovaly v Fadu jednotek procent (do 6 %).
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Obrazek 14: Objemova hmotnost (véetné jejich zmén) cementovych kompoziti modifikovanych
prachem z opracovani cementotriskovych desek

Z hlediska pevnosti v tlaku se jiz vliv modifikace sloZzeni matrice cementovych kompozitd projevil
vyraznéji (obrazek 15). Je patrné, Ze se zvysujicim se stafim dochazi k naristu pevnosti v tlaku. Toto
zZjisténi bylo potvrzeno v pfipadé vSech testovanych hmot. Vyraznéji se projevila uprava modifikaéni
slozky, kdy hmota V4-2/8 (tj. davka V4 v mnozZstvi 8 %) se vyznaCovala poklesem pevnosti v tlaku cca
14 %, resp. 18 % po 28 dnech, resp. 90 dnech.

Pfinosnym zjisténim jsou prubé&hy pevnosti hmot obsahujicich prach V4 s maximalni velikosti zrna
0,5 a 0,25 mm. V tomto pfipadé poklesy pevnosti pfi substituci cementu 8 % prachu V4 (konkrétné V4-
0,5/8) dosahuji hodnot cca 1 %, resp. 4 % po 28 dnech, resp. 90 dnech. Varianta hmot s prachem
obsahujicim zrna maximalni velikosti 0,25 mm pak vykazuje obdobné poklesy. Zajimavym zjisténim je,
Ze objemové hmotnosti vSech receptur Ize charakterizovat jako pomérné vyrovnané (pfedevSim pfi
porovnani s referenéni maltou), kdezto pribéhy tlakovych pevnosti jsou zasazeny modifikaci slozeni
cementové matrice zkoumanych kompozitnich hmot jiZ o poznani vyraznéji. Z dosazenych hodnot
pevnosti v tlaku vyplyva minimalni vliv rozdilnosti upravy zrn prachu V4 pod 0,5 mm, kdy hmoty V4-05
a V4-0,25 vykazuji minimalni diference a prakticky je v tomto ohledu Ize povazZovat za totozné.
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Obrazek 15: Pevnost v tlaku (véetné jejich zmén) cementovych kompoziti modifikovanych prachem
Z opracovani cementotriskovych desek (dadle je v grafu znazornén i vodni soucinitel v % - w)
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Obrazek 16: Ohybova pevnost (véetné jejich zmén) cementovych kompozitii modifikovanych
prachem z opracovani cementotriskovych desek (dale je v grafu znazornén i vodni soucinitel v % - w)

Trend ohybovych pevnosti v mnoha ohledech kopiruje pevnost v tlaku (obrazek 16). Doslo zde ovSem
k anomalii, a to sice, ze hmota modifikovana prachem V4 s maximalnim zrnem 0,5 mm dosahuje vy$Sich
hodnot pevnosti vtahu za ohybu, nez hmota, u niz byla eliminovana vSechna zrna nad 0,25 mm.
Zajimavé je také, Zze pribéh ohybovych pevnosti hmot V4-0,5 aV4-0,25 nekopiruje trend hodnot
pevnosti v tlaku. Lze usuzovat na vliv vy$Siho procenta Castic dreva i jejich vétSich rozméru, které
mohou pusobit jako vlakna, jez se pfi dobrém zakotveni v cementové matrici projevi pfiznivé na
ohybovych pevnostech.
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Nize na snimcich 17 a 18 je patrna mikrostruktura hmot V4-0,5/08, tj. obsahujicich prach V4
s odstranénim zrn vétSich, nez 0,5 mm, pfi¢emz byl prach aplikovan v davce 8 % (substituce cementu).

Obrazek 17 a 18: Detailni zachyceni struktury hmot s 8% obsahem prachu V4 (s max. velikosti
zrna 0,5 mm) jako substituentu pojiva v cementovych kompozitech

Detailnim zkoumanim cementovych kompozitl s parcidlni nahradou cementu prachem V4 bylo
zjisténo, Ze se jedna o hmoty s kompaktni strukturou, kde byly &astice prachu distribuovany rovhomérné
a v okoli zrn obsahujicich dfevni hmotu & samotnych dfevénych tfisek nedochazelo k zadnym defektliim
apod. Pozornost byla také zaméfena na lomové plochy po provedeni testu ohybové pevnosti, kdy bylo
evidentni, Zze dochazelo k porucham dfevénych &astic (a ne k jejich oddélovani od cementové matrice, {j.
porucham soudrznosti s touto matrici). Z toho je patrné, ze prach V4 pusobi s primarnimi slozkami
cementovych kompozitd synergicky a jevi se jako vhodna modifikaéni slozka.

Zaver

Dosazené vysledky a zjiSténi prokazaly, ze prach V4, ktery vznika jako vedlejSi produkt (prozatim bez
dalSiho vyuziti) vyroby cementotfiskovych desek, se jevi jako vhodny pro vyuZiti jako alternativni sloZzka
v cementovych kompozitech. Pfinosem je zjisténi, ze pro aplikaci prachu V4 lze doporucit pouze
jednoduchy krok mechanické pfedpravy, a to vytfidéni zrn nad 0,5 mm. Je tedy patrné, Ze neni tfeba
zafazeni komplikovanych a pfipadné napf. energeticky narocnych krokd pfedupravy (drceni, mleti €i jina
Uprava slozeni), které jsou rovnéz naro¢né z ekonomického hlediska.

Pro navazujici vyzkum lze jednoznacné doporucit ovéfeni dalSich podstatnych charakteristik
cementovych kompozitl modifikovanych prachem V4, jako zejména trvanlivost (mrazuvzdornost,
odolnost vici chemickym rozmrazovacim latkam, CO, atd.). Z hlediska obsahu dfevni hmoty je rovnéz
podstatné se zabyvat posouzenim objemovych zmén pfi proménlivé vihkosti okolniho prostfedi.

Znacné pfinosné a podstatné jsou i vysledky a zjisténi tykajici se analyzy prachu V4, ktery obsahuje
mineralizovanou dfevni hmotu, kdy bylo prokazano, Ze takto upravené dievo (mimo jiné pfi pyrolytickém
rozkladu) se chova rozdilné v porovnani s nijak neoSetfenou (chemicky, termicky atp.) dfevinou. Analyza
a vyhodnoceni vlastnosti konkrétni suroviny (v tomto pfipadé prach vznikajici z opracovani
cementotfiskovych desek) totiz pfi jejim dal§im vyuziti (napf. jako jedna z alternativnich sloZzek nového

T

chovani finalniho kompozitu.

Pro praxi maji zjisténé poznatky jednoznany pfinos — vysoky potencial vyuziti prachu V4 pfi vyrobé
cementovych kompozitd modifikovaného slozeni.
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Influence of Dust Waste Containing a Silicate Matrix and Organic Filler on
Properties of Cement Composites

Tomas MELICHAR, Jiri BYDZOVSKY

Brno University of Technology, Faculty of Civil Engineering, Veveri 331/95, 602 00 Brno, Czech
Republic, e-mail: melichar.t@fce.vutbr.cz, bydzovsky.j@fce.vutbr.cz

Summary

The paper presents research into the evaluation of properties of cement composites modified by the dust
waste from machining cement-bonded particleboards. The possibility of a partial replacement of cement
by the mentioned dust (up to 8%) was considered. Dust parameters were modified. The properties of
cement composites were analyzed after 28 and 90 days of ageing under laboratory conditions. Cement
composites based on cement matrix and inorganic aggregates did not contain any other additives or
admixtures. The research has brought about beneficial outcomes. Parameters well compared to the
reference material can be reached by a very simple modification of dust properties in case of materials
modified by such dust (as a cement substituent).

Keywords: Dust from processing cement-bonded particleboards, by-product, waste, modification of
composition, alternative raw material, cement composite, parameters.
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Stavebni systém s vysokym obsahem recyklovanych
surovin na bazi mikromletého betonu

Zdenék PROSEK®, Jan TREJBAL®?, Pavel TESAREK®, George KARRA 'A°

2 Ceské vxsoké uceni technické v Praze, Fakulta stavebni, Thakurova 7, 166 29
Praha 6, Ceska repub//;ka, e-mail: zdenek.prosek@fsv.cvut.cz i
b avaris, s.r.o., Areal Sroubaren 43, 252 66 Libéice nad Vitavou, Ceska republika

Souhrn

PredloZeny c¢lanek popisuje vyuZiti betonového odpadu frakce 0/4 mm. Efektivni aplikace takto jemné
zrnitosti prozatim v technické praxi nebyly nalezeny. Pomoci vysokorychlostniho mleti je mozné tento
material nejen homogenizovat, ale i mechanicky aktivovat a nasledné vyuZit napfiklad pfi vyrobé
komplexnich zdicich systému. Cléanek rozsifuje vysledky publikované v casopise WASTE FORUM
2/2018. V prvni ¢asti je charakterizovan mlety recyklat, ktery byl ziskan z nosnych slouptl demolované
Zelezobetonové konstrukce. Druha ¢ast se soustiedi na navrh slozeni smési materialG pro stavebni
systém s vysokym obsahem recyklovanych surovin. Soucasti tohoto systému jsou lehéené zdici bloky,
stavebni lepidla a omitky. Mérny povrch recyklatu byl zjiStovan pomoci laserové granulometrie. Dal§i
cast popisuje vyrobu zkusSebnich téles a jejich nasledné mechanické testovani. Jednalo se predevsim
0 stanoveni modulu pruznosti pomoci nedestruktivni impulzni metody. Pevnost v tlaku a v tahu za ohybu
byla charakterizovana naopak vyuZitim makroskopickych destruktivnich metod. Mikrostruktura materialu
byla sledovana pomoci elektronového radkovaciho mikroskopu. Sérii experimentt uzavielo méreni
tepelné technickych parametri pomoci tepelnych toku.

Klicova slova: Cirkularni ekonomika, stavebni a demoli¢ni odpad, odpadni beton, recyklace,
mikromlety beton, zdici systém, silikatovy kompozit.

