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Uvodni slovo Séfredaktora

Vazeni ¢tenari,
mate pred sebou letosni treti ¢islo toho ¢asopisu se
sedmi prispévky. Kazdy rok jsem rad, kdyz mam toto
Cislo hotové, protoze kvili prazdninam a dovolenym
byva zajisténi recenzi i nasledné ¢innosti
komplikovanéjsi, nez u ostatnich c¢isel. Nicméné konec
dobry, vSechno dobré.

Patronem tohoto cisla je opét symposium
ODPADOVE FORUM 2025, které mé letos tfi hlavni
témata: ODPADY ZE A PRO STAVEBNICTVI, ODPADNI
TEXTIL a OEEZ A ELEKTROPRUMYSL. Na konci éisla je

: uveden jeho program, pro pripad, Ze by se chtél nékdo
dodatecné prihlasit. Oficialni termin byl sice 15. 9. 2025, ale je mozné se prihlasit i po
tomto datu, jen vam jiz nebudeme moci garantovat poZadované ubytovani, neb rezervace
celé kapacity hotelt k tomuto datu konci.

Rovnou si zde dovolim véechny pozvat na dal$i roénik symposia ODPADOVE FORUM
2026, ktery se bude konat jiz 24. az 26. 3. 2026 a opét v Hustopecich. Chceme se vratit
k puvodnimu a osvéd¢enému jarnimu terminu, ktery jsme kvili covidu pred ¢asem
opustili. Zvyraznénymi tématy budou: AKTUALNi PROJEKTY: ODPADY — VODA —
OVDUSI; VEDLEJSi PRODUKTY Z POTRAVINARSTVIi; ODPADY Z RECYKLACE A VYROBY

k pripravovanému roc¢niku jiz brzy najdete na www.tvip.cz.

Ondfrej Prochazka

Editorial

Dear readers,

The patron of this issue is the Czech-Slovak symposium WASTE FORUM 2025, which
this year has three main topics: WASTE FROM AND FOR CONSTRUCTION, WASTE
TEXTILE and WEEE AND ELECTRICAL INDUSTRY. Its program is listed at the end of the
iIssue.

The next year of the symposium WASTE FORUM 2026 will be held from 24 to 26
March 2026 and again in Hustopece near Brno. The highlighted topics will be: CURRENT
PROJECTS: WASTE — WATER - AIR; BY-PRODUCTS FROM THE FOOD INDUSTRY;
WASTE FROM RECYCLING AND AUTOMOTIVE PRODUCTION and RADIOACTIVE AND
PROBLEM WASTE. More detailed information about the upcoming year will soon be
available at www.tvip.cz.

The main language of the symposium is Czech and Slovak, but participants from
abroad are welcome. Lectures or posters in English are possible, but the organizers do
not provide simultaneous translation or interpretation.

Regards
Ondrej Prochazka
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Pro autory

WASTE FORUM je Casopis urCeny pro publikovani plvodnich védeckych praci souvisejicich
s primyslovou 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 Cdisla jsou zvefejiiovana na volné pfistupnych internetovych strankach
www.WasteForum.cz.

Do redakce se pfispévky zasilaji v kompletné zalomené podobé se zabudovanymi obrazky
a tabulkami, tak zvané ,,printer-ready”. Pokyny k obsahovému c&lenéni a grafické upravé prispévku
spolu s pfimo pouzitelnou Sablonou grafické upravy ve WORDu jsou uvedeny na www-strankach
Casopisu v sekci Pro_autory. Ve snaze dale rozSifovat okruh moznych recenzentl 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 C€asopisu neni nikym dotované. Proto, abychom pfijmové pokryli naklady spojené
s vydavanim Casopisu, vybirame publikaéni poplatek ve vysi 1000 K¢ za kazdou stranku (bez DPH).
V pfipadé nepublikovani pfispévku v disledku negativniho vysledku recenzniho fizeni je tato Castka
poloviéni.

Uzdvérka nejblizsiho ¢isla ¢asopisu WASTE FORUM je 8. fijna 2025, dalsi pak 8. ledna 2026.

For authors

WASTE FORUM is an open access 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. Papers submitted for
publication must be the author's own work and may not have been previously published
elsewhere or sent to another publisher at the same time. For more, see Publication Ethics.

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. The paper, if it is of good quality and passes the review, is published no
later than 10 weeks after the editorial deadline.

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.

Publication of the journal is not subsidized by anyone. Therefore, in order to cover the costs
associated with publishing the magazine, we charge a publication fee of CZK 1,000 or 50 USD per page
(excluding VAT). If the contribution is not published due to a negative result of the review process, this
amount is halved.

The deadline of the next issue is on October 8, 2025, more on January 8, 2026.
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Waste hierarchy as an obstacle for transition to circular
economy

Jan JENCO" ?, Michaela HLETKOVA PLOSZEKOVA?®

! Faculty of Law, Charles University, Department of Environmental Law, nam.
Curieovych 901/7, 116 40 Praha 1, Czech Republic,

e-mail: jan.jenco@volkswagen.sk

2 Automotive Industry Association of the Slovak Republic, Lamacska cesta
6353/3C, 841 04 Bratislava, Slovakia,

e-mail: jan.jenco@volkswagen.sk, michaela.hletkova.ploszekova@volkswagen.sk

Summary

This paper examines the legislative challenges of implementing principles of the circular economy
within the legal boundaries set by the European Union’s Waste Directive, with a specific focus on its
transposition into Slovak national law. The current waste hierarchy, as outlined by the EU, prioritizes
waste management strategies that do not fully integrate the comprehensive “R strategy” elements such
as reusing, repairing, refurbishing, remanufacturing, and repurposing. This oversight perpetuates a linear
economy model, inadvertently encouraging waste generation rather than promoting circular models that
extend the life span of products and materials. Through a detailed analysis of Slovak legislative
measures and their alignment with the European Union’s Waste directive, this paper highlights the gaps
and inconsistencies that hinder the transition to a circular economy. The findings suggest that a re-
evaluation of the definitions used in waste hierarchy characteristics is essential to incorporate
comprehensive R strategies elements effectively, thereby fostering a more sustainable and circular
economic model. Recommendations for policy adjustments are proposed to better support the circular
economy principles and reduce waste generation at its source.

Keywords: Circular economy, Waste hierarchy, European Green Deal.

Introduction

Since environmental protection is one of the most harmonized fields within the secondary legislation
of the EU, the EU institutions are the key players in formulating the legal instruments regulating both
conservation and industrial production. The transition from linear to circular economic models is crucial
for sustainable development, as it minimizes waste, maximizes resource efficiency, reduce greenhouse
gas emissions, and promotes long-term environmental and economic resilience. Circular economy is
a key element in many recent strategic documents adopted by the EU, namely the first circular economy
action plan titled Closing the Loop: An EU Action Plan for the Circular Economy* (hereinafter referred to
as “CEAP 1”) adopted in 2015, the European Green Deal® (hereinafter referred to as “EGD”) first
presented in 2019 and then finalized in 2020, A New Circular Economy Action Plan for a cleaner and
more competitive Europe®, which was adopted in 2020, and the Clean Industrial Deal® (hereinafter
referred to as “CID”), which was introduced in 2025.

These policy documents, mainly CEAP 1, in 2018 transpired into legislative changes, six EU waste
directives were amended in a manner proposed in 2015, namely:

a) Directive 94/62/EC on packaging and packaging waste,

b) Directive 1999/31/EC on the landfill of waste,

c) Directive 2000/53/EC on end-of-life vehicles,

d) Directive 2006/66/EC on batteries and accumulators and waste batteries and accumulators,
e) Directive 2008/98/EC on waste (hereinafter referred to as “the Waste Directive”),

f) Directive 2012/19/EU on waste electrical and electronic equipment®.
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Moreover, the EGD has introduced a comprehensive set of new or significantly revised legislative
measures aimed at strengthening environmental protection while enabling an effective green and digital
transformation of industry in response to the growing threats of Climate change. Considering the EGD as
a growth strategy that aims to transform the EU into a fair and prosperous society with a modern,
resource-efficient, and competitive economy; and achieve zero greenhouse gas emissions by 2050°, the
EGD emphasizes the importance of designing products that are durable, repairable, and recyclable. The
EGD represents a transformative framework that supports both carbon neutrality and the development of
a sustainable circular economy. This approach seeks to extend product life cycles, reduce waste, and
minimize resource consumption by promoting processes that retain materials within the EU economy for
as long as possible. To achieve these goals, the EGD calls for a fundamental rethinking of production
and consumption patterns, aiming to establish closed-loop circular systems. These systems not only
reduce the carbon footprint of products and services but also contribute to overall environmental
sustainability. Empowering consumers and public buyers with the tools and information necessary to
make sustainable choices is a central component of the EGD, as it helps stimulate demand for
environmentally responsible products and services. The EGD prioritizes sectors with significant
environmental impacts, including electronics, batteries, packaging, plastics, textiles, construction, and
food. By focusing on these areas, the EU aims to achieve substantial reductions in resource use and
waste generation. Through the establishment of high standards and the promotion of sustainable
practices, the EGD positions the EU as a global leader in the transition to a circular economy. These
efforts are integral to achieving broader EU objectives, such as climate neutrality, halting biodiversity
loss, and increasing circularity. Ultimately, the EGD embodies a holistic approach to sustainability, which
is expected to be reflected in future legal instruments.

Regarding EGD, in order to promote circular economy and sustainable industry, several legislations
were adopted, namely:

a) Regulation 2020/852/EU on the establishment of a framework to facilitate sustainable investment,
and amending Regulation 2019/2088/EU (known as the EU Taxonomy),

b) Directive 2022/2464/EU amending Regulation (EU) No 537/2014, Directive 2004/109/EC,
Directive 2006/43/EC and Directive 2013/34/EU, as regards corporate sustainability reporting
(known as the CSRD),

c) Regulation 2023/1542/EU concerning batteries and waste batteries (hereinafter referred to as
“the Battery Regulation”),

d) Regulation 2024/573/EU on fluorinated greenhouse gases, amending Directive (EU) 2019/1937
and repealing Regulation (EU) 517/2014 (hereinafter referred to as “the F-gas Regulation”),

e) Directive 2024/1785/EU on industrial emissions (integrated pollution prevention and control) and
Council Directive 1999/31/EC on the landfill of waste (known as the IED 2.0),

f) Regulation 2025/40/EU on packaging and packaging waste, amending Regulation 2019/904, and
repealing Directive 94/62/EC (known as the PPWR).

The regulatory landscape has become increasingly complex, particularly due to the broad range of
legal instruments introduced under the REACH framework (Registration, Evaluation, Authorisation and
Restriction of Chemicals). In general, the principles—or even explicit requirements—of circularity are
now embedded in nearly every new regulation or directive adopted within the framework of the EGD.

Particular attention to the promotion of circular economy objectives has been given through CID.
Although CID is a relatively recent EU initiative and has not yet resulted in major legislative changes, it is
expected to play a pivotal role in advancing circular economy principles. One of its key aims is to support
secure access to critical raw materials, reduce industrial emissions, and ultimately lead to the adoption of
a comprehensive Circular Economy Act by 2026. This legislative milestone is intended to strengthen the
competitiveness of the European economy while reinforcing its sustainability and climate goals.

Nevertheless, recent strategic and legislative changes on the EU level that intensively emphasize
circular economy may be relatively new, the idea of circular economy and its principles has been around
much longer and during that time it kept constantly evolving closely following technological development
and even overtaking legal instruments securing efficient waste management. So-called waste
management “R-strategies” were invented and are well known by the general public since the late 20™
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century’. Starting with the basic “3-R strategy” representing the reduce-reuse-recycle idea, this
strategy sets grounds for circularity by cutting back the amount of waste, finding new use for unwanted
things and eventually turning something useless into something useful. This strategy was later extended
to “5-R strategy” by adding refuse at the very beginning and reform as the second to last option in waste
management establishing a space for not creating any waste at all and later in the life cycle of a product
acknowledging its other opportunities to still be useful, generally known as refuse-reduce-reuse-
reform-recycle idea. However latest “10-R strategy”® represents, as far as industrial production is
concerned, a highly appreciated approach, which distinguishes short, medium and long loops in circular
economy implementing refusing, rethinking and reducing within the early “design” phase of products
that focus on the beginning of the life cycle of products. Medium loops involve reusing, repairing,
refurbishing, remanufacturing, and repurposing products that do not necessarily have to be
considered a waste within their mid-life cycle. Long loops focus on recycling and recovering materials
from products that finally may be considered being at their end-of-life phase thus becoming waste.
Schematic explanation of the “10-R strategy” is depicted in Figure 1.

Circular
Eccnamy RO Refuse Prevent the use of products and raw materials in W
+ Design phase the creation of goods, processes, and services g
« Most sustainable o
Ve R1 Rethink Reconsider ownership, use, and maintainence -
S PIONSIDE of products E
and maniufz o
-
[44]
Secondary use of products by another owner
for the same intended purpose
Maintain and repair existing products =
for extended use g
» Consumption phase c
« Optimal use Restore and improve products to a satisfactory =
« Preserve and extend condition for extended use —
life of products 8
Make more products with the same purpose B
with discarded products or parts
Make new products with a different purpose
R7R 4
SERCaS with discarded products or parts
E of-lifa = R8 Recycle Process waste into new products or materials §
or return phase that can be used for new products @
= Caplure and retain value S
* Use waste as a resource '?EEJ" RO Recover Process waste to recover energy ﬁ
» Loss of resources .
Linear « Value Iost E.v;’{-. Landfill or Incineration Mot utilising end-of-life materials in any way
E e - i —
Economy « Environmental pollutio
v

Figure 1: Schematic depiction of the “10-R strategy ’*.

There are many sources regarding waste management legislation, however, the lack of relevant legal
literature on the circular economy must be underscored®. This article draws from the most recent papers
on the circular economy published in legal journals, internet resources, non-legislative documents of the
EU and existing legislation adopted on European and national level mentioned in the references part.
Using doctrinal research methods and legal comparison, the authors articulate their perspective on an
existing research gap regarding legal definitions used within the waste hierarchy.
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Results and discussion

Waste by its legal definition is any substance or object which the holder discards or intends or is
required to discard by this or any other act®. Paragraph 1 of Article 4 of the Waste directive defines the
waste hierarchy as a set of priorities, that shall be applied in waste management and policy as follows:

a) prevention,

b) preparing for re-use,
c) recycling,

d) other recovery, and
e) disposal.

For the purposes of this article, it must be explained, that the waste hierarchy sets up a prioritized
order of activities that shall be applied to ensure as long life cycle of a product as possible in order to
prevent its transformation into a waste or eventually secure its as useful as possible application. The
waste hierarchy based upon the Waste directive is transposed into Slovak national legislation through
subsection 1 of section 4 of the act no. 79/2015 Coll. on Waste and on Amendments of Certain Laws, as
amended (hereinafter referred to as ,the Act on Waste®). Prevention, placed on the top of the waste
hierarchy as the most important step, is defined as measures taken before a substance, material or
product has become waste, that reduce:

a) the quantity of waste, including through the re-use of products or the extension of the life span of
products;

b) the adverse impacts of the generated waste on the environment and human health; or

c) the content of harmful substances in materials and products™.

Preparing for re-use means checking, cleaning or repairing recovery operations, by which products
or components of products that have become waste are prepared so that they can be reused without any
other pre-processing™.

Recycling means any recovery operation by which waste materials are reprocessed into products,
materials or substances whether for the original or other purposes, if the other provisions of the Act on
Waste do not stipulate otherwise; recycling includes the reprocessing of organic material. Recycling
does not include energy recovery and the reprocessing into materials that are to be used as fuels or for
backfilling operations™*.

Other recovery means any operation the principal result of which is waste serving a useful purpose
by replacing other materials in production activities or in the wider economy, or ensuring the readiness of
waste to fulfill this function; the list of waste recovery activities is given in Annex no. 1 to the Act on
Waste™.

Disposal means any operation which is not recovery even where the operation has as a secondary
conseqguence the reclamation of substances or energy. Annex no. 2 of the Act on Waste sets out a non-
exhaustive list of disposal operations™.

All of the abovementioned definitions streamline the waste hierarchy into five levels, of which only the
first one is about a “non-waste” meaning the phase before a substance, material or product has become
waste, whereas all the following levels are regarding the “waste” phase. Such a hierarchy and strict legal
definitions only hardly allow the recognition of the short and medium loops of the 10-R strategy to be
applied, because these loops are focusing on the early and middle life cycle before a substance, material
or product becomes a waste. Such a comparison between waste hierarchy and the use of non-waste
and waste within its levels is depicted in Figure 2.

The transition towards the circular economy necessitates the recognition of medium circularity loops
in the treatment and processing of products which did not reach their end-of-life i.e. waste phase,
particularly in the context of commercial relationships and compliance with cross-border transport
regulations™ *°. Addressing these systematic and legal challenges is essential for establishing a fully
operational circular economy aligned with the principles of sustainable resource management.
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PREPARING FOR RE-USE

RECYCLING

RECOVERY

DISPOSAL

Figure 2: Waste hierarchy compared with non-waste and waste applications™.

Recently adopted regulations present circularity in a broader and more nuanced framework,
particularly the F-gas Regulation and the Battery Regulation. These legal instruments not only
emphasize measures to prevent the generation of waste but also detail specific processes and actions
for achieving this objective. As regulations, they are directly applicable and legally binding across all EU
Member States, introducing uniformity in their enforcement. However, these new legislative requirements
are at bad odds with the provisions currently outlined in the Waste Directive and subsequently in the Act
on Waste. This divergence highlights critical discrepancies that need reconciliation.

Furthermore, the innovative approaches embodied in these two regulations represent a pivotal
evolution in the interpretation of circularity principles, establishing concrete steps for the systemic
transformation of processes. Consequently, they serve as a benchmark and inspiration for revising other
waste management legislative acts to align with the enhanced understanding of circular economy
objectives and practices. Addressing these inconsistencies and adopting best practices from these
regulations is crucial for fostering coherent and effective framewaorks that support sustainability across
Europe.

The Battery Regulation sets mandatory recycled content targets for materials like cobalt, lead, lithium,
and nickel. This aims to promote the recovery of these materials from waste, supporting the circular
economy. Furthermore the regulation addresses the entire lifecycle of batteries, including end-of-life
management, to support recycling markets and the use of secondary raw materials and also introduces
whole new spectrum of activities for handling with used batteries, not necessarily those that shall be
considered waste, such as preparation for repurposing, repurposing and remanufacturing®’ which once
again broadly oversteps common definitions of waste management hierarchy.

F-Gas Regulation emphasizes the recovery, recycling, and reclamation of fluorinated greenhouse
gases as a key application of circular economy principles. This includes provisions for the recovery of
substances from products and equipment to prevent emissions and maximize the reduction of
emissions®®. Particularly paragraph 12 of article 3 of the F-gas regulation with its definition of recycling as
re-use of a recovered fluorinated greenhouse gas following a basic cleaning process, including filtering
and drying'® oversteps first three priorities of the waste management hierarchy meaning that recycling of
fluorinated greenhouse gas, based on the actual methods of recycling put in use, may be considered not
only just as a prevention but as well as preparation for re-use and recycling according to the definitions
used in the Waste Directive and subsequently in the Act on Waste.
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Conclusion

Considering the fundamental requirements of the EGD for material circularity, it brings new
opportunities to the EU economy through the circular use of resources. It is essential to note that the use
of such materials is expected to significantly reduce greenhouse gas emissions, contributing to carbon
neutrality. Concurrently, EU legislation motivates manufacturers to utilize materials from circular cycles
instead of raw natural resources. Therefore, it is crucial to support the implementation of practical
procedures and legal instruments to achieve the overall concept of circular economy realistically.

If there is a demand for circular materials and the gradual implementation of new technologies allows
for greater variability of input materials in production processes, these potentials within the EU should
not be wasted due to the lack of a sufficient legislative framework that acknowledges the value of
circularity and promotes sustainable thinking.

Waste undoubtedly represents a significant risk to the environment. Strict rules had to be applied to
prevent the pollution and threats caused by improper handling of waste. This approach is clearly
depicted in waste management legislation such as the Waste Directive and its national transposing laws,
which in Slovakia is the Act on Waste. However, the legal instruments of waste management can by
their rigidity prevent an effective implementation of circular economy principles into relevant legal
systems, because circular economy by its definition seeks further use for products after their original
purpose is fulfiled and does not see them as a waste, which is in contrary to the waste hierarchy. The
waste hierarchy in its second most preferable priority “preparing for re-use” does not allow any checking,
cleaning or repairing of a substance, material or product that is not a waste, thus pushing the whole
industrial production system into creating waste even though its original form may still be an object of
reusing, repairing, refurbishing, remanufacturing or repurposing.

The waste prevention, as a top priority of the waste hierarchy defines as one its measures the
extension of the life span of products. This follows both from the Waste Directive and the Slovak Act on
Waste. However, the term “extension of product life span” is not defined in either the directive or the
national law, and for this reason as one of the key conceptual changes supporting the transition towards
the circular economy shall be the legal definition of the extension of a product’s life span. The definition
shall encompass activities related to the inspection, cleaning, repair, renovation, refurbishment, or
repurposing of a used product or part of an unused product that has not become waste, and whose
result is that the product or its unused part is used for the same purpose or has the same or a similar
application as originally intended. The definitional features shall be designed to non-discriminatorily
include relevant activities, while also setting the objective of such activities: to achieve the same
intended use or function as the original new product, thereby preventing the generation of waste.

Small steps towards recognition of circularity of products before their end-of-life i.e. waste phase may
be visible in the Battery Regulation which recognizes repurposing and remanufacturing as operations
that do not necessarily must concern waste batteries and may be understood as a mere re-use. The F-
gas Regulation also introduces new approach which offers rather wide interpretation overstepping
commonly known definitions of the waste management hierarchy priorities. The existence of such
a definition would narrow the legislative gap between the first priority and the second priority of waste
management hierarchy and would significantly contribute to reducing waste generation, which is
currently a key requirement for industrial operations. At the same time, it would harmonize the various
possible interpretations of the Waste Directive with the Battery Regulation and the Regulation on
Fluorinated Gases, thereby bringing a higher degree of legal certainty to the business environment.

Additionally, and specifically for the automotive industry, which is a key industrial sector not only
within the EU but especially in the context of Slovakia, the proposed changes appear to be a suitable
starting point for meeting the requirements arising from the BAT conclusions for surface treatment using
organic solvents'®. For example, BAT 24 sets an indicative level for the quantity of waste generated per
coated vehicle sent off the site. At the same time, BAT 22, which defines techniques for reducing the
gquantity of waste sent for disposal, establishes the use of a waste management plan as a mandatory
technique. This plan should include among the other things the optimization of re-use, regeneration
and/or recycling of waste. One of the optional techniques listed in BAT 22 is the recovery and/or
recycling of solvents from liquid waste by filtration or distillation, either on site or off site.
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In cases where the operator aims to reduce the amount of waste by reusing the solvent, due to the
high quality standards required in vehicle manufacturing, this is not possible without at least inspecting
and cleaning the used solvent. Under the current legislative setup, the used solvent must necessarily be
classified as waste in order to undergo preparing for re-use. However, if operators could rely on a clear
definition of extension of product life span, and thus subject the used solvent to inspection and cleaning
without the need to classify it as waste, this would significantly contribute to meeting the requirements of
BAT 24 and reduce waste generation and contribute towards the application of circular economy
principles.

Even though it is clear that harmonized EU legislation which is a base for national laws is recognizing
the importance of a circular economy, the revision of definitions of the waste hierarchy priorities, as we
know them, is required and has not happened yet even though it is now needed more than ever.
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Suhrn

Tento prispevok sa zaobera legislativnymi vyzvami implementacie principov obehového
hospodarstva v pravnom ramci stanovenom smernicou Eurdpskej Unie o odpade s osobitnym
zameranim na jej transpoziciu do slovenského narodného prava. Sucasna hierarchia odpadového
hospodérstva, ako ju upravuje legislativa EU, uprednostriuje stratégie odpadového hospodarstva, ktoré
plne nezahfriaju komplexné prvky R stratégii®, ako je opétovné pouZitie, oprava, renovacia, repasovanie
a zmena ucelu (z angl. reusing, repairing, refurbishing, remanufacturing, and repurposing). Takéto
nazeranie zachovava model linearnej ekonomiky, ktory neumyselne podporuje tvorbu odpadu namiesto
podpory obehovych modelov, ktoré predlzuju Zivotny cyklus produktov a materialov. Prostrednictvom
podrobnej analyzy slovenskych legislativnych opatreni a ich zosuladenia so smernicou o odpadoch tento
prispevok poukazuje na medzery a nezrovnalosti, ktoré brania prechodu na obehové hospodarstvo.
Zistenia naznacuju, Ze prehodnotenie definicii pouZzivanych v popise hierarchie odpadového
hospodarstva je nevyhnutné na GcCinné zaclenenie prvkov komplexnych R stratégii, ¢im sa podpori
udrZatelnejsi a obehovy ekonomicky model. Navrhuju sa odporucania na tpravy politiky s ciefom lepSie
podporit principy obehového hospodarstva a znizit tvorbu odpadu pri jeho zdroji.

Klucéové slova: Obehové hospodarstvo, Hierarchia odpadového hospodarstva, Eurépska zelena
dohoda.
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Abstract

This article analyzes the differences between the linear and circular economy, focusing on their impact on
the product life cycle. It explores how each of these economic models influences the environmental and
economic aspects of the product cycle, emphasizing the stages of production, use, and disposal. The linear
economy, based on the traditional "take-make-dispose” model, often leads to resource depletion and
environmental harm, with limited opportunities for material reuse and recycling. In contrast, the circular
economy prioritizes resource efficiency, waste reduction, and the reuse of materials, aiming to close material
loops and promote sustainability throughout the product life cycle. The article compares the advantages and
disadvantages of both models, assessing their implications for environmental conservation and economic
sustainability. Through a SWOT analysis, the study identifies the strengths of the circular economy, such as
its potential for reducing waste, creating new job opportunities in recycling and repair, and fostering long-term
cost savings. However, challenges such as higher initial investments and the need for stronger regulatory
support are also discussed. The linear model’s weaknesses, including its reliance on finite resources and its
contribution to pollution and environmental degradation, further highlight the need for its transformation. This
article concludes that transitioning from a linear to a circular economy is crucial for achieving sustainability.
By adopting circular principles, businesses can not only minimize their ecological footprints but also enhance
economic growth, improve competitiveness, and align with the growing consumer demand for
environmentally responsible practices.

Keywords: linear economy; circular economy; product life cycle; sustainability; environmental impact
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Introduction

Currently, the world faces serious environmental and economic problems that are a consequence of
the traditional linear economic model. This model, also known as the "take-make-dispose" approach,
focuses on maximizing production and consumption while ignoring the negative impacts on natural
resources and the environment (Ellen MacArthur Foundation, 2013)'. With the growing number of
inhabitants and consumers worldwide, it is evident that such an approach is no longer sustainable
(Murray et al., 2017)%. On the other hand, the circular economy offers an alternative model that
emphasizes closing material loops, efficient resource use, and waste reduction (Geissdoerfer et al.,
2017)%. In order to better understand the advantages and limitations of these two models, a SWOT
analysis was conducted to assess their respective strengths, weaknesses, opportunities, and threats
(Hill et al., 2014)*. The aim of this article is to compare linear and circular economies, with a particular
focus on their impacts on the product life cycle. The article will discuss the individual stages of the
product life cycle in both economic models and their environmental and economic consequences
(Bocken et al., 2014)°.

Materials and methods

The analysis of the impact of linear and circular economies on the product life cycle employed
a literature review and comparative analysis method. Sources were obtained from scholarly articles,
reports, books, and research studies that address sustainability issues, environmental impacts, and
innovations in recycling and waste valorization. Specific criteria included publications from the last ten
years to ensure the currency and relevance of the information.

In addition to the literature review, a SWOT (Strengths, Weaknesses, Opportunities, and Threats)
analysis was conducted for both the linear and circular economy models (Giirel & Tat, 2017)°. This
analysis aimed to assess the internal and external factors that influence the performance and
sustainability of both models. The SWOT analysis was based on key performance indicators such as
resource efficiency, environmental impact, and economic viability. Quantitative data on waste,
emissions, and resource efficiency in both models were utilized for the analysis, as well as the qualitative
aspects derived from the literature.

To support the SWOT evaluation, a weighted scoring approach was used to compare individual
factors within each model. Each factor was assigned a performance score (ranging from 1 to 5) based
on its impact as described in the literature, and a relative weight (0 to 1) indicating its significance. These
scores were derived from repeated findings in peer-reviewed research and informed author judgment.
While the values are not based on primary empirical research or expert surveys, they reflect synthesized
trends and common conclusions found in the literature (e.g., Geissdoerfer et al., 2017; Haas et al., 2019;
Bocken et al., 2016)* > . This semi-quantitative method was chosen to create a clear and structured
comparison framework. However, the approach carries a degree of subjectivity, and future studies may
improve its robustness by applying empirical validation or expert-based methods.

A comparative analysis was also applied to systematically evaluate both models across selected
sustainability and economic indicators. This comparison involved the structured examination of
qualitative and semi-quantitative aspects, including life cycle phases, environmental impacts, and
strategic potential. The aim was to clarify the differences and identify the areas where circular
approaches offer improvements over linear ones.

The aim of this analysis is to identify the main differences between linear and circular economies and
to understand how each model affects the various stages of the product life cycle. Quantitative data on
waste, emissions, and resource efficiency in both models were also utilized for the analysis.
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Product life cycle in linear and circular economy

The product life cycle (PLC) is a critical concept in understanding the environmental and economic
impacts of product manufacturing and consumption. Traditionally, the linear economy has dominated, where
products follow a “take-make-dispose” approach, resulting in high resource consumption, waste, and
environmental degradation. In contrast, the circular economy presents a sustainable alternative by
emphasizing the reuse, repair, and recycling of materials, creating a closed-loop system that minimizes
waste and optimizes resource use. This section will explore the differences between these two models,
focusing on their respective impacts throughout the various stages of the product life cycle, and evaluate how
each model contributes to or mitigates environmental and economic challenges (Geissdoerfer et al., 2017)°.

Linear Economy

In a linear economy, a product has a limited life cycle characterized by a "take-make-dispose" model.
This model progresses through four fundamental phases: raw material extraction, production,
consumption, and disposal (Bocken et al., 2016)°. Following the phases of production, distribution, and
consumption, the product is disposed of, often through landfilling or incineration. This approach results in
excessive resource waste and high environmental costs, as it generates significant amounts of waste
that can be challenging to recycle. This linear progression is illustrated in Figure 1.

During the raw material extraction phase, resources are extracted with minimal regard for environmental
consequences, contributing to land degradation and resource depletion (Lehner et al., 2019)®. According to
areport by the European Environment Agency (2020)°, over 2 billion tons of waste are generated globally
each year, with the majority stemming from linear economic practices. In the production phase, raw materials
are transformed into finished products; however, this process often overlooks the principles of resource
efficiency. For example, in the automotive industry, it is estimated that the production of a single vehicle
generates an average of 20 tons of waste (Geissdoerfer et al., 2017)*.

Consumption focuses on short-term needs and a preference for disposable products, which leads to
significant waste and pollution problems (Murray et al., 2017)2. The linear model promotes a culture of
consumption that emphasizes quantity over quality, ultimately resulting in unsustainable practices that
not only deplete natural resources but also exacerbate environmental issues. The lack of incentives for
recycling and reusing materials further entrenches this wasteful cycle, highlighting the urgent need for
a transition to more sustainable economic models that prioritize the circular economy.

extraction h A
of natural production p con i’ >
resources A

Figure 1: The phases of the product life cycle in a linear economy

This model's reliance on finite resources and its consequent environmental impact underscore the
necessity for a systemic shift toward sustainable practices that prioritize resource conservation, waste
reduction, and long-term ecological balance.

Circular Economy

In contrast, the circular economy aims to transform traditional linear processes into a closed-loop
system. This model focuses on the design of products that are durable, repairable, and recyclable
(Bocken et al., 2016)°. The life cycle phases in a circular economy encompass design for longevity,
recycling, repair, and the reuse of materials (Wright et al., 2016)'°. This approach has the potential to
reduce environmental burdens as fewer resources are depleted and less waste is produced. Moel of
circular economy is illustrated in Figure 2.
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The circular economy emphasizes the efficient use of existing resources through strategies such as
reuse and recycling. Many companies are striving to harness renewable energy sources and innovative
technologies that minimize waste production (Haas et al., 2019)’. By integrating sustainability into their
operations, businesses can not only comply with regulatory demands but also cater to the growing
consumer preference for eco-friendly products.
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Figure 2: Phases of the product life cycle in a circular economy

In the final phase, recovery and recycling, the circular economy focuses on collecting and processing
materials to regenerate resources. This contributes to reducing ecological footprints and fosters
innovation and sustainability through the creation of new business models (Korhonen et al., 2018)*. For
instance, companies can implement take-back programs that encourage consumers to return used
products, which can then be refurbished or recycled into new items. This practice not only helps
conserve natural resources but also promotes a circular economy mindset among consumers.

Moreover, the circular economy fosters collaboration among various stakeholders, including
manufacturers, consumers, and policymakers. By working together, these groups can create
a supportive environment for sustainable practices, encouraging investment in circular solutions and
reducing regulatory barriers.

In summary, the circular economy represents a paradigm shift that not only addresses the limitations
of the linear model but also presents opportunities for sustainable growth and innovation. By prioritizing
resource efficiency and waste reduction, the circular economy paves the way for a more sustainable
future that benefits both the environment and the economy.

Environmental and economic aspects

In analyzing the impacts of linear and circular economic models, it is crucial to consider both
environmental and economic factors. The environmental consequences of production and consumption
practices are significant, with both models contributing to and mitigating ecological degradation in
different ways. Similarly, the economic implications extend beyond short-term profit and immediate
costs, influencing long-term sustainability, resource efficiency, and innovation. This section will explore
both the environmental and economic aspects of each model, highlighting the benefits and challenges of
transitioning to more sustainable practices (Tukker, 2015)*.
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Environmental Aspects

The environmental impact of economic models is perhaps the most urgent issue facing societies
today. Linear economies often contribute to resource depletion, pollution, and ecosystem degradation,
whereas circular economies offer solutions that focus on sustainability, waste reduction, and efficient
resource use. This section will explore the significant environmental challenges posed by linear models
and the potential for circular economies to alleviate these pressures (Bocken et al., 2016)°.

Linear Economy and Environmental Impact

The linear model of production and consumption has a significant negative impact on the
environment. The continuous extraction of raw materials leads to deforestation, loss of biodiversity, and
greenhouse gas emissions (Lehner et al., 2019)°. For instance, mining activiies can devastate
ecosystems, while industrial agriculture contributes to soil degradation and water scarcity. Additionally,
the production of waste, particularly non-recyclable materials, contributes to pollution of soil, water, and
air (Ellen MacArthur Foundation, 2013)'. Landfills emit methane, a potent greenhouse gas, and
contaminated water runoff from these sites can severely affect surrounding communities and wildlife.
This model's focus on short-term gains and high consumption rates disregards the long-term
sustainability of the planet’s resources.

Circular Economy and Its Environmental Benefits

Transitioning to a circular economy can significantly reduce environmental burdens. Recycling
materials, extending product lifespans, and effectively utilizing resources lead to reductions in emissions
and energy consumption (Haas et al., 2019)’. For example, recycling aluminum saves up to 95% of the
energy required to produce new aluminum from raw materials. This approach also alleviates pressure on
natural ecosystems by minimizing the need for the extraction of new resources. Moreover, initiatives like
urban mining, where materials from old products are recovered, can contribute to sustainability goals
while reducing dependence on virgin resources. The circular economy not only promotes environmental
sustainability but also fosters a culture of responsibility and stewardship towards natural resources.

Economic Aspects

Economically, both the linear and circular economy models present distinct advantages and
challenges. The linear economy, with its emphasis on efficiency and cost-cutting in the short term,
contrasts with the long-term financial benefits that can be realized by embracing circular practices. This
section will examine the economic implications of both systems, including their impact on resource
efficiency, innovation, and job creation (Geissdoerfer et al., 2017)>.

Economic Efficiency of the Linear Economy

In the short term, the linear model may be more advantageous for certain sectors as it minimizes
costs associated with research and development for new solutions aimed at reusing materials (Bocken
et al., 2016)°. This model allows businesses to operate at lower immediate costs, potentially increasing
profit margins. However, this approach does not account for external costs in the long term, such as
environmental damages that can become significant financial burdens for society (Murray et al., 2017).
These hidden costs may manifest in the form of increased healthcare expenses due to pollution-related
illnesses, loss of ecosystem services, and government expenditures on waste management.

Economic Benefits of the Circular Economy

The circular economy can provide long-term economic advantages. It reduces costs associated with
raw materials, supports innovation, and creates new jobs in recycling and repair industries (Wright et al.,
2016)™°. For instance, businesses that implement circular principles often find opportunities to develop
new markets for refurbished goods. Despite higher initial investments required for developing
sustainable products and processes, long-term savings and environmental benefits can contribute to
economic stability and competitiveness (Haas et al., 2019)’. Furthermore, the circular economy can
enhance brand reputation, attracting consumers who are increasingly concerned about sustainability,
thus driving sales and fostering loyalty.
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Comparison of the Impacts of Both Economic Models

When comparing the impacts of linear and circular economies, it is evident that the circular model
offers a more sustainable approach to production and consumption. The linear economy, while
historically prevalent, fails to facilitate the efficient use of resources and contributes to ecological issues
that are becoming increasingly urgent. This traditional model, often characterized by a "take-make-
dispose" mentality, promotes overconsumption and waste generation, leading to significant
environmental degradation.

For instance, the extraction of raw materials in the linear model often results in habitat destruction and
increased carbon emissions. Furthermore, the lack of emphasis on recycling and resource recovery
means that valuable materials are frequently discarded, contributing to the depletion of natural resources
and escalating landfill problems (Ellen MacArthur Foundation, 2013)". This cycle of consumption and
disposal not only harms the environment but also poses long-term economic risks, as resource scarcity
can drive up costs and destabilize markets (Murray et al., 2017)2.

In contrast, the circular economy represents an innovative paradigm that takes into account the entire
life cycle of products. It emphasizes reducing waste and conserving resources by promoting practices
such as recycling, reusing, and refurbishing materials. This approach fosters a closed-loop system
where products are designed for durability and end-of-life disassembly, allowing for materials to be
reclaimed and reintegrated into the production process (Bocken et al., 2016)°. As a result, the circular
economy not only mitigates environmental impacts but also enhances resource efficiency and economic
resilience.

Moreover, transitioning to a circular economy can lead to new economic opportunities. By adopting
circular principles, companies can innovate their business models, reduce dependency on finite
resources, and engage consumers in sustainable practices. This shift not only benefits the environment
but can also enhance brand loyalty and attract a growing market segment that prioritizes sustainability
(Wright et al., 2016)™.

Ultimately, the comparative analysis highlights that while the linear economy may provide short-term
economic gains, it is the circular economy that offers a viable pathway towards long-term sustainability,
environmental protection, and economic stability. Adopting circular practices is crucial in addressing the
pressing challenges of resource depletion and environmental degradation that our society faces today.

SWOT Analysis of Linear and Circular Economies

To further illustrate the differences between the linear and circular economic models, a SWOT
analysis (Strengths, Weaknesses, Opportunities, Threats) has been conducted. This analysis provides
a structured overview of the internal and external factors influencing each model, highlighting their
respective advantages, limitations, potential opportunities, and challenges (Kotler & Keller, 2016)*.

SWOT Analysis of the Linear Economy

The linear economy, characterized by the "take-make-dispose" approach, has been the dominant
model for decades. Its strengths include straightforward implementation and low initial costs, but it faces
significant challenges related to sustainability.

The SWOT analysis of the linear economy (Table 1) highlights its foundational characteristics,
practical strengths, and substantial challenges. The linear model, based on the "take-make-dispose"
paradigm, has long been the dominant economic framework across numerous industries due to its
simplicity, low initial investments, and clearly defined processes. It benefits from established supply
chains, fast time-to-market, and short-term profitability, making it attractive especially in traditional
production systems.
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Table 1: SWOT analysis of the linear economy

Strengths

Weakness

Simple and well-established processes.

High dependence on non-renewable resources.

Low initial investments in infrastructure.

Excessive waste generation and environmental
pollution.

Existing supply chain and market mechanisms.

External costs of environmental degradation.

Fast time-to-market and adaptability in production.

Short product lifecycles with minimal reuse or
recycling.

Clear cost structures and pricing models.

Limited incentives for innovation in sustainability.

Opportunities

Threats

Implementation of policies to reduce environmental
impacts.

Rising raw material costs due to resource
depletion.

Technological advancements for resource
efficiency.

Consumer pressure for sustainable alternatives.

Collaboration on waste reduction initiatives.

Environmental risks leading to economic instability.

Potential to integrate partial circular strategies (e.qg.
reuse).

Stricter environmental regulations and carbon
pricing.

Shift in investor interest towards sustainable
transformation.

Competitive disadvantage compared to circular-
oriented businesses.

However, the model's long-term viability is increasingly under scrutiny due to its unsustainable use of
finite resources, extensive waste generation, and associated environmental degradation. Despite some
opportunities for improvement through policy support and technological innovation, the model is exposed
to growing threats such as resource scarcity, regulatory pressure, and consumer demand for
sustainability. The following analysis outlines five key strengths, weaknesses, opportunities, and threats
that characterize the linear economy and affect its future potential.

The linear economy’s strengths lie in its straightforward and widely established processes. It does not
require complex systems for material recovery or waste management, making it cost-effective in the
short term. Companies operating within this model benefit from mature and efficient supply chains, as
well as low initial investments in infrastructure. Moreover, the model enables fast time-to-market,
supporting quick adaptation to market demands and maintaining competitive agility. Clear cost structures
and predictable pricing models further enhance its attractiveness, particularly for industries focused on
short-term profitability and operational simplicity. These strengths explain the long-standing dominance
of the linear economy in traditional industrial sectors. (Sariatli, 2017)*.

The weaknesses of the linear economy are primarily rooted in its unsustainable use of resources. It
relies heavily on non-renewable natural resources, which contributes to their depletion and
environmental degradation. The "take-make-dispose" approach generates excessive waste and
pollution, overlooking opportunities for material reuse or recycling. As a result, the model not only causes
environmental harm but also externalizes these costs, often leading to long-term economic burdens such
as escalating waste management expenses and the loss of biodiversity. Additionally, the linear
economy’s short product lifecycles and lack of innovation in sustainable practices hinder progress toward
resource efficiency. The absence of incentives for integrating circular principles or reducing
environmental impact further compounds the model's inherent inefficiencies (Sharma et al., 2021)*.

Despite its challenges, the linear economy presents several opportunities for reform and adaptation.
Governments and industries have the potential to implement policies aimed at mitigating environmental
impacts, such as enhancing waste management systems, adopting stricter regulations on resource
extraction, and promoting sustainable practices across sectors. Emerging technologies, particularly in the
fields of resource efficiency and waste reduction, offer the chance to improve the sustainability of the linear
model. Innovations such as resource-efficient production processes and cleaner technologies could help
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reduce material consumption and pollution. Additionally, there are opportunities for collaboration within
industries to reduce waste and improve recycling efforts, even within the confines of existing linear systems.
As consumer demand for more sustainable products rises, industries can explore new ways to integrate eco-
friendly strategies, creating a path for gradual transformation (Marino et al., 2016)™.

The linear economy faces substantial threats, particularly as global awareness of environmental issues
continues to grow. Resource scarcity, driven by the continued depletion of natural resources, is leading to
increased raw material costs, which can destabilize supply chains and cause economic uncertainty.
Additionally, consumer demand is shifting rapidly toward more sustainable products and practices, putting
pressure on businesses to adapt to these evolving expectations. Legislative and regulatory changes, such as
the introduction of carbon taxes, waste reduction mandates, and stricter environmental regulations, are
creating additional challenges for industries still reliant on the linear model.

Furthermore, the linear economy is increasingly vulnerable to economic instability caused by
environmental crises, such as climate change, biodiversity loss, and the negative effects of pollution.
These threats highlight the urgent need for industries to embrace more sustainable practices or face the
risk of obsolescence (Sillanpaé & Ncibi, 2019)"".

The SWOT analysis of the linear economy underscores its reliance on simplicity and short-term
profitability, which have contributed to its dominance over time. However, it also reveals significant
limitations, particularly in terms of sustainability and resource efficiency. Although there are opportunities
for incremental improvements—such as policy reforms, technological advancements, and industry
collaborations—the model’'s dependence on finite resources, environmental impacts, and growing
pressures from consumers and regulations make it vulnerable. The threats posed by resource scarcity,
environmental degradation, and shifting market demands emphasize the need for a transition to more
sustainable models. Transitioning to the circular economy is increasingly seen as critical for mitigating
these risks and ensuring long-term economic and environmental stability.

SWOT Analysis of the Circular Economy

The circular economy represents a paradigm shift, offering solutions to many of the linear economy's
challenges. While it holds promise for long-term sustainability, its implementation requires overcoming
several hurdles.

Table 2: SWOT analysis of the circular economy

Strengths Weakness

Reduction in waste and environmental impact. Higher initial costs for transition.

Efficient use of resources and extended product | Complexity of implementation across industries.
lifecycles.

Encourages innovation and new business models. | Dependence on the availability of recyclable

materials.
Reduced dependence on finite resources. Consumer reluctance to change behaviors.
Creation of new job opportunities. Insufficient data and tracking mechanisms.
Opportunities Threats

Development of innovative technologies, e.g., | Resistance to change from traditional industries.
urban mining.

Increased consumer demand for sustainable | Inadequate recycling infrastructure.
products.

Emergence of new markets for refurbished and | Lack of international coordination.
recycled goods.

Government incentives and regulations promoting | Market volatility and economic instability.
sustainability.

Expansion of collaboration across sectors. Competition from linear economy models.
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The SWOT analysis of the circular economy highlights its innovative framework, environmental
benefits, and implementation challenges. Unlike the traditional linear model, the circular economy is
based on resource efficiency, reuse, and waste minimization. It aims to create closed-loop systems that
reduce environmental impact while stimulating sustainable economic growth. Although the circular model
offers considerable advantages in terms of sustainability and innovation, its adoption is often limited by
systemic complexity, infrastructure limitations, and the need for coordinated policy support.