Uvod

Odpadni beton tvofi majoritni podil stavebnich a demoli¢nich odpadu. Aby se zabranilo jeho ukladani
na skladky ¢i neefektivnimu vyuziti (nasypy, zasypy apod.), hledaji se dalsi moznosti uc¢inné aplikace.
Veskeré takové snahy se opiraji pfedevSim o fakt, Ze tento odpadni material obsahuje nejen mineralni
plnivo, hydratované, atedy inertni pojivo, ale pfedevSim také nezanedbatelnou ¢&ast doposud
nehydratovaného pojiva, tzv. zbytkovych slinkd. K jejich vyuziti jsou ovdem nezbytné sofistikované
technologie, které dokazi tyto slinky obnazit aumoznit jejich opakovanou aplikaci pfi vyrobé
alternativnich cementovych pojiv. Patfi mezi né napfiklad mechanicka aktivace pomoci velmi jemného
vysokorychlostniho mleti. Jejim vystupem je mikromlety recyklovany beton. Jedna se o surovinu, jejiz
jednotlivé Castice jsou co do velikosti srovnatelné &i dokonce mensdi nez Castice standardniho cementu.
Uvedenym zpusobem upraveny recyklovany beton je tak schopen nahradit nejen pisek, ale i pojivo
v cementovych kompozitnich materidlech. Je zfejmé, Ze takové feSeni ma jisté limity. Mimo jiné se
ukazalo, Ze pfi nahradé zhruba 30 hm. % cementu dochazi k o€ekavanému vyraznému poklesu pevnosti
v tlaku, ovéem pevnost v tahu za ohybu naopak roste 2,

DalSim feSenim mulze byt chemicka aktivace betonového recyklatu i cementu pomoci riznych aditiv,
napt. strusky. V pfipadé b&Znych betonti je toto fe$eni pomérné znamé a rozsitené %, Jeho obdoba se
hleda i u specialnich a vysokohodnotnych betont © . Shodné principy Ize samozfejmé aplikovat i na
materialy s recyklovanym betonem, napf. pfi vyrobé lehéenych blokl, kde je nutné ziskat kvalitni
cementovou matrici, ktera je nasledné riiznymi zpUsoby vyleh&ena, podrobnéji viz napt. v /9,
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Vstupni materialy a charakterizace jejich vlastnosti

Jak jiz bylo zminéno vySe, tento Clanek se vénuje charakterizaci a popisu vyuziti betonového jemné
mletého recyklatu. Shodny experimentalni pfistup byl jiz dfive aplikovan na podobnych odpadnich
materialech, napfiklad na mikromletém mramoru nebo na jinych betonovych vzorcich ™. V tomto pFipadé
byl pouzit recyklat ziskany z monolitického betonového sloupu z aredlu prazské tovarny Walter Motors
(1911). Z experimentalnich divodud byly vyrobeny dva typy recyklatu, které se vzajemné liSily zplisobem
technologie jejich pfipravy. V prvnim pfipadé byla z frakce 0/4 mm odseparovana frakce 0/1 mm a tato
nasledné upravena pomoci vysokorychlostniho mleti. Vznikl tak vzorek, ktery dale nese oznaceni Sloup A.
Ve druhém pfipadé byla béhem mleti pouzita puvodni frakce 0/4 mm bez dal$iho tfidéni, dale nazyvana
Sloup B. Oba vzorky byly zpracovany pomoci vysokorychlostniho mlynu S1000 firmy Lavaris, s. r. 0.
(Lib&ice nad Vltavou, Ceska republika) o vykonu 2x30 kW. Pro ugely mleti vzorku Sloup A byl pouzit
rotor s patentovanymi piny o praiméru 400 mm, zatimco v pfipadé vzorku Sloup B byl primér 150 mm.
Rychlost mleti byla 300 m/s.

Oba typy jemné mletého recyklatu byly podrobeny charakterizaci velikosti zrn pomoci laserového
granulometru Analyssete 22 (suchou metodou). Mérny povrch obou materiall byl zméfen vzduSnou
permeabilni metodou (Blaineova metoda) na pfistroji Matest EO09V. U zkoumanych materialt byl dale
sledovan vyvoj hydrata¢niho tepla po jejich smiseni s vodou. Pro tyto ucely byl vyuZit isotermalni
kalorimetr TAMAIr. Aby byla jednotliva méfeni vzajemné porovnatelna, vyvoj hydratacniho tepla byl
normovan na 1 g cementu.

Pro testovani mechanickych vlastnosti byla vyrobena zkusebni télesa o rozmérech 40x40x160 mm.
Sestavala z cementu (CEM | 42,5 R, Radotin) a zkoumaného mletého recyklatu. Zatimco referencni
sada byla vyrobena pouze z cementu, modifikovana smés (Sloup A, Sloup B) kombinovala cement
s recyklatem v hmotnostnim poméru 1:1. Vodni soucinitel byl 0,35, resp. 0,42. Navrzen byl tak, aby oba
typy smési dosahly stejné hodnoty rozlivu 180+5 mm. Zkouska rozliti byla realizovana na stfasacim
stolku. Do formy o tvaru segmentu kuzelu (horni primér 70 mm, spodni primér 100 mm, vySka 60 mm)
byly ve dvou vrstvach vkladany zkoumané smési, pfiCemz kazda z nich byla zhutnéna 10 udery
dusadlem. Po sejmuti formy a 15s prestavce bylo vzniklé téleso v 15 cyklech setfasano. Nasledoval
dvoji na sebe kolmy odecet priméru spodni podstavy, ktery po spocteni aritmetického priiméru udava
tzv. hodnotu rozlivu. ZkouSky mechanickych vlastnosti prismatickych téles se tykaly analyzy pevnosti
v tlaku a pevnosti v tahu za ohybu (3-bodovy). Obé probihaly na lisu FHF Strassentest.

Pro komplexni pfehled o vlastnostech zkoumanych materidld byla provedena analyza jejich
mikrostruktury. Ze vSech tfech zkoumanych zastupcu byly vyrobeny nabrusy a tyto nasledné podrobeny
rozboru struktury pomoci elektronového mikroskopu ZEISS Merlin vybaveného EDS a WDS detektorem.
Nejprve byla provedena mikrostrukturalni analyza na vstupnich surovinach, tedy na vzorcich Sloup A
a Sloup B. Nasledovala obrazova analyza SEM snimkd, ktera umozruje odliSit a kvantifikovat jednotlivé
faze z odstinG Sedi.

Na obrazku 1 jsou porovnany kumulativni kfivky zrnitosti. Patrny je vyrazny rozdil mezi obéma vzorky
betonového recyklatu. Vzorek Sloup A je jemnéjSi nez Sloup B a pfekonava dokonce i referen¢ni
cement. Lze tedy pfredpokladat, Ze jeho reaktivita bude vy3Si oproti vzorku Sloup B. Shodny trend
odhalilo i mé&Feni mé&rného povrchu; Sloup A vykazal nejvétsi hodnotu 860 m?/kg. Nasledoval cement
s 380 m?/kg. Nejmensi specificky povrch 177 m?/kg byl zji$tén u vzorku Sloup B.

Vyvoj hydrataéniho tepla ukazuje obrazek 2. Dle oCekavani nejvétsi mnozstvi tepelné energie
uvoliiovala smés Sloup A. Opét tedy byl potvrzen jeji vysoky reaktivni potencial, jak jiz naznacily
experimenty popisované vySe. Lze tedy predpokladat, Zze tato smés dosahne vysSich hodnot
pevnostnich charakteristik (pfedevsim pevnosti v tlaku) nez Sloup B.

Obrazek 3 shrnuje zjisténé mechanické vlastnosti zkuSebnich téles. Mize se zdat prekvapivé, Ze
vzorky Sloup B v pevnosti vtahu za ohybu vice nez dvojnasobné prekonaly referenéni cementova
télesa. Hodnota pro Sloup A zUstala pfiblizné uprostfed mezi nimi. Vysvétleni tohoto jevu je nutné hledat
v procesech tuhnuti a tvrdnuti zkuSebnich téles. Aplikace recyklatu s hrub§im mletim omezuje ucinek
tepelnych kontrakci a tedy vznik smr§tovacich trhlin v cementové matrici. Dochazi tak k redukci defekt(
kontinuity, které logicky nejsou schopné transferovat tahova napéti. V tomto ohledu muze dale pfispivat
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relativné nizSi materidlova tuhost recyklatu. V pfipadé tlakovych pevnosti panuji rozdilné trendy.
Poskozeni matric zde nehraje takovou roli, takze problémy se smrstovacimi trhlinami ustupuji do pozadi.
NejvysSich hodnot pevnosti dosahl logicky referenéni cement. Oproti ohybovym zkouSkam zde ovSem
lepSi mechanické vlastnosti vykazaly vzorky Sloup A nez Sloup B (rozdil cca 12 MPa). Smés Sloup A
obsahuje nejmensi zrna, ktera vyplnuji pfirozenou porézni strukturu cementové matrice. Z tohoto dtivodu
Ize hovorit o betonovych jemné mletych recyklatech jako o velmi t€inném mikroplnivu, které se nakonec
podepsalo na dosaZeni relativné vysoké pevnosti v tlaku.

kumulativnimnoZstvi[%]

0,01 0,1 1 10 100 1000 10000
velikost Castic [um]

Obrazek 1: Kumulativni kfivka zrnitosti
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Obrazek 2: Vyvin hydratacniho tepla po dobu prvnich 7 dni

Z vysledkd mikrostrukturni analyzy (obrazek 4 B a C) Ize zpozorovat velky rozdil ve velikosti zrn, ktery
jiz dfive odhalila granulometrie. Zrna vzorku Sloup A jsou pfiblizné 10x menS8i nez u varianty Sloup B.
Tvar zrn obou zminénych recyklovanych materidld je obdobny, stejné tak jako jejich kulovity tvar
s nerovnymi okraj. Nejdulezit&jSi hledanou fazi byly nezhydratované slinky. Jak se ukazalo, Sloup A jich
obsahoval 8,5+0,5 %, zatimco Sloup B 3,2+0,5 %. DalSim sledovanym faktorem bylo zapojeni recyklatu
v mikrostruktufe (obrazek 4 D a F). Z vysledkl je patrné jeho pozitivni zaclenéni, kde jednotliva zrna

nikterak nebrani hydrataci slinkll a nedochazi k vytvareni ITZ (Interfacial Transition Zone — mezifazova
pfechodova oblast).
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Pevnost v tahu za ohybu [MPa]
ES
Pevnost v tlaku [MPa]

Cement Sloup A Sloup B Cement Sloup A Sloup B

Obrazek 3: Porovnani pevnosti v tahu za ohybu a v tlaku pro testované materialy

Obrazek 4: Snimky z elektronového mikroskopu. Detektor sekundarnich elektrond, zvétSeni 250x%:
a) referen¢ni cement, b) mikromlety recyklovany Sloup A, c) mikromlety recyklovany Sloup B;
Detektor zpétné odrazenych elektronu, zvétSeni 500 x: d) referenéni cementova pasta,

e) cementova pasta s 50 hm. % recyklovaného betonu. Popis fazi: 1 — nezhydratovany slinek,

2 — portlandit, 3 — C-S-H gel, 4 — trhliny a péry, 5 — zrno kfemene.

Navrh stavebniho systému s vysokym podilem recyklovanych surovin

Provedené analyzy umoznily stanovit potencial vstupnich materialt pro vyvoj a vyrobu komplexniho
stavebniho systému sestavajiciho z lehéenych zdicich blokl, tenkovrstvého lepidla, jadrové omitky
a Stuku. Mimo jiné bylo zjisténo, Ze pro zdici bloky je vhodny betonovy recyklat Sloup A, protoze
vykazuje relativné dobré pevnosti v tlaku. Oproti tomu Sloup B je svymi vlastnostmi (pevnost v tahu za
ohybu, niz§i mira smr8tovani) pfeduréen pro aplikace do tenkovrstvého lepidla a omitkového systému.
Kombinace obou dvou druhl recyklatu musela byt optimalizovana empiricky, protoze popsat jejich
fyzikalné-chemické vlastnosti teoreticky a vysledné charakteristiky materialli modelovat neni prakticky
mozné.
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Vyvoj zdiciho systému si od prvopocatku kladl nasledujici cile: omezit mnozstvi pouzitého cementu,
omezit nebo eliminovat pouziti pisku, vyhnout se pouziti stavebni chemie nebo vyraznym zplsobem
omezit jeji aplikaci a pouzivat co nejjednodussi technologie pro vyrobu. Uvazovano téz bylo s Sirokou
mirou variability vyslednych FeSeni. Materidlova skladba stavebniho systému musi byt modularni, tzn.,
mnozstvi a vlastnosti jednotlivych vstupnich materiald musi vést k dopfedu znamym vlastnostem
vysledného vyrobku. VyuZito je synergie avzajemné kompatibility jednotlivych stavebnich prvki,
opirajici se o vyuziti stejného druhu jednotlivych materialu.