The circular economy is based on resource efficiency, waste reduction, and sustainability, offering
several key strengths. One of the primary advantages is the reduction of waste and environmental
impact, as products are designed for reuse, recycling, and refurbishment. This model contributes to
a more sustainable use of resources. The circular economy also promotes the efficient use of materials,
extending product lifecycles and reducing the need for raw material extraction. Moreover, the circular
economy fosters innovation, creating new business opportunities and driving the development of
innovative technologies such as closed-loop recycling and urban mining. It encourages the creation of
new business models that can help build a more resilient and sustainable economy. Additionally, the
circular economy aligns well with increasing consumer demand for sustainable products, enhancing
market growth and improving brand reputation for companies that embrace circular practices. The model
also supports a sustainable economic framework that reduces reliance on finite resources and minimizes
external environmental costs. By preserving natural capital and creating closed-loop systems, it helps
industries become more economically resilient (Kirchherr et al., 2017)*2.

The transition to a circular economy requires significant initial investment, which can be a financial
barrier. Implementation is complex and demands coordination across various sectors, requiring
adaptation of existing processes. The circular model also depends on the availability of recyclable
materials, which can limit its effectiveness in some industries. Furthermore, the lack of standardization in
circular practices hinders widespread adoption, and limited consumer awareness and reluctance to
embrace circular products can further restrict market growth (Corvellec et al., 2022)".

Despite the challenges, the circular economy offers substantial opportunities for innovation and
growth. Governments and industries have the potential to implement policies that promote sustainability,
such as incentivizing businesses to adopt circular models, improving waste management systems, and
fostering cross-sector collaboration. Technological advancements, especially in urban mining and
closed-loop recycling, present opportunities to recover valuable materials from waste, reducing
dependence on virgin resources. Innovations in product design, repairability, and recyclability can also
contribute to longer product lifecycles and more efficient resource use. Additionally, the growing
consumer demand for sustainable products creates a market incentive for businesses to adopt circular
practices. As environmental awareness increases, industries have an opportunity to tap into new
markets for refurbished, recycled, and upcycled goods. Collaboration between governments, industries,
and consumers can drive the development of new business models such as product-as-a-service or
take-back schemes, further promoting sustainability and waste reduction (Sariatli, 2017).

The transition to a circular economy faces several threats. Resistance from industries entrenched in
linear production models is a major challenge, as companies may be hesitant to invest in new
technologies or modify existing processes. Inadequate recycling infrastructure remains a significant
barrier, with many regions lacking proper facilities to effectively process and recycle materials.
Furthermore, the lack of international coordination and harmonized regulations can complicate the global
adoption of circular economy principles. Differences in policies, standards, and practices across regions
create obstacles for businesses seeking to implement circular models worldwide. Market fragmentation
could also disrupt alignment between sectors, leading to inefficiencies and slow progress. Lastly,
insufficient political and financial support from governments could delay the transition to a circular
economy. Without robust policies, incentives, and investments to support circular initiatives, the model
may struggle to gain the necessary traction for widespread adoption (Geisendorf & Pietrulla, 2018)%.

The SWOT analysis demonstrates that the circular economy has strong potential to reduce
environmental impacts and promote sustainable growth. While there are challenges such as high initial
costs, systemic complexity, and infrastructure gaps, the model offers a promising alternative to the linear
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economy. As technology advances and consumer demand for sustainability grows, the circular economy
is poised to play a critical role in addressing global environmental and economic challenges.

Comparative Evaluation of Strengths in Linear and Circular Economic
Models

Understanding the strengths of both linear and circular economic models is essential for assessing
their practical relevance and potential for sustainable development. While the linear economy is
characterized by simplicity and established infrastructure, the circular economy emphasizes resource
efficiency and long-term sustainability. This section provides a comparative overview of the key strengths
of each model, including their performance and significance, evaluated through a weighted scoring
system.

Table 3: Strengths of the Linear Economy

Strengths Performance Weight Calculated Max
(1-5) (0-1) Value Value

Simple and well-established 5 0.25 1.25 1.25

processes

Low initial investments in 4 0.20 0.80 1.00

infrastructure

Existing supply chain and market 4 0.20 0.80 1.00

mechanisms

Fast time-to-market and adaptability 4 0.20 0.80 1.00

in production

Clear cost structures and pricing 3 0.15 0.45 0.75

models

Total 1.00 4.10 5.00

The strengths of the linear economy, as shown in Table 3, highlight its operational efficiency,
particularly in terms of simplicity, established infrastructure, and quick adaptability. These factors
contribute to the model's high performance in a variety of industries where rapid production and low
initial investment are crucial. However, the linear economy lacks a sustainability orientation, which limits
its capacity to address long-term environmental challenges. The total calculated value of 4.10 out of 5.00
reflects these strengths but also underscores the inherent trade-off between operational efficiency and
environmental sustainability.

Table 4: Strengths of the Circular Economy

Strengths Performance | Weight Calculated Max
(1-5) (0-1) Value Value

Reduction in waste and environmental impact 5 0.25 1.25 1.25

Efficient use of resources and extended product 5 0.25 1.25 1.25

lifecycles

Encourages innovation and new business 4 0.20 0.80 1.00

models

Reduced dependence on finite resources 4 0.15 0.60 0.75

Creation of new job opportunities 3 0.15 0.45 0.75

Total 1.00 4.35 5.00

In contrast, the circular economy’s strengths, outlined in Table 4, emphasize sustainability through
waste reduction, resource efficiency, and long product lifecycles. The model’s ability to innovate and
foster new business models like product-as-a-service is also a critical advantage, driving new market
opportunities. With a total calculated value of 4.35, the circular economy demonstrates a strong potential
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to address environmental and economic challenges that are becoming increasingly important in today’s
global context. Although the creation of new job opportunities in circular industries is a notable benefit,
the model’s performance in this area is slightly less significant compared to its environmental and
resource-focused strengths.

While both economic models offer valuable strengths, the linear economy excels in operational
efficiency, established supply chains, and low upfront costs, making it suitable for rapid production
cycles. However, the circular economy presents a more sustainable alternative, with higher potential for
environmental impact reduction, resource efficiency, and long-term resilience. As industries and
governments increasingly prioritize sustainability, the circular model's strengths are likely to gain more
importance in shaping future economic strategies.

Weaknesses of the Linear and Circular Economies

The linear and circular economic models each have their own set of weaknesses that must be
considered when evaluating their long-term viability and potential for sustainable development.

Table 5: Weaknesses of the Linear Economy

Weakness Performance Weight Calculated Max
(1-5) (0-1) Value Value

High dependence on non-renewable 5 0.25 1.25 1.25

resources

Excessive waste generation and 5 0.25 1.25 1.25

environmental pollution

External costs of environmental 4 0.20 0.80 1.00

degradation

Short product lifecycles with minimal 4 0.15 0.60 0.75

reuse or recycling

Limited incentives for innovation in 3 0.15 0.45 0.75

sustainability

Total 1.00 4.15 5.00

Table 5 evaluates the weaknesses of the linear economy, highlighting significant issues such as high
dependence on non-renewable resources and excessive waste generation, both scoring the highest
performance rating of 5. These factors contribute to environmental degradation. The external costs of
environmental harm, short product lifecycles, and limited incentives for sustainability innovation further
underscore the limitations of the linear model. With a total calculated value of 4.15, these weaknesses
reveal the need for more sustainable practices, which the circular economy model aims to address.

Table 6: Weaknesses of the Cirkular Economy

Weakness Performance Weight Calculated Max
(1-5) (0-1) Value Value

Higher initial costs for transition 4 0.25 1.00 1.25

Complexity of implementation across 4 0.20 0.80 1.00

industries

Dependence on the availability of 3 0.20 0.60 1.00

recyclable materials

Consumer reluctance to change 4 0.15 0.60 0.75

behaviors

Insufficient data and tracking 3 0.20 0.60 1.00

mechanisms

Total 1.00 3.60 5.00
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The table above outlines the weaknesses of the circular economy (Table 6), highlighting key
challenges such as higher initial costs, complexity of implementation, and reliance on recyclable
materials. The highest-scoring weaknesses are the initial transition costs and implementation complexity,
both rated 4, reflecting their significant impact. Consumer reluctance and insufficient data tracking
mechanisms also pose barriers, scoring 4 and 3, respectively. The total calculated value of 3.60 out of
a maximum of 5.00 indicates that while the circular economy offers strong potential, these challenges
must be addressed for broader adoption.

In summary, both the linear and circular economies present weaknesses that impact their
effectiveness in achieving sustainability goals. The linear economy’s weaknesses are primarily
environmental, resulting from resource depletion and waste generation. Meanwhile, the circular economy
faces challenges related to implementation complexity, initial costs, and consumer adoption. Addressing
these weaknesses is crucial for transitioning toward a more sustainable, circular model while mitigating
the negative effects of the linear approach.

Opportunities of the Linear and Circular Economies

The opportunities associated with both the linear and circular economy models are essential for
shaping future sustainability efforts. While the linear economy remains grounded in traditional business
models, it still presents significant areas where transformation can occur, particularly through policy
changes, technological advancements, and evolving market dynamics. In contrast, the circular economy
offers a more profound, systemic shift that prioritizes sustainability, innovation, and resource efficiency,
promoting long-term environmental and economic benefits.

It's important to note that in the tables provided, the probability of success for each opportunity does
not necessarily need to sum to 1. Each opportunity is assessed independently, reflecting its individual
likelihood of success without the constraint of a total probability. This approach allows for a more
nuanced evaluation of each opportunity, considering factors that may vary across different contexts and
scenarios.

Table 7: Opportunities of the Linear Economy

Opportunities Appeal Probability of Success Calculated Max
(1-5) (0-1) Value Value

Implementation of policies to reduce 5 0.60 3.00 5

environmental impacts

Technological advancements for 5 0.50 2.50 5

resource efficiency

Collaboration on waste reduction 4 0.30 1.20 4

initiatives

Potential to integrate partial circular 4 0.40 1.60 4

strategies (e.g. reuse)

Shift in investor interest towards 3 0.70 2.10 3

sustainable transformation

Total 10,4 21

Table 7 summarizes the key opportunities within the linear economy model. Notable opportunities
include the implementation of environmental policies and technological advancements, both
demonstrating high appeal and a strong probability of success. Investor interest in sustainable
transformation stands out, with a high probability (0.70), suggesting increasing external pressure for
change. The potential to integrate circular principles, like reuse, implies that hybrid strategies may
improve the sustainability of linear systems. With a total calculated value of 10.4 out of 21, these
opportunities show that, despite its constraints, the linear economy can still foster positive change when
bolstered by innovation and policy.
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Table 8: Opportunities of the Circular Economy

Opportunities Appeal | Probability of Success | Calculated | Max
(1-5) (0-1) Value Value

Development of innovative technologies, 5 0.70 3.50 5

e.g., urban mining

Increased consumer demand for 4 0.60 2.40 4

sustainable products

Emergence of new markets for refurbished 4 0.50 2.00 4

and recycled goods

Government incentives and regulations 5 0.60 3.00 5

promoting sustainability

Expansion of collaboration across sectors 4 0.40 1.60 4

Total 12.50 22

Table 8 highlights key opportunities associated with the circular economy model. Significant prospects

include the development of innovative technologies such as urban mining and strong government
support through incentives and regulations, both of which have high appeal (5) and considerable
probabilities of success. The growing consumer interest in sustainable products and the rise of new
markets for refurbished and recycled goods emphasize the circular economy's potential. With a total
calculated value of 12.50 out of a maximum 22, this model shows considerable promise, particularly in
technology, policy, and shifting market demands.

The comparison of opportunities in the linear and circular economies reveals that both models offer
potential for positive transformation, albeit in different ways. The linear economy's opportunities primarily
focus on incremental improvements and hybrid strategies, while the circular economy offers a more
transformative, sustainability-driven approach. Despite the foundational differences, both models
highlight the importance of innovation, policy, and market dynamics in creating a sustainable future.
While the circular economy shows greater potential for systemic change, the linear economy still holds
opportunities for improvement and positive impact.

Threats of the Linear and Circular Economies

This table (Table 9) outlines the key threats associated with the linear economy model. The most
significant risks include rising raw material costs, driven by resource depletion, and consumer pressure
for sustainable alternatives, both of which are considered highly probable and impactful. Environmental
risks, such as those leading to economic instability, also pose substantial challenges, as do stricter
environmental regulations and carbon pricing, which increase operational costs for linear businesses.

Table 9: Threats of the Linear Economy

Threat Appeal | Probability of Success Calculated Max
(1-5) (0-1) Value Value

Rising raw material costs due to 4 0.70 2.80 4

resource depletion

Consumer pressure for sustainable 5 0.80 4.00 5

alternatives

Environmental risks leading to economic 4 0.60 2.40 4

instability

Stricter environmental regulations and 5 0.75 3.75 5

carbon pricing

Competitive disadvantage compared to 4 0.65 2.60 4

circular-oriented businesses

Total 15.55 24
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Additionally, the competitive disadvantage of linear-oriented businesses, compared to circular models,
is another critical concern that could hinder long-term success. With a total calculated value of 15.55 out
of 24, this highlights the considerable threats facing the linear economy, with a particular emphasis on
sustainability challenges and market pressures driving a shift towards more circular and sustainable
business models. These risks call for strategic adaptation and innovation to mitigate negative impacts
and transition toward more resilient and sustainable practices.

Table 10: Threats of the Circular Economy

Threats Appeal Probability of Calculated Max
1-5) Success (0-1) Value Value

Resistance to change from traditional 4 0.40 1.60 4

industries

Inadequate recycling infrastructure 3 0.30 0.90 3

Lack of international coordination 3 0.20 0.60 3

Market volatility and economic 4 0.50 2.00 4

instability

Competition from linear economy 2 0.30 0.60 2

models

Total 5.70 16

Table 10 highlights the key threats associated with the circular economy model. Resistance to change
from traditional industries is considered a notable threat, with a relatively high probability of occurrence,
as industries may be hesitant to adopt circular principles due to established business practices. The
inadequate recycling infrastructure poses another challenge, reducing the potential for effective material
recovery and reuse. Similarly, a lack of international coordination can hinder the widespread adoption of
circular strategies, particularly in global supply chains. Market volatility and economic instability also
represent significant risks, as fluctuations in the market can undermine investment in sustainable
practices. Lastly, competition from linear economy models remains a concern, particularly in sectors that
have yet to embrace circular models fully. With a total calculated value of 5.70 out of 16, this illustrates
that while there are significant threats to the circular economy, the overall calculated value remains lower
than that of the linear economy. This suggests that despite the challenges, the circular economy model
still holds substantial potential for long-term sustainability, but overcoming these threats will require
coordinated efforts, infrastructure development, and systemic changes in industry practices.

Final SWOT Matrix of the Linear Economy

The results of the SWOT analysis of the linear economy indicate that weaknesses slightly outweigh
strengths (3S — YW = 4.10 — 4.15 = —0.05), suggesting challenges in its current form, particularly in
terms of environmental impact and sustainability. Externally, threats significantly outweigh opportunities
>0 ->T =104 - 15.55 = -5.15), highlighting the growing pressure from regulatory changes, resource
depletion, and the market's shift toward more sustainable practices (Figure 3). The need for internal
transformation toward sustainability and adaptation to external pressures is evident.

2S-2W=4.10-4.15=-0.05 — wcumumssmsmmsen
ZO - ZT = 1 0.4 - 1 5.55 = _5.1 5_' Threats slightly outweigh opportunities

Figure 3: SWOT Score Calculation for the Linear Economy

Based on the quantitatively evaluated SWOT analysis, the calculated coordinate for the linear
economy is (-0.05, -5.15), which we have illustrated in the strategic SWOT matrix (Figure 4). This
coordinate falls within the fourth quadrant, specifically in the area of the retreat strategy.The retreat
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strategy indicates that weaknesses (W) and threats (T) significantly outweigh strengths (S) and
opportunities (O). In the case of the linear economic model, this suggests that the approach is
environmentally and economically unsustainable in the long term. Dominant negative factors, such as
high waste generation, excessive use of natural resources, and environmental burden, outweigh
potential benefits such as implementation simplicity or low initial costs. From a strategic decision-making
perspective, this points to the need for a gradual abandonment or radical transformation of the linear
model toward more sustainable forms of economic activity, such as the circular economy. Implementing
a circular economy model could help reduce environmental impacts while creating new economic
opportunities.

Offensive strategy Alliance strategy
A O ‘

S 0.05 w
A— —
(+) (-)

-5.15
ow T
Defensive strategy Retreat strategy

Figure 4. SWOT Score Calculation for the Linear Economy

The results of the SWOT analysis of the circular economy (Figure 5) show that strengths outweigh
weaknesses (3S — YW = 4.35 — 3.60 = +0.75), indicating that the circular economy offers significant
advantages in resource efficiency, innovation, and long-term sustainability. Externally, opportunities
significantly outweigh threats (3O — >T = 12.50 — 5.70 = +6.80), suggesting a favorable environment for
the growth of circular economy models, driven by increasing consumer demand for sustainable products,
government incentives, and technological developments. This shift presents a promising future for
industries embracing the circular economy.

2S5-2W=4.35-3.60=+0.75 — cnoncomiene
ZO - ZT = 1 2.50 - 5-70 = +6.80 — Opportunities significantly outweigh threats

Figure 5: SWOT Score Calculation for the Circular Economy

Based on the quantitatively evaluated SWOT analysis, the calculated coordinate for the circular
economy model is (+0.75, +6.80), which we have graphically represented in the strategic SWOT matrix
(Figure 6). The position of the point in the first quadrant clearly indicates the area of the offensive
strategy. An offensive strategy suggests that, in the case of the circular economy, strengths (S) and
opportunities (O) significantly outweigh weaknesses and threats. This result confirms the potential of this
economic model as a sustainable alternative to the traditional linear economy (Figure 6). Key strengths
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include more efficient resource use, reduced waste generation, support for innovation, and a positive
impact on the environment. At the same time, the circular economy is supported by legislation and
environmental trends, creating favorable opportunities for its development.

Offensive strategy Alliance strategy

4 O
+6.80
S w
- +0.75 | .
(+) )
OB 4 T
Defensive strategy Retreat strategy

Figure 6: Graphical representation of the strategy for the Circular Economy

The analysis result suggests that organizations and companies implementing the principles of the
circular economy should actively develop this strategy and support its wider adoption, thereby gaining
a competitive advantage and positively contributing to sustainable development.

Conclusions

The transition from a linear to a circular economy is essential for achieving sustainability and
protecting the environment. Based on the results of our analysis, including a detailed SWOT evaluation,
it is clear that the linear model, with its inherent focus on resource depletion, waste generation, and
inefficiency, is no longer a viable path for long-term economic and environmental health. The circular
economy provides a comprehensive framework to address critical environmental issues, such as
resource depletion, waste generation, and the exhaustion of natural ecosystems. By prioritizing the
reuse and recycling of materials, this model seeks to minimize ecological footprints and foster a more
sustainable relationship between economic growth and environmental stewardship.

Our SWOT analysis revealed key strengths of the circular economy, such as its potential for reducing
waste, lowering costs in the long run, and creating new job opportunities in the recycling and repair
sectors. However, challenges include the higher initial investment required and the need for stronger
legislative support and business commitment. Conversely, the linear economy's weaknesses—resource
depletion, pollution, and lack of long-term sustainability—highlight the necessity for its transformation.
Notably, the linear model's short-term economic benefits often obscure its long-term environmental and
economic costs.

Investment in innovation and legislative support are crucial for the successful implementation of the
circular model. This includes funding for research and development of sustainable technologies, as well
as policies that encourage businesses to adopt circular practices. Specific recommendations for
transitioning toward a circular economy include:
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Encouraging government subsidies and incentives for companies that embrace circular principles,
particularly in industries with high material consumption, such as manufacturing and construction.

Promoting consumer awareness campaigns to increase demand for circular products and services.

Fostering collaboration between industries, governments, and academia to drive forward-thinking
solutions to the challenges posed by waste and resource inefficiency.

Without such transformation, we face serious ecological, economic, and social challenges that
demand collective efforts from all stakeholders involved, including governments, businesses, and
consumers.

The circular economy not only reduces environmental impacts but also promotes economic growth
and enhances the competitiveness of businesses. By implementing circular principles, companies can
reduce costs associated with raw material procurement, minimize waste, and create new revenue
streams through recycling and reuse. Additionally, this shift towards sustainable practices can enhance
brand loyalty among consumers who are increasingly prioritizing environmental responsibility in their
purchasing decisions.

Based on our SWOT analysis and the identified strengths, weaknesses, opportunities, and threats for
both the linear and circular economic models, it is imperative that governments, businesses, and
individuals commit to adopting more sustainable practices and models. Such a commitment will ensure
a better future for our planet and future generations. By embracing the principles of the circular
economy, we can work towards a resilient economic system that aligns with the ecological limits of our
planet, fostering a harmonious coexistence between humanity and nature.
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Porovnani linearni a cirkularni ekonomiky a jejich vlivu na zivotni cyklus
produktu
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Souhrn

Tento ¢lanek analyzuje rozdily mezi linearni a cirkularni ekonomikou a zaméruje se na jejich dopad
na Zivotni cyklus produktu. Zkouma, jak kazdy z téchto ekonomickych modelt ovliviiuje environmentalni
a ekonomické aspekty cyklu produktu, s ddrazem na faze vyroby, pouZiti a likvidace. Linearni
ekonomika, zaloZena na tradiénim modelu ,vezmi-vyrob-zni¢i“, Casto vede k vycéerpani zdroju
a poSkozovani Zivotniho prostfedi s omezenymi moznostmi opétovného vyuZiti a recyklace materiald.
Naproti tomu cirkularni ekonomika uprednostriuje efektivni vyuZivani zdroji, snizovani odpadu
a opétovné pouZiti materiali s cilem uzavfit materialové cyklus a podporovat udrZitelnost v celém
Zivotnim cyklu produktu. Clanek porovnéavé vyhody a nevyhody obou modeli a hodnoti jejich dopady na
ochranu Zivotniho prostiedi a ekonomickou udrZitelnost. Prostfednictvim SWOT analyzy studie
identifikuje silné stranky cirkularni ekonomiky, jako je jeji potencial pro sniZzovani odpadu, vytvareni
novych pracovnich pfilezZitosti v oblasti recyklace a oprav a podporu dlouhodobych uspor nakladu.
Diskutuje se vSak také o vyzvach, jako jsou vyS8Si pocatecni investice a potfeba silnéjsi regulacni
podpory. Slabé stranky linearniho modelu, vietné jeho zavislosti na omezenych zdrojich a jeho
pfispévku ke znecisténi a degradaci Zivotniho prostfedi, dale zdirazriuji potfebu jeho transformace.
Tento ¢lanek dochéazi k zavéru, Ze pfechod z linearni na cirkularni ekonomiku je kliCovy pro dosaZeni
udrzitelnosti. PrFijetim cirkularnich principti mohou podniky nejen minimalizovat svou ekologickou stopu,
ale také podporit hospodarsky rast, zlep$it konkurenceschopnost a prizplsobit se rostouci poptavce
spotrebitelti po environmentalné odpovédnych postupech.