Pro prezentaci v tomto &lanku byly vybrany takové smési, které obsahovaly co nejvétsi pfipustnou
nahradu za cement, ovSem s ohledem na zachovani pozadovanych fyzikalnich a technologickych
vlastnosti. Za v8echny jmenujme napf. pevnostni charakteristiky, interakce jednotlivych komponent
stavebniho systému, odolnost vici povétrnosti, aj.

Lehéeny zdici prvek byl navrZzen na bazi cementové matrice s pouzitim mikromletého plniva
a mineralnich vedlejsich produktl. Struktura byla vyztuzena polymerovymi vliakny (primér 12 um, délka
4 mm). Material byl vylehéen pomoci pénotvorné pfisady. Jedna se o vyrobek, ktery splfiuje optimalni
kombinaci mechanickych, tepelné-technickych a vlhkostnich parametri. Maze byt tedy pouzit napf. pfi
vystavbé obvodovych nosnych stén pozemnich staveb. Vyhodou navrzeného procesu vyroby je
variabilita, ktera se opira o litou smés, z niz Ize vyrabét zdici tvarovku o rliznych rozmérech a tvarech.
Finalni smés je vytvofena ze tfech zakladnich vstupnich materiall, pfiéemz dva z nich jsou odpadni.
Jedna se o (i) odpadni mikromletou mramorovou moucku zlepSujici konzistenci smési, (ii) odpadni
mikromlety konstrukéni beton zastavajici roli plniva a mechanicky aktivovaného pojiva a (iii) cement
slouzici jako primarni pojivo. Dale jsou pouZita aditiva, ktera zlepSuji mechanické nebo tepelné technické
vlastnosti. Jde o plastifikacni a napénovaci pfisady. Pfi vyrobé jsou nejdfive smichana vilakna
s cementem, nasledné se pfida voda a plastifikacni pfisada. V dalS§im kroku je pfidana napénovaci
pfisada. Nakonec byl do smési postupné pfidavan recyklat, smés byla fadné zamichana a zalita do
forem. Hmotnostni poméry jednotlivych materialt jsou shrnuty v tabulce 1.

Tenkovrstvé lepidlo pouzité pro lepeni lehéenych zdicich bloki kombinuje obdobné materialy jako
leh€eny zdici prvek, postrada vSak vlaknitou vyztuz. Hmotnostni poméry opét sumarizuje tabulka 1. Pfi
vyrobé byla sucha smés nejprve fadné homogenizovana a nasledné k ni byla pfidavana zamésova
voda. NanasSeni navrzené tenkovrstvé malty pfi zdéni pfesnych tvarnic bylo provadéno standardné
zednickou Izici a ocelovym nebo plastovym zubatym hladitkem.

Vicevrstvy omitkovy systém — z davodu vyuziti co nejvétSiho mnozstvi recyklovaného materialu
byla omitka navrzena jako vicevrstvy systém, ktery obsahoval jadrovou omitku a finalni povrch ve formé
Stuku. Systém je vhodny jak pro exteriérové, tak i interiérové prostfedi. Je kompatibilni s lehéenymi
zdicimi prvky a dosahuje minimalniho smr§téni. Oproti vySe uvedenym dvéma komponentim obsahuje,
predevSim z dlvodu pozadované vysoké pfilnavosti k podkladu, relativné malé mnozstvi odpadniho
materialu. Nanaseni navrzené malty pfi omitani probiha ru¢nim nahazovanim a nasledné strzenim lati.
Po zavadnuti je malta zahlazena dfevénym nebo plastovym hladitkem. Omitka slouzi jako podklad pod
finalni Stukové omitky. Nanaseni Stuku je pomoci hladitka v menSich vrstvach. Omitka slouzi jako finalni
povrch, pfipadné ji Ize opatfit natéry. Slozeni omitkového systému je uvedeno v tabulce 1.

VSechny komponenty stavebniho systému byly podrobeny analyze zakladnich uZitnych vlastnosti.
Mezi né patfily mechanické (pevnost v tlaku a v tahu za ohybu, moduly pruznosti) a tepelné technické
vlastnosti (soucinitel tepelné vodivosti a mérna tepelna kapacita). Aby mohly byt tyto experimenty
realizovany, z pfedstavovanych materiald musela byt vyrobena zkuSebni télesa. V pfipadé zdicich blokl
se jednalo o funkéni celky, tedy kusova staviva, jejichZ rozméry se mohou liSit v zavislosti na konkrétnim
vyuziti (Sifka zdiva, skladebné rozméry, ...), zatimco tenkovrstvé lepidlo, stejné tak jako omitkovy
systém, bylo reprezentovano normovymi zkuSebnimi té€lesy o rozmérech 40x40x160 mm.

Destruktivni testovani pevnostnich charakteristik probihalo na lisu FHF Strassentest. Pro stanoveni
modulu pruznosti a smykového modulu pruznosti byla vyuzita nedestruktivni rezonanéni metoda.
Zalozena je na sledovani kmitani zkuSebnich téles, které je buzeno razovymi impulzy. Pouzité zafizeni
sestava z méfici stanice (Bruel & Kjeer, typ 3560-B-120) a razového kladivka (Bruel & Kjeer, typ 8206).
Jakmile je razim exponované téleso uvedeno do rezonance, Ize odvodit jeho vlastni frekvenci a z ni
nasledné modul pruznosti, resp. smykovy modul pruznosti.
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Tabulka 1: SloZeni prvku stavebniho systému

Prvek stavebniho systému
Slozeni smési / uzitné vlastnosti Lehéeny | Tenkovrstvé Jadrova §
- g . tuk
zdici blok lepidlo omitka
Pojivo — Cement CEM | 42,5R 36,3 20 10 10
< PFirodni plnivo - - 40 -
g Daldi pfisady a vlakna 3,7 - - -
£.|  Mikromlety odpadni mramor 10 10 5 90
b= Mikromlety beton Sloup A 40 20 15 -
% Mikromlety beton Sloup B 10 50 30 -
1) Vodni soucinitel w/c 0,6 -0,8 1,4-1,6 1,1-1,3 25-27
Mnozstvi odpadni suroviny 60 80 50 90

Tepelné technické vlastnosti byly analyzovany pomoci pfistroje Isomet model 2104 (Applied
Precision) a dvou kontaktnich sond o celkovém méfitelném rozsahu soucinitele tepelné vodivosti 0,04 az
2,0 W/m-K. Dynamické pfimé méfeni je zaloZzeno na principu teplotni odezvy sledovaného materialu
exponovaného impulzdm teplotnich tokd. Sondy byly umistény ve dvou riznych pozicich na kazdém
prvku stavebniho systému. Vysledky udavané v tabulce 2 jsou ziskany aritmetickym prdmérem
ziskanych hodnot.

Tabulka 2: Uzitné viastnosti prvki stavebniho systému

Prvek stavebniho systému
Slozeni smési / uzitné vlastnosti Lehéeny Tenkovrstvé Jadrova &
- . . Stuk
zdici blok lepidlo omitka
Objemova hmotnost [kg/m?] 600 — 700 1550 — 1650 | 1620 — 1820 | 1520 — 1620

_ Pevnost v tlaku [MPa] min. 4,0 min. 6,0 min. 7,5 min. 4,1
‘g Pevnost v tahu za ohybu [MPa] min. 2,0 min. 1,5 min. 1,9 min. 1,0
*u% Dynamicky modul pruznosti min. 3,2 min. 7,5 min. 8,3 min. 3,5
®© [GPa]
> . - 7
2 Dynamicky smykovy modul min. 1,1 min. 3,0 min. 3,2 min. 1,0
S [GPa]
N TR P . T
= SOUC'“'te'[\tﬁ/prﬁ'_Tf]’ vodivosti 1 920026 | 062072 | 075085 | 065085

Mérna tepelna kapacita [J/kg-K] | 1500 — 1800 750 — 850 750 — 900 800 — 900

Zjisténé mechanické a tepelné-technické vlastnosti jednotlivych prvkd zdiciho systému shrnuje
tabulka 2. Jak jiz bylo zminéno dfive, cely systém byl navrzen jako modularni, tzn., Ze vysledné
vlastnosti jednotlivych prvkt systému jsou fizeny v zavislosti na mnozstvi a vlastnostech pouzitych
vstupnich materialt. Diky tomu je mozné nejprve definovat pozadavky na konkrétni systémovy prvek,
samozfejmé v mezich jeho fyzikalnich moznosti, a nasledné vhodnou skladbou vstupnich materialQ
vyty€enych parametri dosahnout.

Pfipomerime, Ze pro ucely prezentace tohoto systému byly vyuZity smési obsahujici co nejvétsi
ovSem pfi dosazeni pfijatelnych mechanickych parametrd vysledného produktu. Hodnoty mechanickych
vlastnosti obsazené v tabulce 2 jsou vzdy minimalni zaruCené pro recepturu danou v tabulce 1.
V pfipadé volby jinych pomért vstupnich surovin, pfedevSim zvySenim davkovani dalSich pfisad
(stavebni chemie, vlaknitéa vyztuz), ale pfi zachovani podilu recyklovanych surovin, Ize tyto hodnoty
zvysit. Objemova hmotnost a tepelné-technické parametry jsou udany dosaziteinym rozsahem. Lze Fici,
Ze predstaveny stavebni systém dosahuje parametrll na trhu jiz zavedenych materialll. Nabizi se
srovnani napf. s porobetonovymi systémy.
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Zaver

Predstaveny stavebni systém mulze konkurovat na trhu zavedenym materialim, predevsim
poérobetonovym systémum. Dosahuje srovnatelnych fyzikalnich a funkénich parametrld. Jeho nejvétsi
vyhodou je vysoky obsah recyklovaného materidlu, ktery mulze mit plvod jak ve stavebnim
a demoli¢nim odpadu, tak i v podobé vadnych nebo odpadnich kust ¢&i odprask( stavebnich materiald
vzniklych pfi jejich vyrobé i upraveé.

Vysokorychlostni mikromleti v obou pfipadech dokaze odpad proménit v surovinu jasné definovanych
vlastnosti, kterou Ize opétovné vyuzit pfi vyrobé novych tvarovek ¢i jinych material(. Dal$i vyhodou je
modularita systému. Jedna se o moznost kombinovat mnozstvi jednotlivych vstupnich materiall tak, aby
byly dosazeny pozadované vlastnosti vysledného produktu. Dal§i nespornou devizou predstavovaného
systému je jeho opétovna 100% recyklovatelnost. V nekoneénych cyklech Ize pomoci procesu

vysokorychlostniho mleti znovu upravit a vytvofit opétovné mikromlety recyklat. Vysledny produkt tedy
nevytvari odpadni material ani v pribéhu vyroby, ani na konci cyklu jeho Zivotnosti.

V ramci vyzkumu probéhly prvotni experimenty na aplikaci znovu recyklované mikromleté betonové
moucky. Pfedbézné vysledky 100% recyklovatelnost potvrzuji, zarover ale logicky odhaluji postupnou
degradaci uzitnych vlastnosti vysledného produktu s kazdym pfibyvajicim cyklem znovuvyuziti. Jedna se
zhruba o 10% pokles, ktery Ize ovSem eliminovat pfidavkem panenskych surovin.

Podékovani

Vystupu bylo dosazeno s finanéni podporou projektu MPO TRIO ¢. FV20503 ,Lehcéené zdici materialy
na bazi mikromletych mineralnich vedlejSich produktd s fizenymi uZitnymi vlastnostmi a za podpory
Fakulty stavebni CVUT v Praze (SGS projekt SGS19/148/0HK1/3T/11).
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Summary

The presented paper describes a utilization of waste concrete of fraction equal to 0/4 mm. So far,
effective application of such fines has not been solved in technical practice. Such a material can be
homogenized and even mechanically activated using high-speed micro-milling. It can be consequently
used for example during production of complex new wall masonry systems. The paper continues on
results that have been published in WASTE FORUM 2/2018. The first part contains characterization of
milled recyclate originated from supporting columns from demolished reinforced concrete structure. The
second one focuses on adesign of composition of mixtures to be used for construction system
containing high amount of recycled materials. This system includes lightweight masonry blocks,
construction adhesives, and plasters. The specific surface area was determined by using laser
granulometry. The next part of the paper describes the production of test specimens and their
consequent mechanical testing. Modulus of elasticity was determined by means of a nondestructive
impulse resonance method, while tensile and flexure strengths were examined by macroscopic
destructive tests. The microstructure of the material was observed using a scanning electron
microscopy. The series of experiments was closed by measuring of thermal parameters using heat flow.

Keywords: Circular economy, Construction and demolition waste, Waste concrete, Recycling, Micro-
milled concrete, Masonry system, Silicate composite
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Suhrn

Prispevok poukazuje na postoje a aktivity obCanov tykajuce sa vhimania otazok zivotného prostredia
a nakladania s komunalnym odpadom so zameranim sa na faktory motivacie a angaZovania sa v oblasti
triedenia a nakladania s komunélnym odpadom. Analyzuje vplyv prislusnosti obanov k réznym
kategériam na postoje a aktivity respondentov s ciefom rozliSovania segmentov obéanov
S charakteristickym zmyS$lanim a spravanim, pre ktorych méze byt individualne prispésobena motivacna
kampari, manaZzment Ci legislativne Specifikacie. Na zaklade vysledkov dotaznikového prieskumu
realizovaného v roku 2018 v ramci Slovenskej republiky a dlhodobého Studia problematiky navrhujeme
opatrenia, ktoré by prispeli k postupnému znizovaniu tvorby komunalneho odpadu a intenzifikovali
uroveri jeho triedenia. Za najdblezitejsie faktory, ktoré podla prieskumu motivuji obéanov k vy3$sej trovni
triedenia komunalnych odpadov patri predovSetkym osveta a vzdelavanie v tejto oblasti, legislativne
postihy pre tych, ktori netriedia komunalny odpad a finanéna motivacia tych, ktori triedia komunalny
odpad.

Klacové slova: zhodnocovanie odpadov, triedenie komunalnych odpadov, udrzatelny rozvoj,
motivacia ob¢anov

Uvod

NajvysSou prioritou sofistikovaného odpadového hospodarstva je predchadzanie vzniku odpadu®.
Zavazna hierarchia odpadového hospodarstva predstavuje zakladny kameri eurdpskej politiky
a legislativy v oblasti odpadov. Je klut€om k prechodu na obehové hospodarstvo. Zakladnym cielom
hierarchie odpadového hospodarstva je minimalizovat’ nepriaznivé uc€inky na zivotné prostredie a zvysit,
ako aj optimalizovat efektivnost vyuzivania zdrojov v oblasti odpadového hospodarstva.? * Ak uz nejaky
odpad vznikne, mal by sa do maximalne moznej miery recyklovat.

Eurépska komisia (EK) prijala v roku 2015 Akény plan EU pre obehové hospodarstvo. Obehové
hospodarstvo (ObH) vo svojom zakladnom principe odpad povaZzuje za vyuzitelny zdroj.

Zakaz skladkovania zvySuje mieru zhodnocovania odpadu. Krajiny s obmedzenim skladkovania
komunalneho, recyklovatelného a vyuzitelného odpadu maju vysSiu mieru vyuzitia komunalneho odpadu
a odpadu z obalov. Tuto skuto€nost dokladuju hlavne dosiahnuté vysledky v krajinach ako Nemecko,
Rakusko, Svajgiarsko, Holandsko, Dansko, Svédsko, Luxembursko, Belgicko, Nérsko, Finsko. Priklady
krajin, ktoré uz dosiahli velké miery zhodnocovania odpadu, mozu iniciovat’ pozitivne zmeny potrebné
pre prechod k obehovému hospodarstvo, atym aj k efektivnejSiemu vyuzivaniu plastovych odpadov,
ktoré maju znaéni materialovl a energetickd hodnotu.*

Nemozno opomenut ani tu skutonost, Zze ObH nevznika ako izolovany eurdpsky projekt, pretoze
najma azijské krajiny tento koncept uplatiuju uz niekofko rokov. Ddlezitost zmien si uvedomuju aj
Severna Amerika a niektoré krajiny Juznej Ameriky. Prijatie konceptu ObH vo vacsine krajin, Ci
optimalne celosvetovo, je zakladnou podmienkou Uspechu jeho aplikacie.® Zaroveri je viak potrebné
zdéraznit, Ze aj v pripade vysoko cirkulacnej ekonomiky bude vzdy potrebné urcité mnozstvo primarnych
zdrojov a bude potrebné odstranit’ uréity zvySkovy odpad.
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Podla udajov Eurostatu® v 28 krajinach Eurdpskej Unie sa v roku 2017 vyprodukovalo 248 653 tisic
ton komunalneho odpadu (KO), ¢o v prepocte predstavuje 486 kg KO na obyvatefa. V porovnani
s krajinami EU je produkcia KO na Slovensku relativne nizka. Pri porovnavani produkcie KO na jedného
obyvatela je nizSia, ako je priemerna urovert EU (v poradi krajin s najnizSou produkciou KO bolo
Slovensko na piatom mieste).

Podla Spravy o stave zivotného prostredia Slovenskej republiky bolo v roku 2017 na Slovensku
vyprodukovanych vySe 14,2 miliona ton odpadu. Komunalne odpady z tohto mnozZstva tvorili takmer 2,14
miliéna ton, €o predstavuje 393 kg KO na obyvatela. Vo vzajomnom porovnani s rokom 2016 to
predstavuje narast o 33 kg komunalneho odpadu na obyvatela.”®

Slovenska republika ma v oblasti odpadového hospodarstva stanovené ciele, ktoré vychadzaju
z cielov prijatych Eurépskou Uniou.? Jednym z tychto cielov je dosiahnutie 50%-nej miery recyklacie
komunalnych odpadov, ktora ma byt dosiahnuta do roku 2020 v sulade s programom odpadového
hospodarstva Slovenskej republiky na roky 2016 — 2020.° Uz teraz v§ak mozeme predpokladat, Ze dany
ciel sa nam do roku 2020 pri su¢asnom tempe recyklacie nepodari spinit.

O vazZnosti situacie svedCi aj skutoCnost, Ze Eurdpska komisia zaslala Slovenskej republike
varovanie®, v ktorom konétatuje, Ze v roku 2016 bola miera recyklacie KO (vratane kompostovania) na
Slovensku (podfa udajov EUROSTATU) vo vySke 23 %, zatial €o skladkovanie bolo na urovni 65 %. Na
zaklade analyzy existujucich a pevne planovanych politik v oblasti nakladania s odpadom vnima Komisia
ako riziko, Zze v roku 2020 nedéjde na Slovensku k 50% priprave na opatovné pouzitie/recyklaciu KO.

Na zaklade postdenia, ktoré je zakladom v&asnej vystrahy, dospela Komisia®® k zaveru, Ze:

- oddeleny zber recyklovatelnych materialov vratane biologického odpadu sa eSte neuskutoériuje
ucéinne;

- chybaju ekonomické stimuly pre domacnosti na triedeny odpad,;

- systémy rozSirenej zodpovednosti vyrobcov na Slovensku nezahffaju uplne naklady na triedeny
zber a

- treba viac investicii do projektov vySSieho stupria hierarchie odpadov (napriklad recyklacie), ktoré
presahuju spracovanie zvySkovych odpadov.

Ciefom Slovenskej republiky do roku 2020 je zvysit recyklaciu odpadu z domacnosti a z inych
zdrojov, ktoré obsahuju podobny odpad ako domacnosti najmenej na 50 % podfa hmotnosti. Aby bol
tento ciel' splneny, je potrebné zvySit uroven triedeného zberu recyklovatefnych €asti komunalnych
odpadov. Tymito Eastami rozumieme najma papier, lepenku, plast, kov, sklo a biologicky rozloZitelny
odpad. Nakolko jednotlivé vytriedené zlozky komunalnych odpadov nie su plne recyklovatelné, ciele pre
mieru triedeného zberu komunalnych odpadov prevySuju samotny ciel recyklacie. Ciele pre mieru
triedeného zberu su 20 % v roku 2016, 30 % v roku 2017, 40% v roku 2018, 50 % v roku 2019 a 60 %
v roku 2020.°

Eurdpska unia povazuje oblast nakladania s komunalnym odpadom za vefmi délezitu, Europsky
parlament schvalil v aprili roku 2018 ambiciézne ciele, ato: do roku 2025 zvysit mieru recyklacie
komunélneho odpadu na 55 % a do roku 2035 na 65 %. Dal$im ambiciéznym cielom je dosiahnut, aby
od roku 2035 na skladkach neskoncilo viac ako 10 % odpadu.

Aby mohli byt tieto ciele splnené, je potrebné vykonat zmeny v aktualnom systéme nakladania
s komunalnym odpadom v jednotlivych mestach, mestskych €astiach a obciach na Slovensku, nakolko
na Slovensku dlhodobo pretrvava vysoky podiel skladkovania odpadov na celkovom nakladani
s odpadmi. Prave skladkovanie je povazované za environmentalne najmenej vhodnu formu nakladania
s komunalnym odpadom. Je zarazajuce, Ze aj napriek tejto skutoénosti sa na Slovensku skladkovalo
vroku 2017 viac ako 61 % komunalnych odpadov (medziroény pokles o 5 %). Priemer krajin EU
v mnozstve skladkovaného odpadu je pod 25 % a postupne klesa. Cieflom Slovenskej republiky je teda
znizovat mnozstvo takto zneSkodrovaného odpadu a docielit postupny prechod na vhodnejSie formy
nakladania s komunalnym odpadom, ktory by viedol k napifianiu stanovenych recyklaénych cielov.
V roku 2017 sa na Slovensku recyklovalo 29 % celkovo spracovanych komunélnych odpadov vratane
kompostovania.'**?
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Uroven recyklacie odpadov je vo velkej miere ovplyvnena politikou a cielmi recyklacie a socialnymi
normami, pretoze tieto iniciuju stimuly a efekty recyklacie™. Jednym z délezitych faktorov uspechu pri
implementovani preventivnych opatreni vzniku komunalneho odpadu a zvySovani miery recyklacie
komunalneho odpadu su postoje obyvatelov v otdzkach nakladania s komunalnym odpadom, vhimanie
nasledkov kontaminacie Zivotného prostredia odpadmi, ako aj legislativne opatrenia.**

Existuju rézne zavery vyskumov vplyvu motivaénych faktorov na zvySenie podielu vytriedenej Casti
KO. Pozitivny vplyv motivaénych faktorov dokumentovali napriklad $tadie v Ceskej republike™ *° a inych
krajinach®’. Vyskum v Taliansku preukazal, Ze motivacia jednotlivcov nekoreluje sich spravanim
vplyvajucim na zvySovanie podielu recyklovatelnej €asti komunalnych odpadov, pri€om spravanie
zodpovedné za minimalizaciu mnozstva vyprodukovaného komunalneho odpadu je zavislé jedine na
vnutornom presvedéeni'®. Cim viac poznatkov maju obyvatelia o vplyve komunalneho odpadu na Zivotné
prostredie a zaroven veria zmyslu opatreni zvySujucich mieru recyklacie, tym su ochotnejsi
spolupracovat a triedit odpad™ ?°. Samozrejme v kone¢nom désledku je pre mieru recyklacie a celkovy
manazment odpadového hospodarstva smerodajny multidimenzionalny pristup zohladfiujuci okrem
motivacie ob&anov aj legislativne, finanéné a logistické aspekty®* 2.