Kli¢ova slova: linearni ekonomika; cirkularni ekonomika; Zivotni cyklus produktu; udrzitelnost; dopad
na Zivotni prostfedi
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Abstract

Agricultural activities have a considerable impact on the environment. In Hungary, crop production
covers nearly half of the country’s land, approximately 5.1 million hectares as of 2022. Sustainable
agricultural competitiveness hinges on two key pillars: maintaining environmental balance and mitigating
the damages from climate change anomalies. Our research focuses on a time series analysis of the
climate change impacts of conventional agricultural practices in the Lajta Project study area, using the
Environmental Life Cycle Assessment (LCA) method. The investigation spans two decades, calculating
the annual average percentage contribution of each crop per hectare to the overall environmental
impact, the environmental ranking is as follows (in ascending order): rapeseed (1.0%) — silage maize
(4.9%) — grain maize (7.1%) — winter barley (43.1%) — winter wheat (44.0%). The results obtained
enhance the ability to assess environmental impacts, climate risks, and the effects of climate change
related to arable crop production technologies. This, in turn, aids in selecting the most suitable
technologies that are adapted to environmental sensitivities.

Keywords: agricultural land use; carbon footprint; ranking; comparison; life cycle analysis

Introduction

The fundamental change in the nature of the functioning of the economy (as a productive sector)
since the industrial revolution has been a major cause of environmental problems. However, this sector
(including agriculture) is also the easiest to regulate. Among the many regulatory principles already
developed, voluntary regulation (including life cycle analysis, ISO 14040-44:2006) can provide an
effective, proactive approach to addressing problems®.
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Monoculture agriculture plays a critical role in global food production, occupying nearly 50% of
habitable land and contributing significantly to climate change—food systems alone are responsible for
approximately 26% of global greenhouse gas emissions?. Within agricultural emissions, crop production
accounts for around a quarter of food-related emissions, while livestock contributes roughly 31%>.

Extensive machinery usage and high input levels, including synthetic fertilizers and pesticides,
dominate emissions. Studies show that expanding farm size increases carbon emissions per hectare
when evaluated with LCA*. Conventional tillage and nitrogen application not only produce CO, and N,O
but also degrade soil organic carbon?.

Monocultures over large areas disrupt habitat continuity, leading to biodiversity decline. For example,
insect populations—including critical pollinators—are significantly reduced in landscapes dominated by
monoculture cropping systems with high pesticide use. Moreover, the simplification of agroecosystems
reduces resilience to climate shocks, such as droughts and pest outbreaks”.

In Hungary, crop yields from arable farming show greater fluctuations than necessary, partly due to
weather conditions, soil quality, technological factors, and low irrigation capacity. The yields of major
agricultural crops remain close to the levels of two or three decades ago®.

Several researchers, however, emphasize that the production of biomass on arable land is only
justified if technologies are applied that meet both environmental and sustainability criteria. Dinya’
highlights the importance of decision-making that prioritizes professional considerations, fits into
a broader system, and focuses on long-term thinking and value chains, both at local and national levels.

Footprints can be used individually or collectively to characterise steps towards sustainability and are
a good tool for benchmarking environmental performance®. The carbon footprint shows the total - direct
and indirect - greenhouse gas (GHG) emissions of an activity, person, organisation, event or product,
expressed in carbon dioxide equivalents. The larger the carbon footprint of an activity or individual,
community or society, the greater its impact on global warming®,

To examine the environmental impacts of crop production, we need to understand the resources
required for production. These resources include the soil, moisture (water), heat, light, CO2 (air), and
living organisms®. In addition to these, we must consider the landscape, which can be significantly
altered by agricultural activities. Besides the needs of the plants, we must also account for technological
processes and machinery, as they are significant influencing factors.

According to Kreybig™, there is an extensive, interactive relationship between agriculture and the
environment. Environmental factors fundamentally determine the nature, effectiveness, and even the
existence of agricultural activities, while the reverse is also true, as agriculture exerts a direct and
significant impact on the environment. Agriculture is one of the most important and fundamental human
activities, which, by utilizing elements of the natural environment, also brings about significant changes
in their condition. Agricultural activity has always been associated with some form of environmental
change, but the intensity and scope of these changes have been, and continue to be, highly variable in
time and space™.

Negative changes in the state of environmental elements can be significant, especially because of
inappropriate cultivation and resource use, so the right choice of technologies and use of materials is
crucial®.

In our work, we set the goal of conducting a time-series analysis of the conventional arable farming
operations associated with key crops (silage maize, grain maize, rapeseed, winter barley, winter wheat)
cultivated in significant quantities in the Lajta Project study area, focusing on their impacts on climate
change (technological carbon footprints), using the comparative environmental Life Cycle Assessment
(LCA) method, which also allows for ranking.
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Materials and methods

The examined Lajta Project research area (3065 ha) is in the northwestern corner of Hungary, in
Gyér-Moson-Sopron County. The area is typically farmed in an intensive conventional way, almost
completely lacking a meadow-pasture environment. It has become an important area for the cultivation
of wheat, winter barley, maize, sugar beet, lucerne and red clover.

The Lajta Project dates to the early 1980s, when the goal was to study the bustard (Otis tarda)
population in the Moson Plain and the Hansag region. Even at that time, more complex, multifaceted
research was being conducted, which laid the foundation for the ecological protection of the bustard
population in Hungary. During this period, several comprehensive ecological studies were launched
across the country, aimed solely at assessing conventional agricultural activities and investigating their
impacts. One of the areas studied was the Lajta-Hansag State Farm. It was already established then that
the bustard’s habitat shift was not only caused by the loss of previous habitats but was also a natural
response to environmental factors. Furthermore, the complex nature of the research highlighted the
importance of other species coexisting with the bustard, although these were only secondary focuses at
the time. Towards the late 1980s, another bird species, the Hungarian partridge (Perdix perdix), became
a focus of the research, due to its declining population. Various efforts were made to increase the
partridge populations, but with little success, as the causes of the decline were not identified, and the
proposed solutions were inadequate. As part of this process, the Department of Wildlife Management at
the Forestry and Wood Industry University launched a survey and study of wildlife species living in field
habitats and their environments in the Mosonszolnok Il area of the Lajta-Hansag State Farm. During this
period, the Hungarian Partridge Protection Program, supported by the Ministry of Agriculture, was also
established, with the partridge as its indicator species. This enabled the simultaneous implementation of
scientific research and practical work, which helped record both biological and ecological baseline
information that could be applied in wildlife management practices™?.

As part of the complex research of the Lajta Project regarding the ecological protection of the bustard
population in Hungary, we conducted a life cycle assessment to identify the environmental impacts of
conventional agricultural cultivation, with special emphasis on the development of the carbon footprint.
The methodology applied for conducting the LCA complies with the requirements of the ISO
14040:2006 and 1SO 14044:2006™ standards. The analysis was carried out using the Sphera GaBi
thinkstep Professional software™. The required steps of the LCA were as follows: 1. defining the goal,
scope and system boundaries, 2. inventory analysis, 3. impact assessment, 4. interpretation of results.

The selection of the crops included in the analysis was justified by the significant cultivation area they
occupy in the study region. We conducted a life cycle assessment of cultivation data for five crops:
rapeseed, winter barley, winter wheat, silage maize, and grain maize, based on data from agricultural
field records. Our functional unit was 1 hectare of cultivated land. The study covers nearly two decades
(1991-2011).

There are several impact assessment methods available to calculate the carbon footprint, in our study
we chose one of the most widely used in Europe, the CML2001 (January 2016 version) impact
assessment method and used the global warming potential (GWP 100 y). Global Warming Potential is
a relative measure of how much heat a greenhouse gas retains in the atmosphere. Global Warming
Potential is calculated in carbon dioxide equivalents, which means that the greenhouse effect of an
emission is given relative to CO2. Since the atmospheric residence time of gases is included in the
calculation, the assessment period is set at 100 years.

To assess the overall environmental impact (expressing the impacts in a dimensionless number), we
used the 'CML2001, Experts IKP (Central Europe)' method in the LCA software. This method allowed us
to present the increasing environmental ranking of the annual average environmental burden per hectare
for each crop.
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Results and discussion

We present the global warming potential (GWP 100 y) values from the CML2001 mid-point, problem-
oriented impact assessment method, which shows the carbon footprint of the cultivation technologies of
the examined crops (which primarily represents the mechanized operations, fertilization, and chemical
crop protection carried out on the cultivated area). The values for silage maize per hectare are illustrated
in the following diagram (Figure 1).
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Figure 1: Time-series values of the technological carbon footprint using the CML2001-Jan. 2016
method in the case of silage maize per hectare

As the time series progresses, there is initially a slight increase in the impact category, followed by
a more balanced pattern. There are also some standout years and periods that contributed significantly
to the "GWP 100 y" value (as these years were characterized by more intensive mechanized operations
and chemical crop protection on the cultivated area), namely the years from 1994/1995 till 1996/1997,
2000/2001, and 2003/2004.

The values for grain maize per hectare can be seen in Figure 2.
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Figure 2: Time-series values of the technological carbon footprint using the CML2001-Jan. 2016

method in the case of grain maize per hectare
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For grain maize, the impact was lower up until the 1993/1994 year. However, after that, the values
increased in the global warming potential (GWP 100 y) impact category.

For rapeseed, the global warming potential (GWP 100 y) values per hectare are as follows (Figure 3).
While the values are generally balanced, the years 1993/1994 and 2003/2004 experienced lower
impacts.
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Figure 3: Time-series values of the technological carbon footprint using the CML2001-Jan. 2016
method in the case of rapeseed per hectare

The GWP 100 years indicator values for winter barley per hectare are as follows (Figure 4). There are
no standout values; only the year 2003/2004 experienced slightly higher values than the average.
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Figure 4: Time-series values of the technological carbon footprint using the CML2001-Jan. 2016
method in the case of winter barley per hectare
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The indicator values for winter wheat per hectare are depicted in the following diagram (Figure 5).
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Figure 5: Time-series values of the technological carbon footprint using the CML2001-Jan. 2016
method in the case of winter wheat per hectare

The indicator values for the impact categories fluctuate in the first nine years. The following nine years
show slightly lower, more uniform impacts. The exception is 2007/2008, which is characterised by lower
values than the average for the period.

When calculating the environmental overall impact, the results for all CML 2001 impact categories can
be viewed side by side in a dimensionless metric for each crop.
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Figure 6: CML2001, IKP Experts (Central Europe) values per crop based on annual average
inventory data
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In the LCA, the values obtained from the mandatory impact assessment step, normalized for Central
Europe (using the CML2001, IKP Experts (Central Europe) method)'® (Figure 6), show the following
environmental ranking based on the percentage contribution of each crop (increasing order): rapeseed
(1.0%) — silage maize (4.9%) — grain maize (7.1%) — winter barley (43.1%) — winter wheat (44.0%). The
difference in the overall environmental impact between root and cereal crops is an order of magnitude,
with cereal crops having values six to ten times higher.

Conclusion

In our research, we analyzed time series data related to the major field crop operations (silage maize,
grain maize, rapeseed, winter barley, winter wheat) associated with the Lajta Project study area,
focusing particularly on their impact on climate change (technological carbon footprints). This was
achieved using a comparative Life Cycle Assessment (LCA) method, which also allows for ranking. The
area is typically an intensive agricultural environment, with almost no presence of meadow-pasture
environments.

The methodology used for the LCA complies with the requirements of ISO 14040:2006 and 1SO
14044:2006 standards. We conducted a life cycle assessment of the cultivation data for five crops:
rapeseed, winter barley, winter wheat, silage maize, and grain maize. Our functional unit was 1 hectare
of cultivated land.

The time series carbon footprint analyses allowed for the presentation of the environmental impacts
per functional unit for each crop across different years. This facilitated the understanding of the intensity
of cultivation technologies, which in turn enabled further conclusions to be drawn from the time series
evaluation of changes in the local plant and animal life.

When calculating the overall environmental impact of cultivation steps, the environmental ranking
based on the percentage contribution for each crop is as follows (in increasing order): rapeseed (1.0%) —
silage maize (4.9%) — grain maize (7.1%) — winter barley (43.1%) — winter wheat (44.0%).

Understanding these results will help to better identify the environmental impacts, climate risks, and
roles of climate change in field crop cultivation technologies. It can also help in selecting appropriate
cultivation technologies that align with the sensitivity of the environment.
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Souhrn

Zemédélské &innosti maji znacny dopad na Zivotni prostfedi. V Madarsku pokryva rostlinna vyroba
témér polovinu rozlohy zemé, priblizné 5,1 milionu hektart k roku 2022. Udrzitelna konkurenceschopnost
zemeédélstvi zavisi na dvou klicovych pilifich: udrZzovani environmentalni rovnovahy a zmirriovani Skod
zplsobenych klimatickymi anomaliemi. NaSe vyzkumna prace se zaméruje na analyzu ¢asovych rad
dopad(l zmény klimatu na velkoplo$né zemédélské praktiky ve studijni oblasti projektu Lajta, a to pomoci
metody posuzovéni zivotniho cyklu (LCA). Setfeni pokryva obdobi dvou desetileti a vypoéitévé
primérny rocni procentualni podil kazdé plodiny na hektar na celkovém dopadu na Zivotni prostredi.
Environmentalni Zebricek je nasledujici (vzestupné): repka (1,0 %) — silazni kukufice (4,9 %) — zrnova
kukurice (7,1 %) — ozimy jeCmen (43,1 %) — ozimé pSenice (44,0 %). Ziskané vysledky zlepSuji
schopnost hodnotit environmentalni dopady, klimaticka rizika a ucCinky zmény klimatu souvisejici s
technologiemi produkce orné pady. To nasledné pomaha pfi vybéru nejvhodnéjsich technologii, které
Jsou pfizptisobeny environmentalnim citlivostem.

Klicova slova: vyuZziti zemédélské pudy; uhlikova stopa; hodnoceni; srovnani; analyza zivotniho cyklu
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Abstract

Energy needs and alarming CO, emissions across the globe have brought considerable attention to
the development and implementation of renewable energy and energy-saving systems. An important
aspect of the earth's thermodynamics is that its temperature remains low and constant throughout the
year. This is in comparison to outdoor air temperatures.The ground temperature is used in Earth Air Heat
Exchanger (EAHE) systems to pre-condition air before it enters a building. It effectively reduces the
energy consumption of traditional Heating, Ventilation, and Air Conditioning (HVAC) systems. This paper
provides a concise review of EAHE technology application in space heating and cooling. The write-up
also emphasized on the iinfluence of air velocity, diameter,depth, material type and length of a buried
pipe on the thermal behavior of the EAHE system. EAHE performance is not greatly affected by the
material of the pipe, in contrast to the length and diameter of the pipe. The findings suggest that the most
efficient cooling and heating effect is provided by pipes with smaller diameters. Additionally, it is
indicative that longer pipes improve the cooling/heating output in the EAHE system. Overall, fund
available for the construction determines the type of pipe material and length to use for an efficient
EAHE system. Lower air velocities provide higher thermal performance than higher flow rates.
Furthermore, the integration of the EAHE with other HVAC systems may increase the energy saving.
Typically, these systems may contribute to reduction of energy consumption for heating by
approximately 25 — 40%. This percentage range could yield to an EAHE efficiency almost 0.9.

Keywords: Soil temperature; Earth Air Heat Exchanger system; sustainable energy; thermal comfort;
heating and cooling systems; Renewable or green energy.
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Introduction

Globally, energy consumption in buildings has become a significant issue due to the increasing
demand for energy and the consequent increase in greenhouse gas emissions. Heating and cooling
systems are responsible for a large proportion of energy consumption in buildings. Air conditioning
systems (ACs) are used to maintain interior thermal comfort, using around 15% of all energy consumed.
By 2050, ACs number is predicted to rise from 1.6 billion to 5.6 billion, increasing the power consumption
for ACs by thrice’.The COVID-19 pandemic condition posed serious issues about regulating the interior
environment to reduce virus transmission®™,

Therefore, new guidelines have been released to control the spread of COVID-19 in Heating,
Ventilation, Air Conditioning (HVAC) systems. These guidelines recommend that fresh air should be
increased up to 100% in enclosed spaces. Also, recirculated air should be avoided. These results in
increased cooling/heating loads and hence increased energy consumption®. If the world's economy is to
satisfy these expanding energy demands, the use of renewable energy sources such as biofuel, wind,
solar and geothermal will be critical®.

Buildings are responsible for one-third of total energy greenhouse gases emissions®. Buildings'
thermal performance has been immensely improved over the past few years due to highly intensive
energy savings measures and technologies. While this is mostly true in developed countries, the energy
needs for cooling have significantly increased in the warmer developing world due to rising living
standards, urban temperature increases, as well as global climate change’. For instance, the energy
used by the construction industry for cooling has been significantly impacted by global climate change.
As temperatures rise in Greece, researchers predict a 248% rise in energy consumption for building
cooling by 2100, but a 50% decrease in energy demand for buildings®. In Europe, air conditioning raises

the typical commercial building's overall energy usage to roughly 40 kwh/m?/y®*°.

Thermal comfort is directly linked to human productivity. So, office buildings must ensure that their
thermal environment is of high quality. Heating systems are critical in cold climates for various reasons.
They provide necessary comfort and sustain a living atmosphere by keeping interior temperatures
comfortable throughout the winter seasons. Humans would be exposed to extremely low temperatures in
the absence of heating equipment, causing discomfort, unproductivity, health problems, and even
hypothermia.. Extreme cold can cause water to freeze and expand, resulting in broken pipes and
structural issues. Heating systems assist in averting these problems by keeping indoors temperatures

above freezing, thus safeguarding buildings and their occupants™.

The minimisation of energy consumption and greenhouse gases emissions can be done by applying
modern heating techniques like high-efficiency boilers, photovoltaic/thermal collectors, and geothermal
systems (such as heat pumps and earth air heat exchangers). However, the type of energy source used
by these systems gives the difference of their climate impact. In fact, to distinguish between the
combustion of fossil fuels and biomass is essential. The combustion of fossil fuels causes additional CO,
into the atmosphere. This is due to the release of underground storage of the aged carbon. Biomass
burning emit CO, that was absorbed from the atmosphere during the growth of plant. The last type of
combustion can be considered as a more sustainable and carbon-neutral option*?. Moreover, as
a contribution of the circular economy objectives and waste management, in addition to reduction of
fossil fuels dependence, it is advisable to use alternative and waste biomass utilisation e.g. organic
municipal or agricultural wastes and residues, animal manure or forest residues™**. Potentially, this will
support environmental preservation.

A passive climate control technology applicable to farm and residential buildings is an Earth Air Heat
Exchanger (EAHE). This is a method based mainly on temperature distribution at the surface of the
ground™. It relies on underground soil temperatures which remain fairly constant at a depth of about 2.5
to 3 m from the surface (Figure 2), throughout the year. It is usually greater or less than the ambient
temperature of winter or summer, respectively. That reflects the average yearly air temperature of the
region'®.This is commonly referred to as the ‘critical depth’.'”°. This study gives an overview of EAHE
technology, with an emphasis on the way they could enhance building energy use and sustainability. By
summarizing sevral recent research findings on the use of EAHE systems in buildings air conditioning
purposes, the valuable potential of such suistanable, novel and energy-efficient solution for building are
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depicted. This review presents the state-of-the-art of EAHE technique, its functional fundamentals and
the impact of soil properties on the performance of this system. Another interesting highlight in the
installation of the EAHE is the design parameters of such system (pipe material, pipe diameter, length of
the pipe and the buried depth of the EAHE pipe, in addition to speed of the air passing through the pipe).
Therefore, this investigation aimed to concluded the recommended parameters based on various
research. The main novel sections covered in this study:

- The operation concept of an EAHE and basic heat transfer modes that happen whitin the system;
- The major classifications of the EAHE systems (including closed- and open-loop system);
- The impact of various design parameters on the EAHE performance;

- Possibility of integrating EAHE with other HYAC system to enhance the energy saving.

1. State-of-the-art of EAHE technology

The use of Earth Air Heat Exchangers (EAHES), which may offer natural ventilation and use the
consistent ground temperature to provide cooling and heating, is one substitute for traditional heating
and cooling systems. Research has anchored on enhancing several features of EAHE systems,
including design, operation, and performance evaluation. A number of factors are investigated in studies
20-22 together with ground heat transfer, airflow patterns, heat recovery efficiency, and control strategies.
These sustainable systems have many benefits over conventional heating and cooling systems®%.
Al-Ajmi et al.?’ developed an analytical model for the prediction of air outlet temperatures and cooling
potential of EAHES in hot and arid climates. Their model is based on the ratio of the thickness of the
disturbed soil to the radius of the buried pipe, without considering the thermal resistance of the pipe
material. This model was implemented into the TRNSYS environment after being validated with previous
published experimental research. It examined the thermal performance of a typical house combined with
an EAHE under Kuwaiti climate conditions. It was discovered that the EAHE can provide 30% of the
summertime demand for cooling energy. There was an analysis for the thermal efficiency of vault roof
buildings integrated with earth-to-air heat exchangers. The results revealed that during the winter
months, the temperature in the room increased by about 5.1-15.7°C, whereas in the summer, it
decreased within the same interval®. With the aid of the FLUENT software, a numerical simulation was
conducted based on Computational Fluid Dynamic (CFD) to estimate the heating and cooling capacity of
earth-air-pipe heat exchanger systems®**. An additional study of a model used a one-dimensional
transient3 1analytical approach to detect the influence of burial depth on the thermal performance of EAHE
systems™".

According to Nayak et al.** another study evaluated EAHE system for greenhouse heating. The

system in that study combines a photovoltaic/thermal collector (PV/T) and an EAHE in different
configurations. During the winter months, it was seen that the greenhouse's interior temperatures rose
by around 7.1-8.2 °C at night. It is worthy to note that different European countries have licensed
REHAU Ecoair™ for the implementation of the EAHE system when constructing large-scale buildings.
Beneath a TESCO supermarket building in Zdzieszowice, Poland, there were 0.2 m heat transfer pipes
with 0.5 m header pipes. Regarding that project, REHAU used an EAHE system to address heating and
cooling needs of 3,250 m? of this building space. Heat transfer and header pipes combined to have total
lengths of 700 m and 50 m, with 2700 m®hour air flow, respectively. A temperature of 15 °C increment in
air temperature (from -2 to 13 °C) in the winter season was achieved with this system. This provided
nearly half of the annual heating demand and was estimated to save 2,000 € per year. Additionally, the
system generated an annual cooling output of 10,700 kW h, which increased the savings by € 1,000
from the conventional air conditioner®. In the ltalian climate, an EAHE system was also used for both
cooling and heating of an office building. The study concluded that it is an economical and feasible
system*®*. An experimental study of an EAHE was conducted in France for heating and cooling purposes
of the dining room of floor area 380 m2. This system was combined with 11 pipes which were buried
under the ground. The diameter of the pipes and their depth were 0.2 m and 2 m respectively. The result
was 14 kW of cooling power at a flow rate of 7200 m®hour throughout the months of July and August®.
Rodrigues et al.*® created a transient, numerical model that simulates the thermal performance of an
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EAHE system for several soil types at three distinct locations in a Brazilian coastal area. For the
modeling of the air flow inside the tube, as well as the calculation of the air temperature inside the tube,
a set of differential equations defining continuity, momentum, and energy was used. For the soll
temperature distribution, heat conduction equations were utilized.