Ciel a metodika prace

Ciefom nasho prispevku je zhodnotit postoje obCanov a ich vnimanie otazok Zivotného prostredia
a komunalneho odpadu so zameranim sa na faktory motivacie a angazovania sa v oblasti triedenia
a nakladania s komunalnym odpadom analyzovanim réznych jednoducho identifikovanych skupin
obyvatelov.

Na zaklade dotaznikového prieskumu vykonaného vramci Slovenskej republiky navrhujeme
opatrenia, ktoré by prispeli k postupnému znizovaniu tvorby komunalneho odpadu a intenzifikovali
uroven jeho triedenia, ako aj materidlového zhodnocovania.

Vysledky prieskumu vychadzaju z primarne zistenych uddajov poéas rieSenia projektu VEGA
€. 1/0582/2017, v ramci ktorého bol v roku 2018 (v obdobi od maja do novembra) realizovany e-mailovy
dotaznikovy prieskum zamerany na otazky nakladania s komunalnym odpadom a motivacie ob&anov so
zameranim na zvysSenie urovne triedenia komunalnych odpadov.

Dotaznik bol distribuovany v elektronickej podobe vyuzitim formularového nastroja spolo€nosti
Google. Dotaznikovy prieskum prebiehal medzi nahodne oslovenymi, resp. navzajom si odporucajucimi
ob&anmi prostrednictvom problematike venovanej internetovej stranky, na ktord smerovali zdielané
odkazy Facebooku, ¢i prispevku v dvoch tlacenych periodikach a niekolkych obecnych novinach.
Potencialny posun vyberovej vzorky k skupine, ktora sa zaujima o vytyCenu problematiku, nie je
povaZzovany za prekazku z dévodu uc€elu vyskumu ajeho zamerania na identifikaciu motivaénych
faktorov triedenia a spdsobov minimalizacie produkcie zmesového KO, a nie na zmapovanie sucasného
reprezentativneho stavu v oblasti separovania KO na Slovensku.

Otazky, ktoré dotaznik obsahoval z oblasti triedenia komunalneho odpadu, boli zamerané na osobné
nazory, postoje aspravanie sa, ako aj na vSeobecnu Cast s udajmi o respondentoch a bydlisku
sluziacich pre kategorizaciu odpovedi. Konkrétne znenie otdzok bude uvedené pri jednotlivych
analyzach. Respondenti boli poziadani, aby odpovede na otazky vztahovali na miesto bydliska (trvalého
alebo prechodného), kde platia poplatky za komunalny odpad a v ktorom sa pocas roka najCastejSie
zdrzuju. Celkovo sa dotaznikového prieskumu zu&astnilo 479 respondentov, z ktorych 263 byvalo
v obciach a 216 v mestach. Vrodinnom dome byvalo 319 respondentov, v bytovom dome 152
respondentov a iny typ bydliska uviedlo 8 respondentov. Zarovefi mdézeme konstatovat, Ze prieskumu sa
zUucCastnilo 165 muzov a 314 Zien.

Zavery z dotaznikového prieskumu budu podrobované overeniu Statistickymi testami, v tomto
prispevku pomocou neparametrického Chi-square testu, ktory testuje =zavislost medzi dvomi
premennymi nominalneho alebo ordinalneho typu. Nulova hypotéza testu vyjadruje nezavislost dvoch
testovanych premennych. Nulovu hypotézu zamietneme a potvrdime Statisticku vyznamnost a existenciu
podmieneného vztahu medzi premennymi na hladine vyznamnosti a = 0,05. Hoci vzorka respondentov
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nie je reprezentativna a nemézeme vsetky zavery prieskumu aplikovat automaticky na vSetkych
obCanov, mbézeme ale aspon Statisticky vyznamné vztahy, €i individualne nazory vyuzit k rozSireniu
poznatkovej bazy, na ktorej bude mozné koncipovat efektivnejsi systém nakladania s odpadmi.

Na zaklade ziskanych odpovedi, osobného zmys$lania, uvedomenia, postojov a spravania sa
zapojenych respondentov v dalSej Casti prispevku vyhodnotime dosiahnuté vysledky s orientaciou na
nasledovnu problematiku:

- zaujimate sa o sucasny stav a buducnost’ Zivotného prostredia,

- hodnotenie kvality Zivotného prostredia v meste/obci,

- aktivity ob¢anov k minimalizacii mnozstva vyprodukovaného komunalneho odpadu,

- zistenie, Ci je v meste /obci organizovany triedeny zber komunalneho odpadu,

- identifikacia druhu poplatku za komunalny odpad a vnimanie jeho vySky ob¢anmi,

- zapojenie ob¢anov do triedeného zberu komunalneho odpadu a identifikacia triedenych zloziek KO,
- zistenie motivacie ob&anov k triedeniu odpadu,

- identifikacia faktorov motivacie ob¢anov k zvySeniu urovne triedenia komunalneho odpadu.

Vysledky a diskusia

Zaujem obcanov o su€asny stav a buducnost Zivotného prostredia je mozné povazovat za jeden
z faktorov, ktoré budu vplyvat na ich pristup k nakladaniu s odpadom. Z nasho prieskumu z odpovedi na
otazku: ,Zaujimate sa o stav a buducnost zivotného prostredia?“ vyplynulo, ze aktivne (aktivne, resp.
¢asto aj aktivne = zoskupenie Ano) sa o stcasny stav a budtcnost Zivotného prostredia zaujima vaésina
respondentov (56,78 %), a to 64,24 % spomedzi muzov a 52,87 % spomedzi Zien. Relativhe neutralny
postoj k tejto otazke (niekedy, resp. pasivne = zoskupenie Ciastoéne) zaujalo 41,13 % respondentov
a negativne (= zoskupenie odpovedi ,nejako bolo, nejako bude®, resp. ,nebudem sa obmedzovat’ kvoli
neistej buducnosti, Zijem len raz"*) sa vtejto otazke vyjadrilo 2,09 % respondentov. Vyznamovo
zoskupené pocetnosti pdvodne podrobnejSie Clenenych odpovedi respondentov vyjadrujdcich zaujem
0 zivotné prostredie su v tabulke 1.

Tabulka 1: Zaujem obc¢anov o stav a buducnost’ zZivotného prostredia (zoskupené odpovede)

. % rozdelenie % rozdelenie
Intenzita . . . : - . . .
zaujmu Percentualny podiel intenzity zaujmu u mtenzﬂy zaujmu u

muzov Zien
Ano 56,8 64,24 52,87
Ciasto¢ne 41,1 32,12 45,86
Nezaujem 2,1 3,64 1,27
Spolu 100 % (479 respondentov) 100 % (165 muzov) 100 % (314 zien)

Rozdiely v deklaracii zaujmu o Zivotné prostredie medzi muzmi a zenami naznacuju CastejSiu
jednoznacnost’ pri vyjadreni intenzivneho zaujmu, €i nezaujmu u muzov. Aj u Zien zhodne prevlada
aktivny zaujem o zivotné prostredie, €o je jednoznaéné pozitivum v suvislosti s pozadovanym vyvojom
a cielmi nakladania s odpadom, no vo vacSej miere ako medzi muzmi sa medzi Zenami vyskytuju
k Zivotnému prostrediu neutralne pristupujuce Zeny.

Opisované rozdiely medzi muzmi a Zenami su podporené Statistickym overenim platnosti hypotézy
0 neexistencii vplyvu pohlavia na intenzitu prejavu zaujmu ob&anov o stav a buducnost Zivotného
prostredia. Testovacia $tatistika testu y> = 10,32 a p-hodnota 0,0057 umoZfiuji zamietnut nulovu
hypotézu o zhode rozdeleni nazorov u oboch pohlavi na hladine vyznamnosti a < 0,05, a teda je mozné
konstatovat, Ze skutoCne existuju rozdiely pri prejavovani zaujmu o su€asny stav a buducnost zZivotného
prostredia pri porovnavani muzov a zien. S vac¢sou pravdepodobnostou teda najdeme medzi muzmi
zanietenych aktivistov, ale aj environmentélnych ignorantov.
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Z hladiska charakteru bydliska aktivne sa o su€asny stav a buducnost’ Zivotného prostredia zaujima
podla nasho prieskumu 52,78 % respondentov Zijucich v mestach a 60,08 % Zijucich v obciach, relativne
neutralny postoj zaujalo 44,44 % respondentov Zijucich v mestach a 38,40 % Zijucich v obciach
a negativne reagovalo 2,78 % respondentov Zijucich v mestach a 1,52 % respondentov Zijucich
v obciach. Hoci by sa mohlo zdat, Ze obyvatelia obci CastejSie prezentuju vysSi zaujem o zivotné
prostredie, Statisticky test tento predpoklad nedokazal potvrdit na hladine vyznamnosti o < 0,05, preto
musime konétatovat, Ze obyvatelia miest aj obci s v zaujme o Zivotné prostredie uniformni (y* = 3,06
a p-hodnota 0,2162).

Aktivny zaujem vyjadrilo 59,56 % respondentov Zijucich v rodinnych domoch, 51,32 % Zijucich
v bytoch a 50 % respondentov, ktori uviedli iny typ bydliska; neutralny zaujem 46,71 % respondentov
Zijucich v bytoch, 38,56 % Zijucich v rodinnych domoch a 37,50 % respondentov, ktori uviedli iny typ
bydliska; negativny zaujem vyjadrilo 1,97 % respondentov byvajucich v bytoch, 1,88 % v rodinnych
domoch a 12,5 % respondentov, ktori uviedli iny typ bydliska. Nepatrne vyS$Sie poCetnosti sa vyskytli pri
potvrdeni aktivheho zaujmu o Zivotné prostredie medzi ob&anmi obci, av3ak Statisticky nevyznamné
rozdiely nam tento zaver neumozfiuju zovSeobecnit na hladine vyznamnosti o < 0,05 (3° =2.90
a p-hodnota 0,2351), a tak nebudeme typ bydliska povaZovat za faktor zaujmu o Zivotné prostredie. Typ
bydliska identifikovany ako ,iné“ sme pre jeho maly vyskyt do Uvahy nebrali, a podobne nebude
relevantny ani pri posudzovani dalSich otazok.

Pri otdzke, ako hodnotia kvalitu Zivotného prostredia respondenti vo svojom meste/obci sme zistili
pocetnosti uvedené suhrnne aj podla pohlavia, charakteru bydliska a typu bydliska v tabulke 2.