Siepsiak®’ evaluated an EAHE technique in Poland for about three years, with energy efficiency as an
indicator in several freshening scenarios. The system provided approximately 124 W of cooling per hour
and 257 W of heating. This highlighted the system’s capability in improving indoor thermal comfort. The
outcomes were useful to identify the ideal HVAC system scenarios for engineering designs. Brata et al.*®
evaluated the performance of a EAHE in Timisoara, Romania. The system featured a 35 m long
exchanger pipe with a 0.2 m diameter, buried at a depth of approximately 2 m. During winter, it supplied
around 31% of the energy required by the ventilation system. A research conducted by Amanowicz and
Wojtkowiak for multi-and single pipe EAHE systems in Central Europe, concentrated on energy gains
and power usage. The findings indicated that a multipipe EAHE can effectively alternate with a single-
pipe system while maintaining similar thermal efficiency and pressure losses, provided that a tube with
the appropriate diameter is selected. Thus, more appropriate for temperate climates®. Another
investigation** examined the efficiency of an EAHE system in Bechar, Algeria. The setup had a PVC
pipe with a diameter of 11 cm and 66-meter-long, buried at 1.5 m under the ground. During the
humidification, this system achieved an increment of 19% in relative humidity and a drop of 27% during
dehumidification. These findings highlight the EAHE's capability to improve hygrometry of buildings in
arid regions. A study of EAHE systems with pipe lengths between 67 and 107 m, buried at approximately
2 m, and functioning under different air velocities (500 m3h, 2500 m3*h and 3000 m3/h) was conducted in
Germany. A variation of 16 to 51 kWh/m? was realized for the yearly heating energy outcome of the
system, while between 12 and 23.8 kWh/m? was reported for the annual cooling energy gain*.

Kaushal*® conducted an experiment in the Lower Himalayan region, where an EAHE system with

0.5 m/s airflow rate and pipe length of 60 m demonstrated a peak heating potential of around 28 kWh
and cooling potential close to 15 kWh. The EAHE system also contributed to reducing energy
consumption for heating by approximately 25-30%*. Xiao et al.** investigated the thermal behavior of
an EAHE system integrated into a greenhouse in Northern China. The research merged CFD
simulations with experiments to assess the system's effectiveness across different seasons. The
outcomes of the investigations indicate that the EAHE system raised the greenhouse's night-time air
temperature by 1.4 °C in winter, while in summer it decreased the daytime air temperature by 2 °C.
Furthermore, the variations between the EAHE's inlet and exit air temperatures were 9.3 °C in winter and
10.6 °C in summer with an efficiency of 22.49% and 23.52%, respectively. Another study by Jilani*®
utilized CFD simulations to evaluate a Quonset-type greenhouse integrated with thin-film photovoltaics
(GiTPV) and an EAHE system. The results demonstrated that the EAHE could enhance the greenhouse
air temperature by 8.2 °C and the plant temperature by 9.1 °C at a mass flow rate of 0.5 kg/s. The GiTPV
system enables self-sustainability in cold climates by delivering daily electrical energy production of
15 kWh. Khorchef et al.*® employed a full factorial design to identify optimal configurations of EAHESs for
winter and summer. The focus was on three variables, airflow, pipe length and thermal conductivity. The
research highlights that air velocity has a considerable influence, thermal conductivity had a lesser, but
still significant impact while pipe length had the most significant influence on the temperature regulation.
The pipe length accounted for more than 59.3% of variability in winter and 49.5% in summer.

Goyal et al.*’ designed and analyzed a unique bank-type EAHE in an experimental setting. The
research aimed to assess its effectiveness in the hot, dry, and humid climate of Ferozepur, India. With
a decrease in ambient temperature to 29 °C, this study demonstrated an improved accuracy compared
to previous investigations. Zhang et al.*® investigated the operation and energy efficiency of EAHES in
Lanzhou, China. Applying orthogonal simulation, the research identified that the optimal system
parameters are 7 m/s as airflow velocity, 20 m pipe length, 4 m burial depth and diameter of 0.1 m.
These selection enhanced heat transfer efficiency by 38% and reduce unit heat transfer cost by
8,000 CNY/kW compared to the original design.
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Table 1: Summary of new case studies on the EAHE behaviour in different sites.

Authors Location | Performance achieved / design parameters References
Siepsiak Poland The system supplied around 124 W of cooling per hour and [37]
257 W of heating.
Brata etal. | Timisoara, | The system has a pipe length of 35 m with a 0.2 m [38]
Romania | diameter, buried at a depth of approximately 2 m. During
winter, it provided around 31% of the energy required by the
ventilation system.
Sakhri et al. | Bechar, The system had a length of 66 m, PVC pipe with a diameter [40]
Algeria of 11 cm and, buried at 1.5 m under the ground. During
dehumidification this system achieved a drop of 27% and
during the humidification, an increment of 19% in relative
humidity.
Pfafferott Germany | Pipe lengths between 67 and 107 m, buried at [41]
approximately 2 m, and functioning under different air
velocities (500 m?¥h, 2500 m?h and 3000 m?h). Outcome of
the system was between 12 and 23.8 kWh/m? as the
annual cooling energy while,16 to 51 kWh/m? is as a yearly
heating energy.
Kaushal the Lower | The setup has 0.5 m/s airflow rate and pipe length of 60 m. [42], [43]
Himalayan | It demonstrated a peak heating potential of 28 kWh and
Region cooling potential close to 15 kWh. The system contributed to
reducing energy consumption for heating by almost 25—-30%
Xiao et al. Northern The differential between the input and outlet air [44]
China temperatures of the EAHE was 9.3 °C in winter and 10.6 °C
in summer, with an efficiency of 22.49% and 23.52%,
respectively.
Goyal et al. | Ferozepur, | Assess EAHE effectiveness in the hot, dry, and humid [47]
India climate. It show a decrease in ambient temperature to 29 °C
Zhang et al. | Lanzhou, | The optimal system parameters are 20 m pipe length, 7 m/s [48]
China as airflow velocity, diameter of 0.1 m and 4 m burial depth.
This design reduce unit heat transfer cost by 8,000 CNY/kW
and improved heat transfer efficiency by 38%.

2. EAHE system: Operating principle and Ground Temperature Profile

The fundamental concept of EAHE is based on multi- or single pipes that are buried under the
ground. One terminal of the pipe system (the inlet) serves as an ambient outdoor air entry point, while
the opposite terminal (the outlet) evacuates air into the inside of a building. Fresh air enters through the
pipe inlet, moving within the pipe and exchanging heat with walls of the pipe which are in contact with
the underground soil. In this manner, the air in the tube is conditioned as it travels down the pipe. Heat is
transferred then by convection to or from the soil around it and by conduction in the pipe wall *>*°.

Profile of ground temperature indicates how soil temperature changes at different depths under the
surface (Figure 1). It generally displays the fluctuations of temperatures near the surface which is in
response to daily and seasonal variations. Meanwhile, deeper levels tend to sustain more consistent
temperatures over the year. This profile plays an important role in the design of EAHE systems.
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Figure 7: Annual variation in temperature distribution at different depths in Ajmer, India™

3. Classification of the EAHE

The significant advancements of EAHE leads to diverse system types recognized by changes in
configurations, materials and control strategies. The classification of this technology can be based on
pipe orientation, pipe material, pipe configuration and airflow configuration. In addition to the factor of
development in control strategies: combination and integration with renewable energy sources and
automated control systems.

EAHE as sustainable solution can be effectively used alone, but recently, hybrid configurations is
often selected. Several researchers are working on combining EAHE with various passive techniques to
enhance system performance. Figure 2 presents the classification of this technology that aids in
comprehending the development and optimization of EAHE systems.

The EAHE technique can be classified based on two macro categories:
a. Source of air entering the system:

- Open- loop system: the outdoor ambient air (fresh air) is passing through the EAHE pipes.
While, the air is drawn into the buried pipes, it transfers thermal energy with the adjacent soil
before it enters the room (Figure 3.(a)).

- Closed- loop system: recirculating indoor air is used rather than fresh air. The air is extracted
from the inside of the building, transported through the subterranean pipes to facilitate heat
exchange with the surrounding soil, and then returned to the building (Figure 3.(b)).

Based on the literature, the open-loop system is often chosen over the closed-loop system since it
provides fresh air®?,

b. Pipe layout:

- Horizontal EAHE system (HEAHE): defined by the installation of pipes in parallel to the
ground surface (horizontal lines). It presents specific benefits. Among them, its simplicity in the
implementation in regions where groundwater levels are shallow. Though, it requires large
ground space, this system still easier and cheaper to install. Particularly, in open spaces.
However, its thermal efficiency may be affected by changes in soil temperature and moisture
levels, which typically vary more strongly near the surface®.

- Vertical EAHE system (VEAHE): the pipes are positioned in a vertical orientation within boreholes
that extend deep into the ground. VEAHE are frequently favored in urban or highly populated areas
where land is limited, as well as in situations that demand enhanced heat transfer rates®. This
system offers multiple benefits more than the horizontal counterparts by tapping into deeper ground
temperatures®. As the depth increases, ground temperature becomes less affected by external
environmental conditions. This reduces the influence of seasonal surface temperature changes,
leading to more consistent and reliable yearly heat transfer. That increase the system’s overall
performance®®>’. However, it usually requires drilling equipment and is more expensive to install.
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4. Heat Exchange Mechanisms within EAHE
a. Conduction and convection concept:

Heat exchange mechanisms enable the transmission of heat between the ambient air and the ground
in EAHE systems. The fundamental principle of the operation of EAHE is based on two primary heat
exchange mechanisms:

Conduction: using it as a means of transferring heat, the soil moves heat from warmer (higher
temperature regions) parts to cooler parts (lower temperature regions). By passing through buried ducts
or tubes in contact with the ground, the incoming ventilation air can gain or lose heat.

Convection: since the air and ground are at different temperatures, convection occurs when air flows
through underground ducts. The heat exchange process is enhanced when cooler air absorbs heat from
warmer ground and vice versa. Convection plays pivotal role in the heat transfer mechanisms for EAHE.
This mechanism can be considered as natural convection. However, according to the literature, it is
usually predominantly forced, driven by a mechanical blower responsible for moving the air within the
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pipes. Therefore, improving the heat exchange process. For example, Bansal et al.* analysed the
performance of EAHE for cooling purposes by varying several factors (pipe material and air velocity).
Their results presented that the air speed highly influenced the thermal behaviour of the system. In
general, the effect of natural convection is negligible (minor) when comparing it to the forced convection
impact.

Through a combination of these mechanisms, the ground temperature moderates the incoming
ventilation air's temperature, bringing the indoor temperature closer to equilibrium and achieving a more
comfortable indoor environment.

b. Fundamental equations in the EAHE physical model:

Heat transport and fluid dynamics define the performance of an Earth—Air Heat Exchanger (EAHE)
system. Mass, momentum, and energy conservation are the basic equations applied in EAHE system
modeling of physical phenomena. The following are the key equations typically applied:

- Energy Balance of the Air Stream

Under the assumption of steady-state, one-dimensional flow with minimal axial conduction, the energy
balance can be expressed as:
dTa dTa hP

+ = Ts—T
ac " ox pacp,aA( s @)

where: Ta: temperature of air inside the pipe (K), Ts: temperature of the pipe wall or surrounding soil (K),
x: distance along the pipe (m), v: velocity of air (m/s), h: convective heat transfer coefficient (W/m?-K),
P: inner perimeter of the pipe (m), A: cross-sectional area of the pipe (m?) and p is the air density
(kg/m?3).

- Forced Convection and Thermal Conductivity:

The process of heat transfer from the air to the inner wall of the pipe is dictated by forced convection.
The convective heat transfer coefficient h is frequently determined through the Dittus—Boelter equation:

Nu.ka

h = where N, = 0.023. Re%8, pr03

with: Nu: Nusselt number, Rez%: Reynolds number, r =% : Prandtl number, h: convective heat
transfer coefficient (W/m?-K), ka: thermal conductivity of air (W/m-K), D: pipe diameter (m), p: air density
(kg/m?), v: air velocity (m/s), u: dynamic viscosity of air (Pa-s) and cp: specific heat of air (J/kg-K).

The adjacent soil is considered a semi-infinite medium, facilitating radial heat conduction from the
buried pipe. The transient heat conduction in cylindrical coordinates is described as follows:

s _ oo (20Ts | 10T

at as( or2 r or
where: Ts: temperature of the soil (K), r: radial distance from the pipe center (m), as: thermal diffusivity of
soil (m?/s), ks: thermal conductivity of soil (W/m-K) and ps: soil density (kg/m?3).

- Heat Transfer Equation in a Buried Pipe:
The total heat transferred to the air while passing through a buried pipe is expressed as follows:
Qn = me (Tout — Tin)

where: m is air mass flow rate (kg/s), C, is air specific heat (J/kg.K), T,y is EAHE pipe outlet air
temperature (°C), and T, is EAHE pipe inlet air temperature (°C).

- Pressure Drop in the Earth-to-Air Heat Exchanger (EAHE)
The pressure drop in the pipe due to friction is a key factor in EAHE performance, as it affects fan
power consumption. It is typically calculated using the Darcy-Weisbach equation:
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L v
AP = f_pT

with: AP: pressure drop (Pa), L: length of the pipe (m), D: internal diameter of the pipe (m) and f = % if
Re < 2300 while f = 0.3164.Re~%25 if Re > 4000%%°

The effectiveness € of an EAHE system quantifies how efficiently the system transfers heat between
the air and the ground, relative to the maximum possible heat transfer and it can be calculated as:

__ Tout —Tin

" Tsoil — Tin
where: Tout: temperature at the outlet of the pipe (°C), Tin: temperature at the inlet of the pipe (°C) and
Tsaoil: is soil temperature (°C).

5. Advantage of the EAHE system

EAHE systems provide an eco-friendly method for energy conservation by using the soil's consistent
temperature for heating and cooling purposes. They serve multiple benefits:

- By harnessing the stable subterranean temperature to pre-treat incoming air, when it is
functioning as a primary element unit to another HVAC system. It plays an important role in
reducing the load of such HVAC system, contributing to significant energy savings in both heating
and cooling seasons.

- Supporting sustainability and environmental protection aspect by cutting down energy
consumption from conventional systems and reduces greenhouse gas emissions.

- It enhances building thermal comfort and indoor air quality.

- Featured by improving building energy saving when it is combined with other renewable energy
technologies (e.g., solar chimneys, heat pumps).

6. Impact of design parameters on the EAHE performance

a. Soil’s undisturbed temperature

The soil's stable temperature is a crucial factor in the construction of an EAHE system. Given
homogeneous soil with constant thermal diffusivity, the temperature at each depth z and time t may be
approximated by the following formula ®°°:

i e
3650(5) COS{365 o =7 \7a,

where temperature of the ground at depth z (m) and time t (s) is denoted at T,;, whereas T, represents
the average soil surface temperature (°C). The amplitude of soil surface fluctuation (°C) is denoted as A,
and as representing soil thermal diffusivity (m?%s; m?%*day), t signifies the time passed from the
commencement of the calendar year (day), and t, indicates the phase constant of the soil surface (s;
days).

T,; = T, — Asexp[—z (

Accurately calculating the value of soil's undisturbed temperature is challenging due to the frequent
lack of knowledge regarding soil properties. Furthermore, it is specified for average soil characteristics.

Thus, the undisturbed temperature of the soil is a theoretical value that may be regarded as
equivalent to the yearly average soil surface temperature of a certain area. Additionally, usually the soil
surface temperature is presumed to be equivalent to the ambient air temperature.
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b. Impact of Burial Depth

The ground's temperature shows substantial depth-dependent fluctuation®®. To maximize system
performance while reducing installation costs, it is necessary to determine the ideal burial depth for
EAHE systems. A clear temperature gradient where temperatures decrease as the depth increases have
been noted in many investigations®~*°. Nonetheless, it was noted that the enhancement in performance
was minimal beyond depths of 4 m’® "2, Variations in depth are impacted by variables including local
ground temperature profiles, soil characteristics, and climatic conditions. Sanusi et al.”® determined that
1 m is the ideal depth in Malaysia, while Khan et al.”* advised 4.5 m for Lahore, Pakistan and Babar et
al.”® suggested 3.96 m as suitable for Sahiwal, Pakistan. In another investigation, Badescu’® concluded
that the depth of the buried pipe enhances the thermal potential of the system, however limited to
a maximum of 4 meters. Mihalakakou et al.”” examined the impact of pipe depth on performance in
cooling mode, implementing depths of 1 m, 2.1 m, and 3.2 m. The analyses revealed that a pipe
positioned at a depth of 3 m gave the most effective cooling results. Wu et al.”® conducted an
examination on the effectiveness of the EAHE system at different depths of buried pipe. The temperature
variations of the air were observed to range from 7.2 °C to 31.7 °C, and from 5.6 “C to 30.6 °C at depths
of 1.6 m and 3.2 m of the pipe, respectively.

c. Impact of pipe diameter and length

Ghosal and Tiwari’® examined the influence of buried pipe diameter and length, its depth and mass
flow rate of air temperatures inside a greenhouse in addition to soil types. Based on the result an
increment of pipe length between 30-50 m affected the EAHE performance directly. Consequently, a rise
in air temperature during the winter and a drop during the summer were observed. The primary reason
for this is that an extended pipe length provides a greater duration for thermal heat exchange to occur
between the air within the pipe and the ground® Simultaneously, regarding the impact of the
underground pipe diameter of the EAHE, an increase in diameter leads to reduced greenhouse air
temperatures in winter and higher temperatures in summer. This phenomenon is attributed to the
reduction in heat transmission from the soil or a decreased convective heat transfer coefficient resulting
from an increase in pipe surface area and a decrease in air flow velocity. Another investigation®
confirms that the diameter of the pipe plays a crucial role in determining the thermal efficiency of
environmentally sustainable technology. At specific depths, the temperature of the basement stays
stable, exhibiting higher values during the winter months and lower values in the summer. Ahmed et
al.*examined the influence of pipe diameter on the thermal performance of a horizontal earth pipe
system, utilizing pipes with diameters of 0.400m, 0.200 m, 0.125 m and 0.062 m. They found that the
smaller diameter pipe yields the most effective cooling effect.

Regarding the length of pipe effect, Agrawal et al.** observed that the EAHE air temperature

decreases in the summer and rises in the winter season as the length of the pipeline increases. Yet, the
performance rate fluctuates based on climatic conditions and geographical location. In this experiment, it
was observed that for the 50 m pipeline length, the outlet temperature of the EAHE system consistently
matched the basement temperature. Bansal et al.** performed an analysis of thermal performance for
different lengths of EAHE pipes in India. The study also examined the impact of soil thermal conductivity
and the duration of continuous EAHE operation. The findings from an investigation by Zhang et al.®’
indicate that an optimal pipe length of 80 m is recommended to ensure effective pre-heating and pre-
cooling performance for the EAHE-assisted building air conditioning system year-round. Given the
balance between thermal efficiency and construction expenses of the EAHE system, an additional
increase in pipe length might not result in beneficial results. In this investigation the influence of pipe
diameter was also conducted. It ranges from 100 mm to 200 mm, affecting the airflow rate within the
buried pipe. Increasing the pipe diameter has a minor effect on outlet air temperature, resulting in
a small rise during summer and a decrease in winter. The typical precooling performance and daily
cooling capacity range from 9.5 °C to 9.2 °C and from 20.1 kWh to 19.5 kWh, respectively. Comparable
outcomes can be noted during the heating season. In an EAHE system, the difference in air temperature
between the inlet and outlet of the pipe is enhanced by extending the length of the pipe®, while it
diminishes with a rise in pipe diameter®®®
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d. Impact of material of the pipe

The conclusion drawn from various studies indicates that pipe materials selection primarily centers on
the material's availability and associated costs. The outlet temperature of the buried pipe can be more
effectively reduced by using materials with a higher thermal conductivity. Parametric research was
conducted in EnergyPlus software to compare several pipe materials, specifically PVC, polyethylene
(PE), clay, Polyvinyl Chloride (PVC) and brick”®. This research expands the classification of
subterranean pipelines. The results indicated that clay pipes produce the lowest output air temperature
between the four types of pipes. In another side, Bansal et al.®” examined the thermal capacity and
evaluated the air conditioning potential of two EAHE systems constructed mostly from steel and PVC
materials. The authors determined that the pipe material had no strong effect on the effectiveness of the
EAHE system. Serageldin et al.®® tested the efficiency of an EAHE in Egypt's hot and cold climate.
A mathematical model for energy conservation based on one-dimensional, unsteady and quasi-state
equation were used or produced?. In addition, a three-dimensional steady-state CFD ANSYS Fluent
simulation model for predicting air and soil temperatures have been developed. Three various pipe
materials were utilized: PVC, steel, and copper. Output air temperatures were 19.8 °C for copper and
steel and 19.7 °C for PVC pipe. This led to the conclusion that there is no noticeable difference in the
output air temperature for the different pipe materials. Menhoud;j et al.* conducted a comparison of the
performance of the EAHE system using two pipe materials, Zinc and PVC. The findings indicated that
the air temperature drop was 6.5°C for the Zinc pipe and 6°C for the PVC pipe. Consequently, the cost
of the pipe material and its lifespan come out as the most important factors in the selection process,
rather than the heat transfer properties. All the above-stated research results presented that the material
of the pipe has a minimal (negligible) effect on the thermal performance of the EAHE system.

e. Impact of air flow

The airflow rate predominantly dictates the system's capability for cooling or heating and its overall
performance®®. Benrachi et al.”> demonstrated that an increase in velocity of the wind from 2 m/s to
2.5 m/s led to a significant reduction in cooling effectiveness, dropping from 60% to 33%. Furthermore,
Bhandari et al.”® investigated how airflow velocity affects heat transfer rates, showing that a reduction in
velocity and an increase in diameter lead to a lower pressure drop across the pipe length throughout
airflow. Bansal et al. examined the influence of flow velocity (2.0, 3.2, 4.0, and 5.0 m/s) and contrasted
the simulation results with the experimental data obtained. The outcomes showed a reliable agreement
between experimental data and simulated results. Using a pipe length of 24 m gives cooling
performance vary from 8 to 13 °C for the above speeds air®®’. Dubey et al.** observed a decrease in air
temperature from 9 to 4.2 °C, alongside a reduction in the coefficient of performance (COP) from 6 to 3.7
as the air velocity varied from 4 to 12 m/s. A mathematical parametric study was carried out by Ahmed et
al.®? employing four separate airflow rates to assess the impact of air velocity on the thermal
performance of the pipe—Earth technique during the cooling process. The report indicated that an air
flow of approximately 1.4 m/s was the optimal choice for summer efficiency. Other studies by
Mihalakakou et al.*>®" documented how air velocity affects the EAHE system's ability to maintain thermal
comfort. The researchers looked at the EAHE system's evaporative temperature and how it changed in
response to a modest change in air velocity. It has also been noted that the system’s heating capacity
decreases as the air velocity increases. The effectiveness of an EAHE system may be measured by the
number of Reynolds, according to Abdelkrim et al.®®. They found that when the Reynolds number
increases, the out-flow air temperature rises because the air residence time within the pipe reduces.

7. Effect of soil properties on the EAHE’s system performance

The thermo-physical qualities of the soil have a significant impact on the thermal performance of an
EAHE system. Soil thermal conductivity and diffusivity are two important parameters of the EAHE
system. Due to the high temperature difference and rapid heat transfer rate, the system performs better
as the thermal conductivity increases. High thermal diffusivity, on the other hand, increases the quantity
of heat transmission from soil to pipes via conduction and from pipes to air via convection*”*'. Thermal
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conductivity, specific heat, and density of soils are the most important thermo- physical properties that
determine the performance of the EAHE system. Therefore, as the most important soil property for the
EAHE system, thermal diffusivity plays a significant role. Because heat accumulates in the soil layers
near the pipe and does not transfer to the next layers quickly, the soil gradually becomes thermally
saturated, reducing the performance of the EAHE system®. There is a direct correlation between
thermal conductivity and thermal diffusivity of soil. The investigation of Mathur et al.*® present that soil
with a higher thermal diffusivity transfer heat more rapidly from nearby soil to outer subsoil, which
increases heat transfer rates. In this study the thermal performance of EAHE systems was evaluated
using three different soil thermal diffusivities: 1.37x10" m?%s,4.37x10” m?s and 9.69x10"” m?%s. It is
important to note that soil thermal conductivity is significantly affected by temperature. In the study by
Bansal et al.** the impact of duration of operation and the thermal conductivity of the soil on the EAHE
performance was analysed by choosing 3 different soils. They highlighted the significance of involving
soil thermal characteristics in the design and functioning of EAHE. They observed that even during
extended continuous operation, EAHE system installed on soil with enhanced thermal conductivity has
higher thermal performance. The phenomenon of improved thermal behaviour of soil characterised by
high thermal conductivity is attributed to the fast dissipation of heat from the soil layers Moreover, Donde
and Maurya'® experimentally characterised the thermal property of soil for EAHE applications. They
investigated the influence of different soil types on the system performance, particularly, assessing the
soil's potential to store or dissipate heat. Their results stated that for prolonged continuous operation of
EAHE, the soil with lower thermal storage capacity but higher thermal conductivity and diffusivity, is
preferable. This soil may rapidly transfer heat from the pipe, ensuring a greater difference in temperature
between the air within the pipe and the adjacent soil. Therefore, enhancing heat exchange efficiency.

8. Opportunities of integrating EAHE with other system (Future work):

In recent years, research and development towards energy saving has grown as a significant focus
for researchers worldwide. For efficient energy saving, the use of EAHE as primary pre-conditioning unit
to another system should be more analyzed.

Besides conditioning air for indoor comfort, the EAHE system may be modified for preheating the
combustion air supplied to boilers, furnaces, or industrial burners in winter. This is particularly
advantageous in settings where external temperatures fall significantly beyond the soil temperature;
where the cold ambient air is drawn through the pipes of the EAHE and absorbs heat from the warmer
ground. The preheated air is then fed into the combustion chamber. This reduces the energy needed to
reach optimal combustion temperatures and provides complete combustion and lower emissions; helps
in fuel saving while improving combustion quality.

In another applications, when combining passive geothermal energy with active air distribution, EAHE
may be linked with an Air Handling Unit (AHU) to raise the energy efficiency of heating, ventilation, and
air conditioning systems in buildings'®. In this configuration, outdoor air is sent through underground
pipes, typically located 1.5 to 4 m deep, where it participates in heat exchange with the surrounding soil.
The air is cooled or heated depending on the season. Later, the temperature-moderated air exits the
pipes and is delivered to AHU. It additionally filters, humidifies or dehumidifies, heats, or cools the air as
necessary to achieve the preferred indoor comfort conditions. The AHU afterwards distributes the treated
air within the building using several terminals. This will result in various benefits. For instance, in energy
savings where it decreases the thermal load on the AHU by pre-conditioning the air; reduces the HVAC
size and enhances comfort due to the better stable and comfortable indoor air conditions.

Conclusion

With the growing demand for sustainable building solutions and energy saving, EAHE systems are
likely to become more widely adopted in the future. An overview of the EAHE system has been provided
in this study, along with some important parameters to consider. These are the key conclusions.
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- The EAHE system can provide adequate cooling and heating for small and large buildings with
substantial energy savings.

- The performance of EAHESs is affected by various factors, such as the type of soil, the depth and
length of the system, the airflow rate, and the thermal properties of the heat exchanger. This
technology should also be designed to minimize heat losses during the heating and cooling
cycles, to maximize the system's efficiency.

- The cooling and heating capacity of the EAHE system increases with installation depth. However,
beyond a certain depth (more than 4 m), no substantial enhancement in performance is
expected. Rather, the excavation cost of the trench escalates with the depth of the pipe.

- Research findings indicate that the pipe material has a minimal (negligible) effect on the thermal
performance of the EAHE system. Consequently, the expense of the pipe, its longevity, and its
corrosion resistance are essential criteria for choosing the pipe material.

- PVC pipe is favored for the EAHE system due to its low cost, flexibility, superior corrosion
resistance and ease of installation.

The length of the buried pipe plays a critical role, as it directly affects the heat transfer surface
area and the residence time of the air-fluid. Therefore, the extended pipe offers an extensive
route for heat transfer and 80-120m is the recommended pipe length.

- EAHE pipe with a smaller diameter offers the most effective cooling and heating impact.

- A higher moisture content and good thermal conductivity of the soil surrounding the EAHE pipe
can improve the performance of the system. Thus watering the ground is a suitable solution to
raise the thermal conductivity of the soil.

- Better thermal performance is achieved at lower air velocities compared to higher flow rates. This
phenomenon occurs because the air remains in contact with the surrounding soil for a longer
duration, allowing more effective heat exchange. In contrast, at higher velocities, the reduced
residence time limits the air's ability to reach thermal equilibrium with the soil.

- A system such as this should be used in extreme atmospheric conditions since the temperature
difference between the ambient air and undisturbed ground will be greater.
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Skumanie vzduchového vymennika tepla ako inovativnej a udrzatelnej
aplikacie na chladenie a vykurovanie: vybery z literatary
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Suhrn

Energetické potreby a alarmujuce emisie CO2 na celom svete pritiahli znacnt pozornost k vyvoju
a implementacii obnovitelnych zdrojov energie a systémov na usporu energie. DoélezZitym aspektom
termodynamiky Zeme je, Ze jej teplota zostava nizka a konStantna pocCas celého roka. V porovnani
s vonkajsimi teplotami vzduchu. Teplota zeme sa pouZiva v systémoch vymennikov tepla zem-vzduch
(EAHE) na predupravu vzduchu pred jeho vstupom do budovy. U&inne znizuje spotrebu energie tradicénych
systémov vykurovania, vetrania a klimatizacie (HVAC). Tento ¢lanok poskytuje struény prehlad aplikacie
technolégie EAHE pri vykurovani a chladeni priestorov. Clanok tiez zdéraznil vplyv rychlosti vzduchu,
priemeru, hibky, typu materialu a dizky zakopaného potrubia na tepelné spravanie systému EAHE. Vykon
EAHE nie je vyrazne ovplyvneny materidlom potrubia, na rozdiel od dizky a priemeru potrubia. Zistenia
naznacuju, Ze najucinnejSi chladiaci a vykurovaci UcCinok zabezpecuju potrubia s menSimi priemermi.
Okrem toho je svedciace o tom, Ze dIhSie potrubia zlepSuju chladiaci/vykurovaci vykon v systéme EAHE.
Celkovo dostupné finanéné prostriedky na vystavbu uréuji typ materidlu a dizku potrubia, ktoré sa maji
pouZit pre efektivny system EAHE. NiZsie rychlosti vzduchu poskytuju vy$Si tepelny vykon ako vySSie
prietoky. Okrem toho integracia EAHE s inymi systémami HVAC mézZe zvySit usporu energie. Tieto
systemy moézu typicky prispiet’ k znizeniu spotreby energie na vykurovanie priblizne o 25 — 40 %. Toto
percentualne rozpétie by mohlo viest k ucinnosti EAHE takmer 0,9.

Klicova slova: Teplota pbdy,; systém vymennika tepla zem-vzduch; udrZatelna energia; tepelna
pohoda; vykurovacie a chladiace systémy; obnovitelna alebo zelena energia.
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Suhrn

Rozvoj automobilového priemyslu vo svete, ako aj v Slovenskej republike, je klucovy pre prosperitu
a celkovy rozvoj spolo¢nosti. Na Slovensku sa automobilovy priemysel vypracoval na popredné miesto
medzi jednotlivymi odvetviami priemyslu vdaka Styrom (v buducnosti uz piatim) finalnym vyrobcom.
V prispevku sa autori zamerali na klasifikaciu problematického odpadu z automobilov po skoncéeni ich
Zivotnosti z pohladu jeho dalSieho zhodnotenia, konkrétne na recyklaciu textiinych materialov.
Experimentalna ¢ast' v prispevku je zamerand na aplikacie a predikciu vyuZitia vybranych
problematickych textilnych odpadov z pohladu ich zhodnotenia (v kompaktnom a sypkom stave), na
vyhodnotenie vykonanych experimentov s vyuZitim regresnej a korelaCnej analyzy pri produktoch na
zZvukovu a tepelnu izolaciu. Autori prispevku sa vo svojej praci zamerali na vyskum moZznosti vyuZitia
réznych textilii aplikovanych v automobiloch s cielom vyuZitia recyklovanych materialov tychto textilii na
vyvoj zvukovo a tepelnoizolacnych materialov so Sirokym spektrom aplikacii.Zavery vyskumu preukazali
vhodnost’ daného materialu pre uvadzané aplikacie.

Kruacové slova: Automobilovy priemysel, recyklacia textilii, koeficient zvukovej pohltivosti materialu,
index utlmu materialu, tepelne izolacné vlastnosti materialu

Uvod

Vozidla po skonceni zZivotnosti obsahuju cely rad komponentov (odpadov) rézneho materialového
Zlozenia, ktoré by mali byt dalej zhodnotené. Od 1. januara 2015 nadobudla G&innost EU smernica
2018/849 a 2019/1020, ktoré menia smernice 2000/53/ES a 2005/64/ES. EU smernica 2018/849
stanovuje podrobné kvantifikované ciele pre vyrobcov vozidiel a vybavenie automobilov, pri€¢om musia
pri navrhovani a vyrobe vyrobkov prihliadat na demontaz, opatovné vyuZitie a spatné ziskavania
vozidiel. Vyrobcovia musia zabezpecit, aby boli nové vozidla opatovne pouzitelné a/alebo recyklovatelné
na najmenej 85 % podla hmotnosti vozidla a opatovne pouzitelné a/alebo spatne ziskatelné na najmenej
95 % podla hmotnosti vozidla.

V smernici sa vymedzuju opatrenia, ktorych ciefom je prevencia a obmedzenie odpadu z vozidiel po
dobe Zivotnosti a z ich suciastok cez opatovné vyuzivanie, recyklaciu a spatné ziskavanie. Rovnako sa
nou stanovuje ciel prispiet k udrzatefnosti Zivotného prostredia vSetkymi kooperujucimi firmami
zapojenymi do Zivotného cyklu vozidiel. %3

Tieto poziadavky prinutili vyrobcov automobilov zohfadnit’ pouzitie udrZzatefnych materialov vo vyrobe.
Na obrazku 1 je uvedeny prehlad najpouzivanejSich materidlov v automobiloch. ako su napriklad
prirodné vlakna, najma na zvukovu a tepelnu izolaciu. Autori prispevku sa v nasledujucich €astiach
zamerali na recyklaciu textilu z automobilov. Schopnost textiiného materialu izolovat mechanicky hluk,
vibracie a udrziavat tepelné izolaCné vlastnosti interiéru vozidla prispieva ku komfortu pri jazde
a k vyraznym energetickym usporam z hfadiska vyuzivania klimatizacie. Textil sa pouziva na podlahové
krytiny, pod sedacie potahy, na obloZenie dveri, palubné panely, v motorovom priestore a na strope
a pod. Vnutorné Casti automobilov vyuZivaju netkané textilie, ktoré sa lahko vyrabaju v réznej hustote,
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hribke a tvaroch, a to vd'aka ich nizkej hmotnosti, jednoduchému spracovaniu, flexibilite a pérovitosti * >
®.V interiéri automobilov sa zvukovo absorp&né netkané materialy pouZivaju na pripevnenie k réznym
komponentom, ako su napriklad podlahovy koberec, stropné oblozenie, bo¢né ¢asti batozinového
priestoru, zadny kryt, vyplne dveri, podlaha batoZinového priestoru, ochrana kolies, pridavna rohoz,
izolacia palubnej dosky a podlozky, obrazok 2 ’.
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Obrazok 1: Prehl'ad najpouzivanejSich materialov v automobiloch

Netkané textilie pouzivané v automobilovych interieroch maju vynikajuce vlastnosti v porovnani
s klasickymi textiliami, ako su nakladova efektivnost, jednoduché tvarovanie, recyklovatelnost
a atraktivny pomer cena/vykon. NavySe je mozné navrhnut netkané textilie s konkrétnymi vliastnostami,
ako su hrubka, hmotnost a objem °.

Vdaka porovitej Strukture a velkej povrchovej ploche su netkané textilie vhodné pre technicke textilné
aplikacie, kde je potrebna absorpcia zvuku *°.

Autori sa zamerali predovdetkym na problematické materialy z komponentov, ako su pneumatiky,
materialy z autosedaciek, kobercov, Calunenia, airbagov a na vyvoj technolégii a postupov na
zhodnocovanie odpadu do produktov pre akustick a tepelnt izolaciu a iné vyuzitelné produkty * & "8,

» Podlahové koberce » BatoZinovy priestor

» Textilné sedadla »Qdkadacteipolicky
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Obrézok 2: Vzorky textilngych komponentov vo vozidle *
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Technoloégie vyroby zvukovo absorpénych materialov a tepelne izolaénych materialov

Produkty z recyklovanych automobilovych komponentov, ktoré je mozné pouzit na vyrobu zvukovo
absorpcnych prvkov, zahffaju vyrobky z recyklovanych pneumatik, autosedaciek, sedacich potahov,
kobercov a airbagov. Technoldgia recyklacie automobilovych textilii alebo autosedaciek je Specialny
proces, ktory je v podstate univerzalny pre nasledné zhodnotenie recyklovanych produktov
speviiovanim, spajanim pod vplyvom tepla a tlaku ”°.

Environmentalnym prinosom recyklovanych produktov je ich pouzitie ako izolacnych materidlov na
baze recyklovanych textilii vdaka ich vysokej tepelna kapacite, ¢o znizuje poziadavky na vykurovanie
a chladenie budov, zaroven znizuje mnozstvo textiiného odpadu po zbere a méze ciastoCne nahradit
vyrobu izolacii z neobnovitelnych zdrojov. Vdaka nizSim energetickym narokom v porovnani s klasickymi
mineralnymi izolaciami tieZ zniZuje uhlikovl stopu vyroby izolacii °~*°.

V dalSej Casti sa autori zamerali na vyuzitie a spracovanie sekanych, strihanych textilii zmieSanych
s plastami a gumou, drvenymi textiinymi kordami a drvenymi materialmi z autosedaciek a sedacich
potahov, t.j. na suroviny pouZivané pri vyrobe zvukovo a tepelnoizolaénych prvkov ®. Technoldgie na
spracovanie a drvenie novych recyklovanych materialov mozno rozdelit podla pouzitych metdd na :

e technoldgiu vyroby lisovanim,

e technologiu vyroby mikrovinnym ohrevom,

o technolégiu vyroby zvukovo absorpénych prvkov z makkej peny (polyuretanovych pien),

technoldgiu vyroby a navrh produktov na baze sypanych granulatov >®.

Technolégia vyroby lisovanim vyuziva velkoobjemové lisy — hydraulické alebo parné. Lisovanie sa
vykonava pod vysokym tlakom — minimalne 20,265 bar s ohriatymi lisovacimi nastrojmi. Spodna &ast' je
vyhrievana na 120 °C, zatial o horna ¢ast je zohrievana na teplotu 90 °C. Lisovacia forma musi mat
dobry prestup tepla, t.j. zohrievanie formy a €as lisovaného materialu musi byt €o najkrat$i. Zmes
rozdrvenych recyklovanych materialov a spojiva sa pripravuje v mixéroch. Davka surovin (drvena guma,
textilné kordy, textilie, drvené autosedacky, sedacie potahy alebo koberce) sa uréuje na zaklade hribky
jednotlivych vrstiev. Koncentracia spojiva sa pohybuje medzi 12 — 16 % hmotnosti. Koncentracia spojiva
je ur€ena podfa nasiakavosti materialu a poZadovanej tvrdosti produktu. Na urychlenie chemickej
reakcie viazania a spevnenia sa do spojiva pridava katalyzator v maximalnej koncentracii 0,2 %
hmotnosti. Ak je potrebna nehorfava uprava, zmes sa obohacuje o 6 — 8 % spomalovaca horenia.
Spojivo je zaloZzené na baze polyuretanu/polybutadiénu, zatial ¢o spomalova horenia je na baze
brémovej aromy a oxidu antiménu. Zmes textilnych materialov sa lisuje za horuca pod tlakom 12 — 15
minut v zavislosti od hrubky sendvica.

Nevyhodou tejto technolégie je vysoka energetickd naroCnost a pomerne dlhy technologicky
pracovny cyklus. Vyroba jedného produktu trva minimalne 25 — 30 minut, €0 ma vplyv na jeho cenu.
Cena formy je tiez pomerne vysoka °.

Technolégia vyroby sendviéov mikrovinnym ohrevom, nie je tak naro¢na ako lisovanim za tepla.
Vyhodou je podstatné skratenie technologického cyklu z 12 — 15 minut na 4 — 5 minut. Nie je potrebné
ohrievat’ formy na vysoké teploty ani aplikovat vysoky lisovaci tlak €i pouzivat drahé formy. Podstata
technologického procesu spoc€iva v priprave potrebnej zmesi v mixéri. Formy su jednoduché a po
uzatvoreni sa pomocou dopravnika presuvaju do mikrovinného tunela, kde dochadza k spojeniu vrstiev.
Rychlost priechodu tunelom zabezpecuje, aby forma zotrvala v tuneli priblizne 4 — 5 minat. Napatie
generujuce mikroviny ma priblizne 5 kV. Pouziva sa rovnaké spojivo, katalyzator a spomalova¢ horenia
ako pri klasickom lisovani. Pokusy nahradit' spojivo inym spojivom, napriklad na baze akrylatu, neboli
uspesné. Hoci cena klesla (akrylatové spojivo je podstatne lacnejSie ako polyuretan/polybutadién), doslo
k vyraznému zhorSeniu tvrdosti produktov. Zvukova absorpcia sa mierne zvySila, no produkty sa pri
aplikacii rozpadali. Tato technolégia umoznuje vyrobu aj kombinovanych produktov, kde jedna
z vonkaj8ich vrstiev (zvyCajne spodna) mdze byt z tvrdého materialu, napriklad z pogumovaného
betdnu, Cetrisu alebo betonu. Vdaka jednoduchej konstrukcii foriem je technoldgia mikrovinného ohrevu
vhodna aj pre zlozitejSie produkty z hladiska tvaru, ako aj pre reliéfne povrchy. Produkty a technoldgia
podliehaju autorskym pravam autorov projektu (Uzitkovy vzor €. 5721 ,Kompaktné prvky z recyklovanej
gumy vyrabané pomocou technolégie mikrovinného ohrevu®) °.
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Technolégia vyroby zvukovo absorpénych prvkov z miakkej peny (polyuretanovych pien) su
vyrobené prevazne z makkych, ,pevnejSich“ materialov z autosedaliek a sedacich potahov. Vdaka
vysoko porovitej Struktire ma rozdrveny material vynikajuce predpoklady na vyrobu zvukovo
absorpCnych prvkov. Vysoka poérovitost materialu vedie k vy3S3ej spotrebe spojiva nez v pripade
spracovania drvenej gumy. Vysoka spotreba drahého spojiva je komeréne nezaujimava. Dobru zvukovu
absorpciu bolo mozné dosiahnut pri hribke 20 mm. Nevyhodou produktov vyrobenych touto
technoldgiou je, Ze ich pevnost klesa s ich klesajucou hrubkou. Proces spevrfiovania prebieha uéinkom
horucej pary bez potreby vysokého tlaku ako je tomu v pripade lisovania. Tato technolégia pozostava
z troch zakladnych faz: mieSanie, naparovanie a tvrdnutie (dozrievanie). V procese "mieSania" sa
rozdrvené autosedacky a potahy mieSaju s lepidlom. MieSaci cyklus trva priblizne 10 minut a pripravena
zmes sa vlozi do formy. Po jej uzavreti nasleduje proces "naparovania". Pri "naparovani" sa zmes spoji
ucinkom horucej pary s teplotou 160 °C. Tento proces trva priblizne 10 minut a po¢as neho sa zmes
spevniuje. Naparovana zmes sa necha vytvrdnut dalSich 10 minut a potom sa hotovy produkt vyberie
z formy. NajCastejSie sa vyrabaju bloky s hrubkou 100 mm. Vyrobny produkt je kompaktny a dostato¢ne
pevny na to, aby sa mohol krajat na potrebnd hrubku, dizku a $irku. Tymto spdsobom je mozné vyrobit
produkty s hrabkou 10 mm. Mbzu sa vyrobit aj produkty s vliozenou vystuzou, ako je kovova siet alebo
ocelové tyle, ktoré robia produkt samonosnym, priCom hodnota zvukovej absorpcie sa nemeni
a technologicky vyrobny proces sa taktiez nemeni > °’.

Technolégia vyroby a navrh produktov na baze sypanych granulatov tvori dalSie mozné rieSenie
pre pouzitie recyklovanych granulovanych (ale aj drvenych, strihanych a trhanych) materidlov
v akustickych aplikaciach bez pouzitia spojiv je ich vyuZitie v protihlukovych a tepelno izolaénych
bariérach vo forme sypaného materialu. Predpokladom pre takéto vyuzitie je vhodna konstrukcia panelu
na ochranu proti hluku atepelni izolaciu a spravna aplikacia sypaného materialu s naslednym
zhutnenim.

Ciefom autorov projektu bolo ¢iastoéne nahradit nové materialy akusticky a tepelne vhodnymi
kompaktnymi materialmi, ktoré su na baze recyklovanych materialov z vybranych komponentov vozidiel
po skon&eni ich Zivotnosti, vyrobenych pomocou lisovania pri uréitych tlakoch a teplotach alebo bez
pouZzitia spojiva (spojenymi len chemickou reakciu materialov), sypanymi materialmi vyrobenymi na baze
granulatov z recyklaénych procesov (sypany granulat). Vyhody pouzitia tychto tzv. ,zelenych® materialov
v akustickych (a tiez tepelnych) aplikaciach, ako su protihlukové bariéry, v porovnani s komerénymi
materialmi, spo€ivaju v kombinacii velmi nizkej hmotnosti, vysokej fyzikalnej a chemickej stability,
nizkych nakladov a vysokych hodnét zvukovej absorpcie > .

Experimentalna ¢ast’
Material — priprava textilného recyklovaného materialu

Textilie v priemernom automobile tvoria az 2 — 2,5 % jeho celkovej hmotnosti, o predstavuje 23 — 26 kg,
pricom do roku 2025 sa oCakava narast na 35 kg. PoCas vyroby nového vozidla vznika 2,5 — 4 kg
technologického odpadu. Medzi textilie z automobilov moZno zahrnut' aj potahy, textilie z detskych
sedadiel, airbagy a podobne.