Tabul'ka 2: Hodnotenie kvality Zivotného prostredia

z toho (v %)
: charakter .
Kvalita Zivotného Pocet Percentualny pohlavie bydliska typ bydliska
prostredia respondentov podiel — -
muzi | zeny | mesto | obec redinny| bytovy iné
dom dom
Dobra az velmi 131 27,35 33,94 | 23,88 21,76 31,94 29,47 22,37 37,5
dobra
Priemerna 295 61,58 58,18 | 63,37 64,81 58,94 60,50 64,48 50,0
HorSia az velmi zla 53 11,07 7,88 12,75 13,43 9,12 10,03 13,15 12,5
0 100% | 100% 100% 100% 100% 100% 100%
Spolu 479 100% (165) | (314) | (216) | (263) | (319) | (152) ®)

Statisticky vyznamnymi sa javia rozdiely medzi pohlaviami, ked muZi sa prezentuju ako spokojnejsi,
uvadzajuc Gastejsie vyssie Grovne vnimanej kvality Zivotného prostredia (x* = 6.52 a p-hodnota 0,0384),
ako aj rozdiely medzi respondentmi s inym charakterom bydliska, ked’ obyvatelia obci vyjadruju CastejSie
vy$8iu Urover spokojnosti (x> =7.14 ap-hodnota 0,0281), pricom typ bydliska opat na hladine
vyznamnosti o < 0,05 ndm respondentov neovplyvnil (3* = 3.083 a p-hodnota 0,2140).

Na priamu tretiu otazku Ci ,robite nie¢o pre to, aby ste minimalizovali mnozstvo vyprodukovaného
odpadu® 424 ob&anov odpovedalo kladne — ano (88,5 %) a 55 respondentov nie (11,5 %). Mb6zeme

relativne pozitivne hodnotit vysoké percento tych respondentov, ktori sa snazia minimalizovat' mnozstvo
vyprodukovaného odpadu.

Tabul'ka 3: Pristup k minimalizovaniu mnozstva vyprodukovaného komunalneho odpadu

Snaha minimalizovat’ mnozstvo odpadu Pocet respondentov Percentualny podiel
Ano 424 88,5
Nie 55 11,5
Spolu 479 100,0

Patronem tohoto Cisla je WASTen Centrum experti - www.expert.wasten.cz

WASTE FORUM 2019, &islo 4, strana 403



Michal STRICIK, Monika BACOVA, Monika CONKOVA: Motivécia obéanov Slovenska k triedeniu komunélneho
odpadu

Statisticky vyznamné rozdiely na hladine vyznamnosti 0,05 medzi muZmi aZenami v snahe
o minimalizaciu vyprodukovanych odpadov nie su (x> = 0,101 a p-hodnota 0,7505). Z prieskumu ale
vyplynulo, Ze podiel respondentov z obci, ktori kladne odpovedali je Statisticky vyznamne vy3si ako
z miest (x* =10.267 a p-hodnota 0,0059) a Ze respondenti byvajici v rodinnych domoch viac dbaju
0 minimalizaciu vyprodukovaného komunalneho odpadu ako respondenti byvajuci v obytnych bytoch
(x* = 13.062 a p-hodnota 0,0015).

Pri hodnoteni 4. otazky zameranej na zistenie, €i je v meste/obci organizovany triedeny zber
komunalneho odpadu, méZeme konstatovat, Z2e aZz v 96,4 % obci je organizovany triedeny zber
komunalneho odpadu na réznej urovni organizacie, ako je to uvedené v nasledovnej tabufke 4. Az
17 respondentov (3,6 %) uviedlo, Ze nevie, Ci je vich obci organizovany triedeny zber komunalnych
odpadov (9 respondentov), pripadne ze takyto zber nie je organizovany (8 respondentov).

Tabulka 4: Je vo Vasom meste /obci organizovany triedeny zber komunalneho odpadu?

Pritomnost’ organizovaného triedeného zberu komunalneho odpadu Pocet Percent_ualny
respondentov podiel

Ano, vetky trieditelné zloZky komunalneho odpadu su zbierané v primeranych &asovych
. o 206 43,0
|[1tervaloch alebo prilezitostne.
Ano, niektoré zloZzky komunalneho odpadu su zbierané pravidelne, iné musim odniest’ do

) : 161 33,6
zberného dvora v obci
Ano, niektoré zlozky komunalneho odpadu su zbierané pravidelne, iné musim odniest’ do 72 15.0
zberného dvora mimo obce '
Ano, niektoré zlozky komunalneho odpadu su zbierané pravidelne, ale nedostatone 23 4.8
Nie, zbiera sa len zmesovy odpad 8 1,7
Neviem 9 1,9
Spolu 479 100,0

Vysledok zistenia nam potvrdil nas predpoklad, ze triedeny zber stale nie je zavedeny vo vSetkych
slovenskych obciach, ¢o je nielen v rozpore s legislativou, ale absencia organizovaného triedeného
zberu predstavuje aj potencialny demotivaény faktor, dokonca bariéru pre minimalizovanie tvorby
zmesového KO.

Na otazku, i sa respondenti zapdjaju do triedenia komunalneho odpadu odpovedala viac nez
polovica respondentov 260 (54,3 %), ze vzdy, 133 respondentov (27,8 %) vacsinou a 21 respondentov
(4,4 %) sa zapaja Casto. Niekedy sa do triedenia zapaja 31 respondentov (6,5 %), zriedka 26
respondentov (5,4 %) anikdy 8 respondentov (1,7 %). Zoskupené odpovede o zapajani sa
respondentov do triedeného zberu komunalneho odpadu v €leneni podfa vybranych charakteristik
zobrazuje tabulka 5.

Tabulka 5: Aktivita respondentov pri zapojeni do triedeného zberu komunalneho odpadu

Aktivita pri triedeni z toho (v %
' P Pocet Percentualny pohlavie charakter bydliska typ bydliska

komunalneho . S T s — - —

respondentov podiel muzi | zeny | mesto obec rodinny | bytovy iné
odpadu

dom dom
Vadésinou az vzdy 393 82,05 78,79 | 83,76 | 75,93 87,08 86,21 74,34 | 62,50
Niekedy 52 10,85 12,72 | 9,87 12,96 9,12 8,78 15,13 | 12,50
Zriedka alebo nikdy 34 7,1 8,49 6,37 11,11 3,80 5,01 10,53 | 25,00
Spolu 100,0% 100% | 100% | 100% 100% 100% 100% | 100 %
479 (165) | (314) (216) (263) (319) (152) (8)

Relativne vysoky podiel respondentov, ktori triedia komunalny odpad v porovnani so starSimi
prieskumami v Cechach a na Slovensku méze zodpovedat pravdepodobnému ovplyvneniu suhrnne;
Statistiky spésobom vyberu respondentov, t.j. Sirenim dotaznika vo vacsej miere medzi obCanmi do
problematiky zainteresovanymi, na druhej strane rozsiahla podpora a propagacia triedenia
recyklovatelnych zloziek KO sa tiez mbze prejavit vo zvySovani podielu ob&anov triediacich KO
anavySe i najnovsi prieskum realizovany oficialnou prieskumnou agentirou na Slovensku® i viaceré
zdokumentované prieskumy vo svete®* uvadzaji vyse 90%-né podiely respondentov, ktori triedia aspori
jednu zloZzku KO. K posunu vo vysledkoch preto z dévodu Sirenia dotazniku cez internet nemuselo dbjst.
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U respondentov nas zaujimaju rozdiely medzi jednotlivymi identifikovatefnymi podskupinami
respondentov. Rozdiely v aktivite respondentov medzi muzmi a zenami su na hladine vyznamnosti
Statisticky nevyznamné o < 0,05 (x> = 1,82 a p-hodnota 0,4026), t. j. konstatujeme, Ze muZi aj Zeny sa
do triedeného zberu zapajaju v rovnakej miere, ale vplyv charakteru bydliska atypu bydliska sa
preukazal na danej hladine vyznamnosti ako Statisticky vyznamny. Obyvatelia obci maju tendenciu
astejsie sa do triedeného zberu zapajat (x* = 12,33 a p-hodnota 0,0021) a podobne su aktivnej$i ako
obyvatelia bytov obyvatelia rodinnych domov (32 = 14,07 a p-hodnota 0,0071).

Pri analyze motivacie respondentov k triedeniu KO mdézeme konStatovat, Zze 364 respondentov
(76 %) je vyznamne motivovanych triedit komunalny odpad, ¢o vyjadrili, svojim ano — 113 respondentov,
vacsinu ano 139 respondentov, a Casto primerane — 112 respondentov. Komunalny odpad triedit su
motivovani obdania niekedy/trochu v poc¢te 43 respondentov, zriedka/malo je motivovanych 28
respondentov a podla ich vlastného vyjadrenia vébec nie je motivovanych triedit’ 37 respondentov, €o je
necelych 8 % respondentov, 92 % respondentov je teda aspon zriedka motivovanych k triedeniu.
Priaznivym zistenim po porovnani tabulky 6 s Uroviiami motivacie s tabulkou 5 reprezentujicou intenzitu
triedenia KO je skutoCnost, Ze hoci ob¢ania deklaruju v priemere nizSiu urovefi motivacie k triedeniu,
napriek tomu sa podiefaju na triedeni intenzivnejsie, ako by sa podfa urovne motivacie dalo oakavat.

Tabulka 6: Motivacia respondentov k triedeniu komunalneho odpadu

Motivacia Pocet respondentov Percentualny podiel
Vaésinou, urcite ano, ¢asto 364 75,99
niekedy/trochu 43 8,98
zriedka alebo vbbec 65 13,57
iné 7 1,46
Spolu 479 100,0

Velmi doblezité informacie nam poskytla otvorena otazka ,Faktory motivacie k triedeniu komunalneho
odpadu z pohladu obc¢anov, v ktorej respondenti uvadzali, ¢o ich motivuje, pripadne &o by ich
motivovalo k vy3Siemu zaujmu o triedenie komunalneho odpadu a jej vyhodnotenie, ako je uvedené
v nasledovnej tabulke. Na tuto otvorenu otazku odpovedalo 440 respondentov z celkového poctu 479
respondentov, pricom viaceri respondenti uviedli viac ako jednu odpoved, atak je celkovy sucet
odpovedi, vratane tych respondentov, ktori neodpovedali 529. AZ 247 respondentov (51,6 %) vyjadrilo
svoju osobnu motivaciu v snahe o zlepSenie zivotného prostredia. Spomedzi mnohych alternativ sa
medzi odpovedami ¢asto nachadzali odpovede zamerané na znecistovanie oceanov plastmi, €i globalne
znecistovanie planéty a zmena klimy. 18lo napriklad o odpovede nasledovného charakteru: ,Prirodzeny
postoj k prirode, zdrojom a dalSim generaciam.”, ,Kvalita Zivotného prostredia, ktora sa kazdym rokom
znizuje. Mam zaujem, aby buduce generacie nezili v znecistenom Zivotnom prostredi.”