Textilny material pouZity na experimentalne testy merania tepelnoizolaénych vlastnosti a meranie
hluku bol dodany spoloénostou Stered PR Krajné, s.r.o. *°.

V su€asnosti sa vyskum zameriava na spracovanie a recyklaciu automobilovych materidlov
v spolupraci so spolo¢nostou Stered PR Krajné, s.r.o., kde boli vykonané experimenty. Experimenty sa
zacali vyberom, zberom a uskladnenim pouzitych odpadovych materialov z textilii, textiiného odpadu
z automobilov, ako je zndzornené na obrazok 3. Dalsi krok spogival v spracovani odpadovych textilnych
materialov na priblizne rovnaké Castice na deliacej a drviacej linke pomocou rezacich operacii, ako je
znazornené na obrazku 4 *°.
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Obrazok 3: Triedeny textilny odpad z materialov z automobilov po dobe ich Zivotnosti

Nasledne bol pouzity proces formovania lisovanim, ktory je zobrazeny na obrazku 5. Konec¢ny tvar
kompaktného recyklovaného viazaného textilu je zobrazeny na obrazku 6.

Lo Tl
Obrazok 5: Forma na kompaktovanie textilu ~ Obrazok 6: Tvar recyklovaného textilu z formy

VSetky Specifické viastnosti pévodného materialu su prenesené do vlastnosti nového konstrukéného
materidlu STERED. Vystupom recyklatnej jednotky je homogenizovany produkt STERED S.
Homogenizovany materidl je tvarovany do formatu dosky s pridanim spojiva na baze polyuretanového
pre polyméru, ako je znazornené na obrazku 6. Vlastnosti produktu STERED S su uvedené v tabulke 1.

Tabulka 1: Vlastnosti kompaktnej textilnej dosky °

Patron of the issue / Patron &isla: Symposium ODPADOVE FORUM 2025 (12. - 14. 10. 2025, Hustopede, Ceské republika)
WASTE FORUM 2025, &islo 3, strana 228



Lydia SOBOTOVA, Miroslav BADIDA, Marek MORAVEC, Miroslava BADIDOVA, Tibor DZURO: Recyklécia textilu
z automobilov po dobe ich Zivotnosti a jeho mozZnost vyuZitia v praxi

Recyklovany textilny material bol vioZzeny do pripravenych foriem, lisovany a susSeny. Vysledkom boli
recyklované dosky, ktoré boli narezané na menSie testovacie vzorky podla naSich poziadaviek na dalSie
zvukové a tepelné testovanie. Variabilita rozmerov sa mdze menit' v zavislosti od poziadaviek testovania.
Dodané vzorky textilii boli v tychto formach:

o Rezané alebo trhané jednotlivé frakcie textilu, merajuce priblizne 20 x 40 mm (Frakcie materialov —

rezané alebo trhané malé €asti textilu pochadzajuce z réznych Casti textilii, ako su potahy, koberce
z automobilov), obrazok 7.
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Obrazok 7: Trhany a rezany recyklacny materlal z textllu vozidla

o« Kompaktna textilna jednotka vyrobena z materialov z automobilov lepenych a lisovanych s rozmermi
300 x 300 mm, obrazok 8 (Pevné textilné dosky), obrazok 9 tvori vzorka z dosky.
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Obrazok 8: Kompaktne vzorky recyklovaného textilu Obrazok 9: Kompaktna textilna
valcova vzorka

Na zaklade dodaného testovacieho materialu boli vytvorené testovacie vzorky pre meranie zvukovej
pohltivosti a meranie tepelno izolanych vlastnosti:
e rezanie, trhanie textiiného materialu z automobilu po jeho konci Zivotnosti (obrazok 7),

e Vv tvare valca s priemerom @ 60 mm a vySkou 60 mm, vyrobené z pevnych panelovych dosiek
(obrazok 9).

Metéda merania zvukovo absorpénych a tepelne izolaénych vilastnosti

Pre potreby stanovenia koeficientu zvukovej pohltivosti ,a“ aindexu utimu ,TL* bolo vyvinutych
niekolko meracich metdd, priCom jednou z najpouzivanejSich je meranie pomocou impedanénej trubice.
Impedanéna trubica ma v porovnani s inymi metédami merania vyhodu vdaka svojej kompaktnosti
a moznosti rychleho ziskania vysledkov.

Pre potreby merania skimanych materialov v recyklovaneho textilu bola pouZita impedancna trubica
model BSWA SW 433 vo Stvormikrofénovej konfiguracii, dlzkou 500 mm s vnutornym priemerom @ 60
mm a frekvenénym rozsahom 100-2500 Hz (obrazok 10).
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Obrazok 10: Pohlad na meraciu aparaturu - impedané¢nu trubicu BSWA TECH

Sucastami meracej zostavy boli 4 — kanalovy analyzator MC3242 (0-20 kHz), zosiliova¢ PA 50
(50W) pre napajanie reproduktora v trubici, pocitaé so softvérom VA — LAB4, potrebna kabelaz
a samotna impedancna trubica. Merania koeficientu zvukovej pohltivosti ,a“ a indexu utimov ,TL* boli
realizované metddou transformaénej funkcie podia normy STN EN ISO 10534 -2 (730537) *-

Natrhany alebo nastrihany textiiny material bol vioZzeny do autormi navrhnutej testovacej kazety
(Patent €. 289324), obrazok 11 18 a zalisovany zariadenim na merané plnenie testovacich kaziet
sypkymi materialmi (Uzitkovy vzor &. 9665), obrazok 12 *°.

Obrazok 11: Testovacie kazety

Pre kazdu vzorku bolo vykonanrych 5 opakovacich merani. Hodnoty teploty (22,5 + 1°C) a relativnej
vlhkosti (48 £ 5 % RH) boli monitorované pocas celého experimentu. Atmosfericky tlak 986,07 kPa
indikoval stabilné laboratérne prostredie vhodné pre opakovatelné merania.

Obrazok 12: Zariadenie na merané plnenie testovacich kaziet sypkymi materialmi

Koeficient zvukovej pohltivosti ,a“ je bezrozmerné &islo pohybujuce sa od 0 po 1. Cim je namerana
hodnota blizSie k 1 alebo rovna 1, tym testovana vzorka meraného materialu bude vykazovat lepSiu (vysSiu)
zvukovu pohltivost. Koeficient zvukovej pohltivosti ,a“ pri kolmom dopade zvuku sa vypocita zo vztahu:

a=1-|rPP =1-r2-r? (1)

kde: r — je &initel odrazu, r, — je reélna zlozka a r; — je imaginarna zlozka ' %°.
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Index utlmu ,TL" sa udava v (dB) a vyjadruje pomer medzi intenzitou zvuku dopadajuceho na prednu
stranu vzorky a intenzitou zvuku preneseného cez testovany material. Tento pomer umozni posudit
uginne ako dany material timi zvuk. Cim vy$s$ia bola namerana hodnota index atlmu ,TL*, tym lepsie su
timiace vlastnosti materialu.

Index atimu , TL" sa vypocita zo vztahu:

TL=10log,, % , (2)

t

kde: W; - je energia dopadajucej zvukovej viny, ktora prichadza smerom ku skuSobnej vzorke,
W, - je energia prenesenej zvukovej viny, ktora odchadza od skusobnej vzorky.

Metéda merania tepelne izolacnych viastnosti recyklovaného textilu

Pre merania tepelne izolaénych vlastnosti recyklovaného textilu bol pouzity pristroj Testo 635,
obrazok 13. Na vypocet koeficienta U prestupu tepla sa pouzZila schéma, obrazok 14. Ako miesto
merania bolo pouzité laboratérne okno, obrazok 15.

Obrazok 13: Meraci pristroj Testo 635 s pocitacom, meracia sonda a 3 meracie sondy pri merani

Koeficient U sa udava vo W.m?.K™ a uréuje tepelny tok ® (mnozZstvo tepla Q za jednotku éasu), ktory
prestupuje cez povrch A o jednotkovej ploche 1 m? cez stenu, ak je rozdiel tepldét AT na obidvoch
stranach steny rovny 1°K.

d=U A - AT (W) ©)

Okrem samotnej jedno alebo viac vrstvovej konStrukcie sa do vysledného koeficienta U zahffiaju aj
koeficienty prestupu tepla a, na vnutornom a vonkajSom povrchu konstrukcie vplyvom obtekania
povrchu pevného prostredia s teplotou Tw prudiacim médiom (vzduchom) s teplotou T; a Te, ako aj
vplyvom salavej zloZky as.

a=a,+ 0 (4)

Hodnoty sucinitelov prestupov tepla na povrchoch konstrukcii sa volia z STN 73 0542, STN EN
17888-1, STN EN 673, STN EN ISO 10077-1 2% 2%,

V meracom pristroji Testo 635-2 a Testo 435-2/-4 je zadany koeficient prudenia na vnutornom
vertikalnom povrchu a;= 7,69 W.m?.K™* (DIN 4108) #.

Princip metddy vyplyva z rovnosti hustoty celkového tepelného g prestupujiceho cez vsetky vrstvy z
interiéru o teplote T;do exteriéru o teplote T, a hustoty tepelného toku prechadzajuceho napr. z interiéru

o teplote T;na stenu s teplotou T,,.

q=U. (T;i-Te) = qa; = o (T; -Tui ) (W.m?) (5)
potom pre U

U=a(Ti-Tw ) (Ti-Te) W.m?K? (6)
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Na ur€enie koeficienta U nam teda postacuje suCasne merat teplotu vzduchu interiéru T;, teplotu
konstrukcie na vnutornom povrchu T,; pomocou prilozZného snimaca a merat’ vonkajsiu teploty vzduchu
Te, napr. pomocou radiovej Testo AG, Market launch documentation Testo 557 6/16 sondy.

Patentovany teplotny snimac Testo pre urCenie koeficienta prechodu tepla U (0614 1635) umoznuje :

e merat povrchovl teplotu kons$trukcie pomocou sondy, ktora zdruzuje 3 snimace teploty
(termoclanok K),

e merat aj teplotu vzduchu v interiéri (snimac¢ je umiestneny v ru¢ke snimaa na meranie
povrchovej teploty).

Velmi podstatné je, aby meraci pristroj bol v sulade s odpori€anim vyrobcu poéas merania
umiestneny aspon 30 cm od vnutornej steny, oproti miestu, kde je umiestneny snimac teploty steny T,

Vypocet sa mbéze dost podstatne liSit od merania, nakolko normy ¢Casto pouZivaju normované
hodnoty tepelnych vodivosti materidlov, ktoré su Casto nizZSie, ako su priemerné hodnoty udavané
vyrobcami. Preto potom vypoditané U hodnoty su vysSie ako skutoéne namerané.

V niektorych pripadoch v8ak namerané hodnoty mézu byt vy3Sie ako vypocitané. Dévodom &asto
byva zvy8ena vlhkost materialov konstrukcie a interiéru.

Blizko vnutornej konstrukcie spojenej s meranou obvodovou stenou su namerané hodnoty koeficienta
U podstatne nizSie ako vo vacsej vzdialenosti. Spdsobuje to vysSia povrchova teplota steny T,, vplyvom
vedenia tepla z teplejSich vnutornych prieCok.

Ak sa umiestni pristroj blizSie alebo dokonca, napr. na ram okna potom méze snimac teploty vzduchu
v interiéri T; ( v zastréke snimaca T,,) namerat nizSiu teplotu, ako je skuto¢na teplota okolia.

Teplotny rozdiel medzi teplotou v interiéri a exteriéri by mal byt vacsi ako 15 °C.

9= Goi = A= ae

A 0 T
HRSH %ﬁ} s

Obrazok 14: Schéma prestupu tepla Obrazok 15: Laboratérne okno
S rozmermi

Vzdialenost’

Pre potreby experimenty sa pouzili:

e kompaktné skuSobné vzorky, obrazok 16,

e trhané (sypkeé) textilné skusobné vzorky, obrazok 17,

e vytvorena kapsula z bublinkovej folie, obrazok 18 (Mozno pouZit ako obal aj iny material).

Po vytvoreni kapsule so sypkym materialom sa skuSobna kapsula uloZila na okno, obrazok 19.

.{i o | T % 2 ) :. . ""i“ i : |
Obrazok 16: Kompaktny recyklovany textilny Obrazok 17: Sypky textilny material a folia
material
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Obrazok 18: Schéma kapsuly pre sypky recyklovany  Obrazok 19: Kapsula naplnena textilom
textil

Vysledky a diskusia

Meranim akustickych vlastnosti textilnych recyklovanych materialov boli hodnotené dve typy vzoriek:

e prva vzorka (obrazok 8,16) bola vyrobena z kompaktného recyklovaného textiiného materialu
(STERED),

e druha vzorka (obrazok 7,1 7) bola pripravena z rovnakého recyklovaného trhaného (sekaného)
sypaného textiiného materialu - sypka frakcia, ktory nebol upravovany do kompaktnej podoby.

Na zaklade ziskanych vysledkov z merania indexu utimu (TL), Ze kompaktny textiiny material
vykazuje lepSie akustické vlastnosti v celom frekvenénom pasme (obrazok 20).

Index atlmu ( TL)

— 25,00

20,00
15,00

10,00 /

Index utlmu (TL)[dB

o
=
=]

100 125 160 200 250 315 400 500 630 &00 1000 1250 1600 2000 2500
Frekvencia [Hz]
=@==Sypand ==8==Kompaktna

Obrazok 20: Indexu utimu ,, TL“ pre kompaktné a sypané testované materialy

Tento vysledok sa dal predpokladat, kedZe objemova hmotnost kompaktného textiiného materialu je
4-krat vysSia, ako je objemova hmotnost volne sypaného textiiného materialu.

V pripade koeficientu zvukovej pohltivosti (a) vysledok z merani uz nebol taky jednoznacny (obrazok 21).
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Obrazok 21: Koeficient zvukovej pohltivosti ,,a” pre textilny material

Hodnoty koeficientu zvukovej pohltivosti (a) su priaznivejSie u sypaného textiiného materialu
v intervale frekvencii od 500 — 1250 Hz. HIuk z dopravy sa pohybuje v okoli frekvencie1000 Hz, ¢o
znamena, Zze material je vhodny pre konstrukcie protihlukovych stien. V intervaloch od 100 Hz do 500 Hz
a 1250 Hz do 2500 Hz priaznivejSie hodnoty koeficientu zvukovej pohltivosti (a) boli identifikované
u kompaktného textiiného materialu.

U koeficienta zvukovej absorpcie mézZzeme dospiet k zaveru, ze kompaktny textiiny material dosahuje
lepSie parametre v frekvenénych pasmach 100 — 500 Hz a vo frekvenénom pasme 1600 — 2500 Hz.
Volny textilny material dosahuje lepSie absorpéné parametre v frekvenénom pasme 500 — 1250 Hz.

Pri merani tepelno izolanych vlastnosti recyklovanych textiinych materialov boli hodnotené dve typy
vzoriek, kompaktna vzorka a sypké frakcie textilu v kapsule. Obidve skuSobné vzorky sa umiestnili na
vybrané laboratérne okno (obrazok 20). Na zaklade merania prestupu tepla pomocou pristroja Testo
635, boli vyhodnotené vysledky a vypocitané hodnoty ,koeficienta U prestupu tepla“ jednotlivych
skuSobnych vzoriek.

Vysledky jednotlivych merani skuSobnych vzoriek su uvedené v tabulke 2 pre kompaktny material
a v tabulke 3 pre sypky textiiny material v kapsule. Pre prestup tepla kapsula vykazala lepSie vysledky
ako kompaktny textiiny material, kvéli vzduchovym medzerdm v kapsule, pretoZze vzduch je dobry
izolant, tabulka 4.

Taburlka 2: Namerané hodnoty pre vypocet prestupu tepla pre kompaktny textilny material

Min: X Mean:
C 0.027 12,815 1.816
C: 23.69 24.52 24.05
C: 23,67 23,84 23,81
C: 33.50 36.40 34.35
C: 22.50 22.70 22.56
C: 5.71 6.87 6.08
C: 13.15 13,62 13,32

Tabulka 3: Namerané hodnoty pre vypocet prestupu tepla pre sypky textilny material v kapsule

Min: Max: Mean:
[:1 W/m2K 0.858 188.901 4,008
2 [°C] Tw 20.87 22.20 21.08
310 21.42 22,90 21,63
[:d 2rH 29,90 56.40 43.90
£:5°C 20.40 25.90 22,69
:6td°C 5.29 12.16 8.70
[:7[°C paye 12.16 16.83 14,95
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Tabul'ka 4: Hodnoty koeficienta U prestupu tepla skisanych testovanych materialov

Koeficient U [W/m?K]

Material Minimalna hodnota | Maximalna hodnota | Priemerna hodnota
Kapsula - sypky 0,858 188,901 4,008
Kompaktny 0,027 12,815 1,816

Priklad graficky nameranych hodnét z merani prestupu tepla kompaktného materialu je

uvedeny na

obrazku 22.

Wim2K °C %rH td °C

40

_ 20
35

— 30

25

30.1.2023 30.1.2023 30.1.2023 30.1.2023 30.1.2023 30.1.2023 30.1.2023 30.1.2023 30.1.2023 30.1.2023
11:15:00 11:30:00 11:45:00 12:00:00 12:15:00 12:30:00 12:45:00 13:00:00 13:15:00 13:30:00

Obrazok 22: Priklad z merania prestupu tepla z kompaktnej testovacej vzorky

V ramci experimentov zameranych na meranie tepelno izolaénych materialov sa pouzilo viacero
materialov a ich kombinacie. napr viacvrstevny karton, material z firmy Obifon. U viacvrstevného karténu
hodnota koeficientu U prestupu tepla bola namerana U = 1,092. Pri materiali Obifon bola hodnota
U = 8,89.

Av8ak pre velky rozsah experimentov sa v prispevku pouzili a porovnali len dva z nich, ktoré
obsahovali najviac recyklovaného textilu. Autormi vykonanymi experimentami boli zistené nasledujuce
hodnoty koeficientov U prestupu tepla u kompakiného recyklovaného textilu U = 1,816 a sypaného
recyklovaného textilu v kapsule U = 4.008. Vykonané experimenty potvrdili vhodnost kompaktného
recyklovaného textiiného materialu pre potreby tepelnej izolacie. Sypany textilny material ulozeny
v kapsule z bublinkovej félie, aj napriek tomu, Ze vykazuje horSie tepelno izolacné vlastnosti oproti
kompaktnému textiinému materialu je vhodny pre tepelno izolaéné aplikacie.

Zavery

Cielom prispevku bolo zamerat sa na vyvoj technoldgii a technik pre zhodnocovanie odpadu na
akustickeé a tepelné izolacné produkty. Déraz bol kladeny na vyuZitie takych komponentov z automobilov
na konci zZivotnosti, ktoré maju problematické recyklovanie a najma na nasledné vyuZitie extrahovaného
surového textiiného materidlu. Autori sa zamerali na vyuzitie materialov z autosedacliek, potahov
sedadiel, bezpe€nostnych pasov, kobercov a airbagov, ktoré doteraz vyuzival a spracovavala firma PR
Krajné, s.r.o. Snaha bola nadviazat kontakt s firmami, ktoré tieto komponenty recykluju alebo o ich
recyklacii uvazuju. Autori ziskali mnozstvo frakcii réznych materialov pre svoju su€asnu a buducu pracu.

Autori sa tiez zamerali na vyrobu tepelnych a izolacnych produktov pouZitelnych pre potreby
protihlukovych stien, alebo tepelne izolaCnych stien zo sendviCovych konsStrukcii vyuzivajuce
recyklovany textilny material z automobilov. Déraz bol kladeny na vyrobu absorpénych elementov
Z textiiného a iného odpadu z automobilov. Vykonané merania jasne preukazali vhodnost recyklovanych
textiinych materialov z automobilového priemyslu, €i uz v kompaktnej alebo sypanej forme na vyrobu
akustickych a tepelne izolaénych produktov. K vyhodam tychto sypanych materialov oproti komercne
vyrabanym recyklovanym panelom patri niz8ia hmotnost, vacSia ekonomicka efektivnost, vysoka
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fyzikalna a chemicka stabilita a lepSie hodnoty zvukovej pohltivosti. Tato myslienka vyuzitia sypaného
textiiného odpadového materialu sa da vyuzit aj v sendviCovych Strukturach vyrobenych dvoma
technolégiami a to stlacanim a mikrovinnym zahrievanim. Autori sa zamerali tiez na vyrobu zvukovo
absorp&nych elementov z makkych pien (polyuretanovych pien).
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Recycling of textiles from cars after their service life and its possible use in
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Summary

The development of the automotive industry in the world, as well as in the Slovak Republic, is crucial
for the prosperity and overall development of society. In Slovakia, the automotive industry has developed
into a leading position among individual industrial sectors thanks to four (in the future, five) final
manufacturers. In the paper, the authors focused on the classification of problematic waste from cars
after the end of their service life from the point of view of its further recovery, specifically the recycling of
textile materials. The experimental part of the paper focuses on applications and prediction of the use of
selected problematic textile waste from the point of view of their recovery (in compact and loose state),
on the evaluation of the experiments performed using regression and correlation analysis for products for
sound and thermal insulation. The authors of the paper focused their work on research into the
possibilities of using various textiles applied in automobiles with the aim of using recycled materials from
these textiles to develop sound and heat insulation materials with a wide range of applications. The
research findings demonstrated the suitability of the given material for the mentioned applications.

Keywords: Automotive industry, textile recycling, sound absorption coefficient of a material,
attenuation index of a material, thermal insulation properties of a material
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Abstract

The paper presents a comprehensive proposal of waste contamination detection approach, with focus
on early phases of waste streams. We have systemically analysed current waste quality control
procedures in waste sorting centres, commonly used approaches and methods for waste quality
monitoring. Based on the current requirements for contamination detection, we have proposed and
designed early contamination detection approach, deployed at the beginning of the waste stream. Our
proposal outlines the necessary steps to design a state of art detection approach using modern multi
sensor detection in combination with artificial intelligence. The focus is given on specifics of
contamination detection in different recycled materials, like plastic and paper.

Our proposal creates a basis for a future research and development phase focused on creating an
adaptive contamination detection system that will combine radar and camera data with artificial
intelligence detection.

Key words: waste contamination, waste quality, recycling, radar technologies, multisensory
identification

Introduction

In recent decades, the topic of waste management has gained strategic importance in connection with
the tightening of environmental standards, the growth of production and consumption volumes, as well
as the introduction of circular economy principles. Effective waste management is the key to returning
secondary raw materials to production, reducing landfilling and CO, emissions, and rational use of
resources. Modern waste sorting centres face increasing heterogeneity of the waste stream: differences
in shape, composition, degree of contamination, and the presence of multilayer packaging complicate
the task of automatic identification and separation of fractions.
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Figure 1: Schematic representation of a typical waste sorting line

Despite the introduction of optical and spectroscopic sensors, the share of unidentified, incorrectly
sorted, or completely lost secondary material remains high, especially when processing mixed waste
streams (Fig. 1). To achieve the EU’s goal of increasing the recycling rate to 65% by 2035 *, innovative
solutions going beyond traditional technologies are needed. The municipal waste recycling rate in
Slovakia was 50% in 2022. For comparison the municipal waste recycling rate in Czechia in the same
year was 53% and the EU average rate was 49% ***,

Technological approaches to automatic sorting and material identification

In the last two decades, significant improvement has been achieved in the field of municipal solid
waste (MSW) processing and sorting thanks to the introduction of automated systems based on modern
sensor technologies and machine vision algorithms. In most sorting facilities (SF), optical sensors,
spectroscopic analysers, X-ray devices, and specialized software based on artificial intelligence (Al) are
currently used *°. These systems can determine the composition of materials with high accuracy
according to colour, spectral characteristics, and geometric features.