Velka Cast odpovedi bola orientovana na potrebu penaznej motivacie a znizenia poplatku za
komunalny odpad pre tych, ktori triedia, ¢o vyjadrilo 73 respondentov (15,2 %). Spomedzi
najzaujimavejsSich odpovedi vyberame:

- ,Na obciach sa da lepSie odsledovat, kto separuje — mohli by mat’ nizSie poplatky (respektive ti,
€o neseparuju, by mali mat vysSie poplatky) — va&sinu obyvatelov finanéna stranka separacie
motivuje najviac”,

- ,Motivuje ma zaujem o zZivotné prostredie a motivovalo by ma, keby som platil nizSie poplatky za
komunalny odpad, ked uz separujem®,

- ,Motivuje ma hlavne ucta k prirode. VSeobecne by zvySilo zaujem o triedenie nejaka ulava na
poplatku za komunalny odpad®,

- ,Skor odpoviem, ¢o motivuje dnes fudi — peniaze. Ak triedenim odpadu budu platit menej alebo
Z toho vyplynu iné finan¢né ulavy, vtedy mdézu zmenit svoje spravanie a postoj k triedeniu.,

- ,Obc&an by mal byt urc€itou formou odmeneny za to, Ze odpad triedi.”,
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- ,Mne to neda. Ale samozrejme svetom hybu peniaze. Ak obec ponukne za triedenie odmenu vo
forme znizenia poplatku, vela ludi sa zapoji.*,

- ,Navrhujem vySku poplatku za komunalny odpad odstupriovat podfa toho, &i ob&an triedi, alebo
netriedi odpad — kto triedi, mal by platit’ nizsi poplatok.*,

- ,Cim viac vytriedim, tym menej mam zmie$aného komunalneho odpadu, a teda zniZujem objem,
z ktorého by vyplyval nizsi poplatok za TKO.*,

- ,Iny poplatok oproti tym, €o netriedia — zniZzenie poplatku za komunalny odpad, ked je
jednoznacéne potvrdeng, Ze ho triedim.*

Tretiu skupinku tvorili odpovede zamerané na potrebu rozSirenia poctu, pripadne dostupnosti
kontajnerov, pripadne vriec na triedeny odpad, ako aj potrebu CastejSej frekvencie zvozu vytriedenych
Zloziek komunalneho odpadu. Pocet takychto odpovedi bol 68 (14,2 %). Ako podnetné navrhy
a odpovede vyberame: ,LepSia dostupnost triediacich kontajnerov aj v praci (nemocnica, poliklinika,
urady, je tam vela obalov, ktoré sa netriedia).“, ,RozSirenie triedeného zberu v obci.*

Cast respondentov si uvedomuje aj zly pristup od ostatnych obyvatelov, &o vyjadrili v potrebe
lepSieho pristupu ob&anov k triedeniu 19 respondentov (4 %), ako aj lepsi pristup Statu, miest a obci, ¢o
vyjadrilo 16 respondentov (3,3 %). Na potrebu vacsej propagacie a prikladov z inych miest a Statov (Ci
uz pozitivnych, alebo aj negativnych) upozorfiovalo 30 respondentov (6,3 %). Dvanast respondentov
(2,5 %) upozorfiovalo na potrebu zaviest vratné flase a plechovky.

Rozumnymi argumentmi na potrebu zmeny legislativy a pripadne uplatfiovanie pokut upozorfiovalo
14 respondentov (2,9 %), z ktorych odpovedi vyberame: ,Zmena systému platby za komunalny odpad®,
Ci ,Zmena legislativy, ktora je nedostacujuca, lebo obec nemdze odmenit’ fudi, ktori separuju.” Celkovy
prehfad odpovedi respondentov rozdelenych do skupin podla obsahu je v tabulke 7.

Tabulka 7: Faktory motivacie ob¢anov k triedeniu komunailneho odpadu

s Pocet . Percentualny
Faktor motivacie odpovedi .
respondentov podiel

ZlepSenie zivotného prostredia 247 51,6
Penazné prostriedky a znizenie poplatku za komunalny odpad 73 15,2
Vacsia dostupnost kontajnerov/€astejSi vyvoz vytriedeného KO 68 14,2
LepSi pristup ob&anov k triedeniu 19 4,0
LepSi pristup Statu/mesta/obce k triedeniu 16 3,3
Reklamal/viac informacii o triedenom odpade a znedistovani, priklady z inych miest/Statov 30 6,3
Zaviest vratné plastové flase a plechovky 12 2,5
Zmena legislativy a uplatnenie pokut 11 2,3
Recyklacia odpadu a jeho nasledné vyuZitie 14 29
Ni¢/neviem/bez odpovede 39 8,1
Spolu 529 -
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Na otazku ohlfadom poplatku za komunalny odpad odpovedalo 370 respondentov, pricom 330
respondentov uviedlo, ze plati poplatok na osobu a kalendarny den a 40 respondentov podla mnozstva
za 1 | odpadu (poCtu vyvozov za rok, objemu zbernej nadoby v litroch a po¢tu zbernych nadob), tak ako
je to uvedené v tabufke 8.

Tabulka 8: Druh poplatku za zneskodnovanie KO v meste/obci, ktory platia respondenti

Druh poplatku Pocet respondentov Percentualny podiel

Podfla sadzby na osobu a kalendarny den 330 89,2

Podla mnozstva za 1 | odpadu (poctu vyvozov za rok, objemu zbernej

nadoby v litroch a poétu zbernych nadob) 40 108

Spolu 370 100

Pri poplatku za KO je velmi dblezité si uvedomit, ako respondenti tento poplatok vnimaju z hladiska
vynaloZzenych penaznych prostriedkov. Z odpovedi sme zistili, Ze 59 respondentov (15,33 %), ktori
odpovedali na tuto otazku, povazuje tento poplatok za vysoky, alebo prilis vysoky. Najvacsiu skupinu
predstavuje 241 respondentov (62,6 %), ktori tento poplatok povazuju za primerany, alebo sa vyskou
poplatku za komunalny odpad nezaoberaju. Az 85 respondentov (22,07 %) povazuje poplatok za nizky
a podla nich by mal byt vys3i, alebo mohol by byt vy§si, aby sa dalo vyrieSit' viac problémov s odpadom,
pripadne ho povazZuju za nedostatoény pre optimalne rieSenie problematiky KO. Vnimanie vySky
poplatku respondentmi v kategorizacii podla pohlavia, charakteru a typu bydliska zobrazuje tabulka 9.

Tabulka 9: Vnimanie vysky poplatku za zneskodriovanie komunalneho odpadu obé¢anmi

z toho (v %)
. . . charakter .
. - Pocet Percentualny pohlavie . typ bydliska
Vnimana vyska poplatku respondentov podiel bydliska
muzi | zeny | mesto | obec | rodinny | bytovy iné
dom dom
Vysoka 59 15,33 16,03 | 14,96 | 21,25 | 11,12 14,13 18,75 0,00
Primerana 241 62,60 55,73 | 66,14 | 64,38 | 60,44 60,22 68,75 | 50,00
Nedostato¢na 85 22,07 28,24 | 18,90 | 14,37 | 28,44 25,65 12,50 | 50,00
Spolu 385 100% 100% | 100% | 100% | 100% 100% 100% | 100%
(131) | (254) | (160) | (225) | (269) (112) (4)

Rozdiely medzi muZmi aZenami su S$tatistiky bezvyznamné (y° =4,98 ap-hodnota 0,0828),
obyvatelia miest CastejSie povazuju nastavené poplatky za vysoké, obyvatelia obci CastejSie vnimaju
poplatky ako nedostatoéné (x> = 14,70 a p-hodnota 0,0006) a podobne sl vyznamné rozdiely vo
vnimani poplatkov medzi obyvatelmi rodinnych domov a bytov, ked v rodinnych domoch C&astejSie
povazuju poplatky za nizke az nedostato¢né a obyvatelia bytov naopak za vysoké, niekedy az prilis
(x* = 8,29 a p-hodnota 0,159).

Z celkového poctu respondentov percentualne podiely tych respondentov, ktori triedia jednotlivé
zlozky komunalneho odpadu su zobrazené v grafe 1. Pri zistovani, ktoré zlozky komunalneho odpadu
respondenti triedia, sme zistili, ze az 452 ob¢anov (94 %) zapojenych do prieskumu triedi plasty, 436
ob&anov (91 %) sklo, 422 obc¢anov (88 %) papier a 305 ob&anov (64 %) kovovy odpad. Len necelych
41 % respondentov triedilo biologicky rozlozitefny kuchynsky odpad. Je potrebné si uvedomit, po
oboznameni sa s motivacnymi faktormi triedenia, Ze déleZitu ulohu v Strukture najCastejSie triedenych
odpadov zohrava okrem motivacie aj dostupnost zbernych nadob a organizacia odvozu.
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Graf 1: Percentualne podiely respondentov, ktori triedia jednotlivé polozky komunalneho odpadu
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Diskusia

Podobné studie sa Castokrat zameriavaju len na suhrnné charakteristiky vyjadrujuce stav v zmysflani
a konani ob¢anov v suvislosti s produkciou a nakladanim s KO opisovany pocéetnostami, resp. podielmi
respondentov v jednotlivych kategdriach bez ohfadu na uéel a relevantnost rozdielov. Nase analyzy vSak
rozdielnosti v poCetnostiach overuju testami S&tatistickych hypotéz, aby potvrdili alebo vyvratili ich
Statisticki vyznamnost, t.j. nenahodnost rozdielov vysledkov. Tymto moézZu byt naSe zistenia
napomocné pri optimalizacii legislativy, Ci pri nasmerovani zastupcov samosprav pri segmentacii
producentov odpadov za G&elom uplatfiovania motivaénych faktorov veducich k napifianiu vyty&enych

cielov.

Na zvySenie

urovne triedenia komundalneho odpadu, v ktorej Slovenska republika zaostava za

najvyspelej§imi krajinami a eurépskym priemerom, je nevyhnutné zvySit motivaciu ob¢anov v danej
oblasti. Pre oblast nakladania s komunalnym odpadom s cielom dosiahnut zlepSenie navrhujeme
nasledovné opatrenia, ktoré vychadzaju z dotaznikového prieskumu realizovaného v ramci projektu
VEGA a dlhodobého Studia problematiky:

- zaviest' triedeny zber komunalneho odpadu vo vSetkych obciach na Slovenku, pripadne zaviest
ucinné systémy nakladania s komunalnym odpadom, ktoré by motivovali ob&anov k nizSej produkcii
zmesového komunalneho odpadu a vy3Sej urovni triedenia vSetkych zloziek komunalneho odpadu
vratane biologicky rozlozZitefnych odpadov,

- na narodnej urovni pre efektivnejSie nakladanie s komunalnym odpadom navrhujeme prijat
legislativne opatrenia tykajuce sa novely zakona o odpadoch a predovSetkym zakona o miestnych
daniach a poplatkoch, aby umoziovali upravu vSeobecne zavaznych nariadeni prijimanych
mestami a obcami v podobe, ktora umozni platit nizSie poplatky pre tych obcanov, ktori triedia
komunalny odpad alebo ich inak finanéne motivovat,

- zavedenie systému zalohovania PET flia§ a plechoviek v SR,

- podporovat

vzdelavanie aosvetu v oblasti nakladania s komunalnym odpadom, ¢&i uz

v samosprave, pre Siroku verejnost, alebo na jednotlivych stuprioch Skol.
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Slovenské mesta aobce boli povinné od 1.1.2010 zaviest separovany zber Styroch zloZiek
komunalneho odpadu: papier, plasty, sklo a kovy.”® Napriek tomuto faktu, ktory upravoval star$i zakon
o odpadoch, vysledky nasho prieskumu poukazuju na skutoénost, Zze 1,7 % respondentov sa vyjadrilo,
Ze v ich obci nie je ani v roku 2018 zavedeny triedeny zber komunalneho odpadu. Tento stav potvrdzuju
aj zistenia Slovenského $tatistického uradu®, podla ktorého vroku 2017 materidlovo zhodnocovalo
komunalny odpad 99,48 % obci, priCom najhorSia situacia bola v Nitrianskom kraji s hodnotou 98,59 %,
¢o poukazuje na skutoénost, Ze triedeny zber nie je zavedeny vo v3etkych samospravach Slovenska.

V jednotlivych samospravach je doélezité zaviest spravny motivaény systém. Skisenosti z Ceskej
republiky prezentuju zisteny velky rozdiel v triedeni odpadu medzi domacnostami a obcami, u ktorych je
zavedeny systém poplatkov PAYT (Pay-As-You-Throw) a medzi tymi, u ktorych tento systém zavedeny
nie je. V obciach a domacnostiach, ktoré maju dany systém PAYT zavedeny, ob&ania vytriedia viac
odpadu a produkuju menej zostatkového odpadu. Naopak v obciach a domacnostiach, kde tento systém
nemaju, ob&ania triedia menej.?®  Podobny nazor maju viaceri autori, ktori upozorfiuji na moznost
dosiahnutia niz$ej produkcie odpadu jeho mnozstvovym spoplatnenim.?® ° Na Slovensku je v stlade so
zakonom o odpadoch zavedeny v mnohych obciach mnozZstvovy zber komunalneho odpadu, ako to
umoziiuje § 81 (ods. 10) zakona o odpadoch v aktualnom zneni.* *

Vaznost nakladania s komunalnym odpadom si uvedomuiju aj v Ceskej republike, kde uz v suéasne
platnom zakone o odpadoch je stanovené, Ze na skladky je od roku 2024 zakazané ukladat zmesovy
komunalny odpad a recyklovatelné a vyuziteIné odpady ustanovené vykonavacim pravnym predpisom,
hoci EU planuje zakazat skladkovania vyuzitelnych odpadov aZ od roku 2030. Teraz je doleZité véas na
tuto skutoCnost zareagovat a zabezpelit efektivne a kapacitne dostatoCnu infradtrukturu pre
spracovanie odpadov odklonenych zo skladkovania, ktora zaujme potencialnych investorov a bude
odbornou aj obdiansku verejnostou akceptovatelna.* V tejto suvislosti mézu mat velky vyznam aj
efektivne instruktazne navrhy, intelektualny rozvoj a inovacie, ktoré su v zasade zalozené na vyskume
a artefaktoch.®

Ministerstvo zivotného prostredia SR uz koncom roka 2015 upozorfiovalo, ze Slovensko nesplini
platny recyklacny ciel pre rok 2020, ktorym je recyklacia 50 % komunalnych odpadov. V roku 2015 sa aj
napriek snahe ministerstva podarilo dosiahnut len 14,9 % recyklacie komunalnych odpadov. V dalSich
rokoch mézeme sledovat’ len miernu uroven zlepsenia.

Tento negativny stav chce aspon trochu zmiernit zakonom o vysSich poplatkoch za uloZenie
odpadov, ktory vstupil do platnosti od roku 2019. Zakon je navrhnuty tak, aby obce motivoval
k maximalnemu triedeniu komunalneho odpadu, to znamena ,&im viac triedi§, tym menej platis“.*" * Pre
porovnanie vySka poplatku za uloZenie odpadu na skladku odpadov pri deklarovani 5 vytriedenych
zloZiek odpadu bola do roku 2018 4,98 €.t. V roku 2019 sa bude za uloZenie komunalneho odpadu na
skladku platit poplatok pri Grovni triedenia pod 10 % 11 €.t*, priiom tento poplatok narastie pri tejto
drovni triedenia az na 33 €.t od roku 2021. Pri Grovni viac ako 60 % vytriedeného komunalneho odpadu
je pre rok 2019 poplatok 7 €.t" a do roku 2021 narastie na 11 €.t™.

Tato pravna uUprava ale neumozfiuje priamu finanéni motivaciu ob&anov, ktord by mohla byt
zapracovana do vSeobecne zavaznych nariadeni miest aobci. V suCasnosti je tato moznost
v Slovenskych podmienkach mozna len komplikovanym spésobom prostrednictvom uplatnenia § 82
ods. (3) ,Obec méze na zaklade Ziadosti poplatnika na zmiernenie alebo odstranenie tvrdosti zakona
vyrubeny poplatok znizit' alebo odpustit rozhodnutim.“**
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Zaver

Na zaklade dotaznikového prieskumu ajeho vyhodnotenia vramci rieSenia projektu sme zistili
vysledky, z ktorych vyberame najdélezitejSie zistenia:

- vacsina respondentov sa zaujima o su€asnost a buducnost zivotného prostredia, pricom intenzita
zaujmu i nezaujmu je viac vystupfiovana u muzov ako u Zien;

- kvalita Zivotného prostredia je najCastejSie hodnotena ako priemerna, CastejSie su vdak
spokojnejsi muzi a obyvatelia vidieka;

- minimalizovat produkciu KO sa snaZzi 88,5 % respondentov; pricom CastejSie sa takéto spravanie
vyskytuje na vidieku a v rodinnych domoch v porovnani s mestami a bytovymi domami;

- iba 96,4 % respondentov uviedlo, Ze v mieste bydliska je organizovany triedeny zber KO. Aj keby
bol v mieste bydliska organizovany triedeny zber KO, a ob&ania o iom nevedeli, jeho absencia,
ako aj absencia zberu len niektorej zloZky triedeného KO, predstavuje potencialny demotivaény
faktor €i bariéru pre minimalizovanie zmesového KO;

- hoci ob¢ania deklaruju v priemere nizSiu uroven motivacie k triedeniu, napriek tomu sa podielaju
na triedeni intenzivnejSie, ako by sa podla urovne motivacie dalo oCakavat;

- najdllezitejSie faktory motivacie su snaha o zlepSenie Zivotného prostredia, otadzka financii,
dostupnost kontajnerov a CastejSi vyvoz vytriedenych zloZiek komunalneho odpadu;

- poplatok za komunalny odpad je takmer pre dve tretiny respondentov primerany a takmer 22 %
respondentov by akceptovalo aj vy3Si poplatok na rieSenie problémov v nakladani s KO;

-z analyzovanych komodit sa respondenti naj¢astejSie zapajaju do triedenia plastov (94 %), skla
(91 %), papiera (88 %) avyznamné je aj triedenie kovovych odpadov (64 %). Len 41 %
respondentov triedi biologicky rozlozitelny kuchynsky odpad. Dolezitu ulohu v Strukture
najCastejSie triedenych odpadov zohrava okrem motivacie aj dostupnost zbernych nadob
a organizacia odvozu.

Za najddlezZitejSie opatrenia zamerané na zvySenie urovne triedenia komunalneho odpadu a znizenie
mnoZstva skladkovaného odpadu vyplyvajuce 2z dotaznika idlhodobého $tudia problematiky
povazujeme:

- zaviest triedeny zber komunalneho odpadu v sulade s legislativou i odporucaniami Europskej
komisie vo v8etkych obciach na Slovensku, pripadne zaviest ucinné systémy nakladania s
komunalnym odpadom aj vo vazbe na biologicky rozlozitelny odpad,

- prijat legislativne opatrenia umozniujuce finan¢ne motivovat ob&anov ku triedeniu komunalneho
odpadu, ako aj

- zavedenie systému zalohovania PET flia§ a plechoviek v Slovenskej republike,

- zvysit osvetu o potrebe triedenia KO zo strany Ministerstva Zivotného prostredia SR, obci, ako aj
Organizacii zodpovednosti vyrobcov.

Verime, Ze prijatie tychto opatreni pomoZze k zlepSeniu v oblasti nakladania s komunalnym odpadom
v Slovenskej republike a k priblizeniu sa k stanovenym cielom uloZzenym v tejto oblasti pre Slovensko.
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Motivation of citizens of the Slovak Republic to separate municipal waste
Michal STRICIK, Monika BACOVA, Monika CONKOVA

Faculty of Business Econimics of the University of Econimics in Bratislava with seat in KoSice,
Tajovského 13, 041 30 KoSice, Slovakia

Summary

The paper evaluates the attitudes and activities of citizens regarding the perception of environmental
issues and the management of municipal waste, focusing on the factors of motivation and involvement in
the field of sorting and management of municipal waste. It also analyzes the impact of citizens' belonging
to different categories on the attitudes and activities of respondents in order to distinguish segments of
citizens with characteristic thinking and behavior, for which an incentive campaign, management or
legislative specifications can be individually tailored. Based on the results of a questionnaire survey
conducted in 2018 within the Slovak Republic and a long-term study of the issue, we propose relevant
measures that would contribute to a gradual reduction of municipal waste generation and intensify the
level of its sorting. Among the most important factors, according to the survey, that motivate citizens to
a higher level of municipal waste separation, are especially education and training in this area, legislative
sanctions for those who do not sort municipal waste and financial motivation of those who separate
municipal waste.

Keywords: waste recovery, municipal waste sorting, sustainable development, citizens' motivation

Poznamka redakce (hlavné) pro étenare z Ceské a Slovenské republiky:

Autofi ¢lanku nékteré pripominky recenzentu pfijali a ¢lanek upravili a doplnili o dalSi informace.
Nicméné s nékterymi uvedenymi tvrzenimi a doporu€enimi jeden z recenzentl nadale nesouhlasi. Tyka
se to zejména ucinnosti systémud PAYT a zavedeni zalohového systému pro PET lahve a napojové
plechovky.

Vzhledem k tomu, Ze se na toto téma vedou jiz dlouho odborné diskuse, rozhodl jsem se pfispévek
presto zaradit a doplnit jej citaci z recenzentova vyjadieni:

»-.-Doporuceni vazat tyto systemy (systémy PAYT) na mnoZstvi produkovanych vytfidénych odpadd,
resp. podil vytridénych odpadi z domacnosti, neni vhodné. Ze zkusenosti v CR i v zahraniCi vyplyva, Ze
finanéni motivace pro obyvatele je funkéni pravé ve vazbé na omezeni produkce smésnych KO (zde je
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ale potreba zajistit kontrolovatelnou aplikaci motivacniho systému), ale nema Zadny zasadni vliv na
zvySeni produkce vytridénych vyuzitelnych odpadd. Jednak to muize vést k tomu, Ze néktefi obcané
Vv enormni snaze ziskat slevu/odménu do ,svych” vytfidénych odpadd dodavaji i odpady premisténé
z vefejné sbhérné sité nebo jinych zdroju. DalSim aspektem je, Ze systém zaloZzeny na mnoZstvi
vytfidénych slozek popira princip predchazeni vzniku odpadi. Domacnosti, které produkuji pouze
minimum odpadd, nevytfidi dostate¢né mnozstvi k ziskani slevy/odmény. Dal§im aspektem jakychkoliv
motivadnich systém( zustévé fakt, Ze poplatky (alespori v CR) za odpad jsou tak nizké, Ze se pfipadna
odména/sleva pohybuje v fadech desetikorun max. stokorun rocné, coz je pii béznych nékladech na
Zivot domacnosti zcela zanedbatelné. Na druhé strané zavedeni motivacnich financnich systému vzdy
zatizi celkové naklady na OH obce.

Stejné tak nelze souhlasit s doporu¢enim na zavedeni zalohovych systému sbéru PET lahvi
a plechovek. Sam autor souhlasi s tim, Ze je to otazka na Sirsi diskuzi, presto ale v ¢lanku dal prezentuje
nazor respondent( za vyznamné doporuceni pro tpravu slovenského odpadového hospodarstvi...”

Autor vy8e uvedenou vytku komentoval takto:

,Na rozdiel od Ceskej republiky v studasnosti na Slovensku nie je mozné finanéne motivovat tych,
ktori st na zacCiatku celého retazca produkcie komunalneho odpadu (napriklad nizsi poplatok)...”

Séfredaktor
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