The most widespread are combinations of RGB cameras and near-infrared (NIR) scanners, which
have been further explored using Al-based sensor-fusion techniques to boost object detection accuracy’.
X-ray detectors (XRT) are also introduced to solve specific tasks, which can separate metals, glass, and
mineral impurities, and in some facilities, hybrid schemes with manual sorting are implemented ©.
Computer vision algorithms, including deep learning methods, have significantly increased the accuracy
of recognizing individual waste categories, which has made it possible to automate sorting in large
facilities in EU and North American countries.

Despite the successes of recent years, existing technical solutions have several limitations that hinder
further improvement of sorting efficiency. One of the main problems remains the inability to identify
hidden or multilayer materials, when, for example, a layer of plastic is covered by paper or another
opaque component. Modern optical and spectroscopic methods are sensitive to colour and surface
contamination but lose information value when working with black, contaminated, or thermally deformed
plastic fractions. This leads to significant losses of valuable materials, primarily polyethylene
terephtglalate (PET) and aluminium, and also increases the amount of manual work in the final sorting
stages”.

A specific problem remains the high cost and complexity of creating universal datasets for training Al
systems. Regional specifics of MSW composition require flexible adaptation of algorithms and regular
updating of models, which is associated with large time and financial costs. As researchers from
Fraunhofer I0SB and several industrial companies (e.g., TOMRA and STADLER) point out, further
efficiency improvement is possible only if new sensor principles are introduced that make it possible to
obtain data about the internal structure of objects, and not only about their surface properties ***.
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In recent years, experimental solutions based on the use of lidars and radars, taken from mining,
agriculture, and warehouse logistics, have attracted attention. These technologies have the potential to
penetrate multiple material layers, identify hidden impurities, and evaluate the physical parameters of
objects (for example, density, weight) **.

However, increasing the number of sensors used leads to a more complex system architecture. It also
requires integration and synchronization of data from diverse sources. Additionally, it results in higher
implementation costs. It is important to consider not only the technical efficiency but also the economic
justification of such solutions, especially under the conditions of the limited budget of medium and small SFs.

Despite significant progress in waste sorting automation, achieving strategic goals such as increasing
the recycling rate and reducing negative environmental impact still requires new approaches. These
approaches should combine multisensory technologies with intelligent data fusion algorithms (sensor
fusion). Solving the task of identifying hidden and complex materials requires the development of
adaptive, scalable, and economically efficient architectures that integrate optical, radar, and
spectroscopic methods supported by artificial intelligence.

Specific sensor configurations
The most common sensor combinations include:

e RGB + NIR: An optical camera and a near-infrared camera make it possible to distinguish most
transparent and coloured plastics, and to separate paper from plastic. However, their
performance is limited when dealing with black or contaminated materials. They are also unable
to detect internal object structures or identify features hidden beneath surface layers. Recent
research has also demonstrated that low-cost multi-spectral NIR sensors, combined with deep
learning, can provide effective plastic waste recognition with minimal hardware investment,
offering a more economically viable solution for smaller facilities *°.

e Hyperspectral cameras (VIS-NIR-SWIR): significantly increase the “depth” of spectral analysis,
making it possible to identify a wide range of polymers, composites, and even some types of
contamination. Limitations are related to the high cost of the equipment and the need for complex
calibration **.

o XRT: used for separation by density and structure, it is well suited for removing metals, foreign
impurities in glass, and construction waste. A significant disadvantage is the inability to
distinguish materials with similar density (for example, certain plastics and organic waste), as well
as high requirements for protecting personnel and equipment ®.

e LIBS/LIFS (laser spectroscopy): provides the most accurate chemical analysis but requires
complex integration and is often inefficient at high stream speeds.

e LIDAR/3D scanning: provides precise object geometry, is suitable for shape and size control,
helps with spatial separation of fractions, but does not distinguish material *°.

e Radar systems (FMCW, millimetre band): rarely used yet, but they can detect the internal
structure even under thin layers of material and identify the presence of hidden impurities causing
contamination *°.

In modern operations, systems in which multiple sensors work together, and the results of their
analysis are combined (sensor fusion) using artificial intelligence are considered the most effective. Such
solutions make it possible to increase the reliability of classification even with complex overlaps, the
presence of contamination, and high conveyor belt speed. Nevertheless, the main challenges of
multisensory systems lie in increased implementation costs, the need to synchronize data streams,
demands on computing resources, and operator qualification.

The choice of sensor configuration for a sorting line is therefore the result of balancing requirements
for accuracy, speed, economic constraints, and the specifics of the waste stream. The introduction of
penetrating sensors, such as radars or lidars, opens new possibilities for identifying complex or masked
fractions, but at the same time requires new approaches to processing and merging information — and
this forms the core of the architecture we propose.
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Proposal of early waste contamination detection

The common approaches to waste quality control detection that are currently used have multiple
issues that need to be addressed to improve waste recyclability. Quality control is currently performed
only at the waste collection yards and their sorting centres, i.e. quite late in the waste stream, and makes
it impossible to identify sources of waste contamination and trace the waste contamination in more
detail. Therefore, it is necessary to detect contamination in waste streams as soon as possible, ideally at
the origin of the waste stream.

This early detection brings clear benefits across environmental protection, operational efficiency, and
regulatory compliance, namely:

¢ Reduces the volume of contaminated waste sent to landfills or incinerators, instead of material
recovery facilities.

Reduce manual sorting efforts in material recovery facilities.

Maintain eligibility for subsidies or recycling credits.

Reduction of loads that must be rejected or surcharged.

Encourages residents and businesses to participate in proper recycling.

However, early detection requires evaluating the quality of the waste and detecting contamination
preferably in waste containers or during waste collection process, which represent the earliest points in
the waste stream. Our proposal identified large-volume waste containers in residential areas and waste
collection trucks as the most suitable places for early contamination detection. These detection places
represent different technological challenges and limitations, compared to traditional detection in waste
sorting centres.

Based on the comprehensive analysis of waste quality, waste categories, detection approaches, and
Al detection techniques, we have proposed an approach for designing early contamination detection.
The central element of this proposal is the integration of multiple sensor technologies into a single
adaptive solution. The combination of radar sensors (especially in the millimetre wave band) and optical
cameras (RGB/NIR), processed with artificial intelligence, makes it possible not only to identify the
surface properties of waste, but also to penetrate beneath the surface and obtain information about its
internal structure, composition and density. The radar and camera data are collected, processed, and
evaluated in parallel, to allow artificial intelligence methods to fuse the data together and utilise sensors
that are more suitable for given detection. This will allow us to improve detection of waste contamination
and better evaluate the overall waste quality early in the waste stream.

One of the main limitations of the multi-sensor approach is the high cost of radar and multispectral
sensors, which are not always feasible for large-scale deployments. The currently available radar sensor
solutions on the market range from 300 € to 30 000 €, depending on their features, detection accuracy,
and quality. The ever-changing environmental conditions, like dust, moisture and vibrations can also
improve or degrade sensor performance.

The proposal, captured in Fig. 2 as a process diagram, is comprised from three main phases, to
ensure the suitability and accuracy of waste contamination detection.

The first stage represents a proof-of-concept phase, to evaluate suitability of detection technologies
on the different structure of waste, that the waste collection centres are collecting. This step is important,
since different centres can have different structure of waste and different types of waste contamination.
In the waste collecting centres we have analysed is most of the sorting efforts focused on plastic and
paper waste, of which the collecting centres have most valuable information.

To obtain the required data from radar, camera and other sensors, a suitable place must be identified
in the waste sorting process, that will not interfere with their sorting operations but will allow us to obtain
required sensor measurements. The identified installation place must be able to accompany the sensors
as well as required data collection infrastructure and provide the necessary utilities (e.g. electricity and
network connection). To keep the infrastructure more compact, a data processing in cloud was utilised,
to decrease the computation requirements on site.
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Figure 2: Proposal of waste contamination detection

After the installation of infrastructure, a data collection process must be carried out, to obtain enough data
to be able to evaluate suitability of selected sensors, and to obtain data necessary for further evaluation. The
combination of radar and camera sensors in our proposal lets us compare radar information with camera
images. This allows us to obtain comprehensive data set, that enables radar data evaluation by comparing
them with camera data. The duration of data collection should be based on amount and quality of obtained
data, where longer collection period can improve the accuracy of gained results. The data collection is carried
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out in multiple phases of the proposed approach, with very similar steps. The main objective of this
subprocess, is to obtain, analyse and evaluate the collected radar and video data, as outlined on Fig 3.

Sufficient amounth of

data

Radar and video data Initial data analysis
collection
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___________ Detection quality
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Data collection subprocess
Waste collection yard
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Data evaluated

Data storage

Figure 3: Data collection subprocess

The results obtained from the first phase must be evaluated, based on the suitability of selected
sensors for contamination detection and quality monitoring, to ensure usability and practical applicability
of developed solution.

The second stage focuses on optimisation of contamination detection and quality monitoring, by
improving the design from the proof-of-concept phase.

The main focus of improvement is on optimisation of radar and multispectral sensors, whose correct
selection can bring major improvements in the accuracy of obtained results. The importance is also
given on calibration and fine tuning of radar sensors with variable wave lengths, that can provide
different results for different types of waste and their contamination.

Each of the selected sensors must be calibrated and tested in testing environment, and deployed and
evaluated in real world conditions, i.e. waste collection centre. The essential part is collecting data from
these sensors, to be able to evaluate and compare them.

Based on the individual sensor’s performance, an identification of the most suitable ones should be
carried out, to identify sensors, or sensor combinations providing best accuracy of contamination
detection. Deployment of these identified sensors must be hand in hand with modification and
optimization of data collection infrastructure, since the mounting plates and preferred measuring
positions can differ between sensors.

Although the selected sensors were used in data collection process, and we have obtained data from
these evaluation deployments, due to the modifications in data collection infrastructure a new data
collection process should be carried out. This will allow us to improve the overall quality of the data set,
and its suitability for detection using machine learning and artificial intelligence methods.

Based on this collected data set a contamination detection model must be designed and evaluated. In
our analysis we have identified multiple open-source detection models used in this area, as well as
multiple commercial solutions. These will serve as a basis for our contamination detection model. Since
different models and approaches can yield different results, a detection model optimisation should be
carried out, to achieve suitable detection accuracy.

After achieving sufficient accuracy of our detection model, the designed system must be scaled down
for deployment at the beginning of the waste stream.

Therefore, the third stage focuses on deployment of contamination detection in large-volume waste
containers in residential areas or waste collection trucks.

Deployment of detection in identified areas requires to solve technological challenges, to achieve
accurate a robust contamination detection. Therefore, it is necessary to utilise edge devices, that provide
suitable computation performance for the required detection. Allthrough the model design requires
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significant computation capacity for learning, the learned model can perform detection with low power
requirements, ideal for deployment on battery powered edge devices.

The infrastructure required for model optimisation differs from the infrastructure required in the final
deployment. These modifications must be carried out carefully, with focus on optimal measurement
requirements gained in previous phases. These steps are important to significantly accelerate the
measured and analysed data quality, required for the final deployment evaluation and optimisation. Due
to the different changes to the collection infrastructure and model optimisations, it requires to collect new
sets of data, since obtained parameters can differ from data in data sets collected in previous phases,
making them incompatible with each other. The successful deployment requires achieving suitable
detection quality and accuracy, to be able to detect contamination and monitor waste quality.

Our proposal creates a basis for a future research and development phase focused on creating an
adaptive contamination detection system that will combine radar and camera data with artificial
intelligence detection. Attention will be given on precise calibration and configuration of radar sensors,
unification of radar and video data and development of a artificial intelligence model for the complex
detection of waste contamination with high accuracy and reliability.

The proposed solution is suitable for modern waste quality management, providing high degree of
automation with improved decision support of waste streams. By integration with a higher-level system, it
could serve as a tool to ensure compliance with environmental regulations, thereby contributing to more
efficient, sustainable, and documentable waste management required in modern Europe.

Conclusions

The quality monitoring of waste is today a key condition for achieving the strategic goals of the
European Union in the field of circular economy and recycling. Under the conditions of rapidly increasing
requirements for the purity level of secondary materials, especially plastics, the importance of
a comprehensive approach to quality control in all phases of the sorting process is growing.

This paper presents a proposal of waste contamination detection approach, as part of the waste
quality management. We have systemically analysed current waste quality control procedures in waste
sorting centres, commonly used approaches and methods for waste quality monitoring. Based on the
current requirements for contamination detection, we have proposed and designed early contamination
detection approach, for deployment at the beginning of the waste stream. Our proposal outlines the
necessary steps to design a state of art detection approach using modern multi sensor detection in
combination with artificial intelligence. The focus is given on specifics of contamination detection in
different recycled materials, like plastic and paper.

Our proposal creates a basis for a future research and development phase focused on creating an
adaptive contamination detection system that will combine radar and camera data with artificial
intelligence detection. The proposed solution is suitable for modern waste quality management,
providing high degree of automation with improved decision support of waste streams. By integration
with a higher-level system, it could serve as a tool to ensure compliance with environmental regulations,
thereby contributing to more efficient, sustainable, and documentable waste management required in
modern Europe.
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Navrh pristupu k monitorovaniu kvality odpadu a detekcii
kontaminacie v kontexte modernych standardov a
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Suhrn

Clanok predstavuje komplexny névrh pristupu k detekcii kontaminécie odpadu so zameranim na
skoré fazy zberu odpadu. Systematicky sme analyzovali sucasné postupy kontroly kvality odpadu
v triediacich strediskach odpadu, beZne pouZivané pristupy a metédy monitorovania kvality odpadu. Na
zaklade sucasnych poZiadaviek na detekciu kontaminacie sme navrhli a vytvorili pristup k detekcii
kontaminéacie na zacCiatku toku odpadu. Nas navrh zahrria potrebné kroky na navrh najmodernejSieho
pristupu k detekcii s vyuZitim modernej multisenzorovej detekcie v kombinacii s umelou inteligenciou.
Déraz sa kladie na Specifika detekcie kontaminacie v réznych recyklovanych materialoch, ako su plasty
a papier.

Nas navrh vytvara zéklad pre buduci vyskum a vyvoj zamerany na vytvorenie adaptivneho systému
detekcie kontaminacie, ktory bude kombinovat’ radarové a kamerové udaje s detekciou pomocou umelej
inteligencie.

Kracové slova: kontaminacia odpadu, kvalita odpadu, recyklacia, radarové technolégie, multisenzoricka
identifikacia
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Summary

This paper presents a comprehensive analysis of mixed municipal solid waste (MMSW) based on
material composition conducted in Czech municipalities between 2018 and 2022. The study identifies
key trends in mixed municipal waste generation, evaluates the efficiency of waste separation at source,
and highlights the potential for improving municipal waste management practices. The findings reveal
that a significant proportion of MMSW consists of recyclable fractions (65.6%). The largest share is
represented by biodegradable waste (33.6%), followed by plastics (8.8%), textiles (6.5%) and paper
waste (6 %). Trend analysis revealed a gradual decline in composite packaging materials, plastics and
textiles, whereas a slight uptick in biodegradable waste indicated limited availability of separate
collection systems in municipalities. These findings emphasize the need for better waste sorting systems
and educational initiatives. On the other hand it yet suggests that the existing fee structure and collection
infrastructure do not sufficiently alter household behaviour, resulting in substantial losses of valuable
materials and energy. Wider adoption of pay-as-you-throw schemes, expansion of door-to-door
biodegradable waste collection, and introduction of deposit-return systems for high-value packaging
materials are therefore recommended. Finally, it is proposed that municipalities incorporate regular
physical MMSW analyses into strategic planning to enable continuous assessment of the effectiveness
of implemented measures.

Keywords: municipal solid waste, physical waste analysis, waste management, circular economy,
waste sorting

1. Introduction

Municipal solid waste (MSW) management plays a crucial role in achieving sustainability goals and
transitioning to a circular economy. Physical waste composition analyses provide essential data for
evaluating the efficiency of waste sorting systems and identifying improvement areas. Previous studies
on waste management in the Czech Republic and other European countries indicate that a large fraction
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of MMSW consists of biodegradable and recyclable materials, which are often not properly sorted and
end up in landfills.

The following issue manifests at both the beginning and end of supply and value chains. On the input
side, a key factor is the intensive extraction of primary raw materials, which is associated not only with
significant environmental burdens, but also particularly in recent years with increasing economic
uncertainty due to rising commaodity prices.

On the output side, the persistent challenge lies in the generation of mixed, unrecycled, and further
unutilised waste. Despite the availability of alternative waste management methods, landfilling remains
the most commonly employed approach, both in the Czech Republic and in many EU countries. This
results in the irreversible loss of valuable and often hard-to-obtain resources, except in cases where
landfill mining is pursued — a highly limited and infrequently applied strategy with negligible material
recovery at present.

1.1. What can be deduced from physical analyses of waste?

Physical waste analyses offer unique insights into consumer behaviour and help identify trends in
waste generation. For example, in recent years, several European countries have seen an increase in
the share of electronic waste in municipal solid waste, with particular attention drawn to emerging waste
types such as electronic cigarettes and batteries.

Another key benefit of these analyses is the ability to pinpoint materials that are not being effectively
captured by current sorting systems. In the Czech Republic, for instance, waste composition studies
have revealed that significant amounts of recyclable plastics and paper still end up in residual waste,
despite the wide availability of collection containers®. An important insight into the composition of mixed
municipal waste is also provided by the company EKO-KOM, which conducts analyses at 160 locations
every two years. Beyond environmental considerations, physical analyses can also enhance the
economic efficiency of waste management. In ltaly?, for example, collection logistics were adjusted
based on analysis results, leading to a reduction in operational costs.

1.2. Municipal Solid Waste Composition in the Czech Republic

In the Czech Republic, the responsibility for waste management falls primarily on municipalities rather
than individual households. This is because Czech law mandates that municipalities are responsible for
organising and ensuring the collection, transportation, and disposal of municipal waste, which includes
waste generated by households. The relevant legislation is Law No. 541/2020 Coll. Waste Act, which
clearly defines the role of municipalities as waste managers within their jurisdictions. They are also
required to designate facilities for the separate collection of various waste fractions, including hazardous
waste, paper, plastics, glass, metals, biodegradable waste, used edible oils and fats, and beginning
1stJanuary 2025, textiles. Furthermore, municipalities must publish, at least annually and in a format
accessible remotely (e.g. via the municipal website), detailed information on the scope and methods of
separate waste collection, the amounts collected, the management of municipal waste, prevention and
minimization measures, as well as the associated operational costs of the waste management system.
Moreover, the Act establishes recycling targets for recyclable municipal waste: at least 60% by 2025,
65% by 2030, and 70% by 2035. These targets form part of the broader national Waste Management
Plan (Plan odpadového hospodafstvi Ceské republiky), embedding the principles of circular economy
into local waste policy.

Landfilling remains a significant issue in the Czech Republic. While the overall landfill rate across all
waste streams stands at 13 %, the situation is markedly more critical in the domain of municipal waste,
where approximately 45 % of the total 5.8 mil. tonnes generated are landfilled, substantially exceeding
the EU average of 23 %. The total volume of waste designated for disposal in 2022 amounted to 769
million tonnes. This category includes waste deposited in landfills, incinerated without energy recovery,
or disposed of by methods such as deep-well injection or surface impoundment.®
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1.3. Situation of Municipal Solid Waste Composition across Europe

In recent years, the European Union has adopted several strategic documents highlighting the
importance of detailed waste composition monitoring. The European Green Deal sets ambitious goals for
waste reduction and the promotion of recycling®. Complementing this, the Circular Economy Action Plan
introduces concrete measures, including requirements for more detailed waste analyses to inform the
development of future waste management policies®.

According to Eurostat (2023), approximately 225 million tonnes of municipal waste were generated in the
European Union in 2022, of which only 48 % was recycled®. Detailed physical waste composition analyses
provide valuable insights into which waste fractions are not being effectively collected. These findings can
inform improvements in waste management practices, such as expanding collection infrastructure or
implementing targeted public awareness campaigns. For example, Estonian studies have revealed that
despite established source-separation schemes, a substantial amount of plastics and biodegradable waste
still ends up in the mixed municipal waste stream. This study has used such analyses to identify gaps in its
collection systems and to guide efforts aimed at increasing recycling efficiency.’

The availability and frequency of physical waste composition analyses across Europe vary
significantly. While some countries (such as Austria, Germany, and Denmark) regularly publish the
results of detailed studies on municipal solid waste, others provide only limited data.

Across Europe, mixed waste analyses serve as an essential tool for evaluating the effectiveness of
separate collection programmes, identifying weaknesses in collection infrastructure, and supporting the
circular economy objectives set by the European Union. For example, in Austria®, physical waste
composition analysis is a common foundation for formulating waste minimisation strategies and
enhancing recycling rates.

In Germany®, study found that nearly 40% of this mixed waste consists of organic waste (mainly
kitchen and garden waste), 32.6% is residual waste (e.g., hygiene products and ash), and 27.6%
consists of still-recoverable dry materials such as plastics, paper, or glass. Special attention was given to
hazardous waste (e.g., batteries), which is still found in small amounts in household waste. The study
recommends improving public communication, expanding return and collection services, and
implementing a mandatory nationwide system for organic waste collection in order to improve waste
separation and reduce the overall volume of waste.

Similarly, in Greece, waste composition studies have been instrumental in revising national waste
management legislation. The analyses highlighted deficiencies in waste collection infrastructure and the
need for more effective recycling measures'®. A study conducted in Crete identified three dominant
waste biodegradable, paper, and plastics, which together constituted approximately 76% of total MSW.
Putrescible waste alone represented 39%, while plastics and paper accounted for 17% and 20%,
respectively. The share of glass (7%) was also notable, primarily consisting of disposable (non-refillable)
bottles. In tourist-heavy areas such as Hersonisos and Malia, the proportion of glass rose to 18% during
the autumn season''.

As another example, in Estonia, SEI Tallinn completed a national waste composition study in 2020.
The findings suggest that the composition of mixed municipal waste has remained relatively stable over
the past decade. Compared to the 2012 study, the proportion of biodegradable waste has remained
largely unchanged, while the share of plastics, paper, and cardboard has increased. Packaging waste
now constitutes 32% of the MMSW. On average, biodegradable waste accounts for 32% of the MSW,
primarily in the form of kitchen and food waste. These results are used to assess the performance of
current collection and recycling systems and to identify areas for improvement*?,

On the other hand, Slovakia®® presents a similarly concerning picture of up to 78% of the analysed
mixed waste was theoretically recyclable. The largest fraction consisted of biodegradable kitchen waste.
A localized analysis in the KoSice region and a comprehensive 2020 survey of 31 municipalities,
biodegradable waste consistently emerges as the predominant fraction, collectively accounting for nearly
40 % of the MSW stream, with 254% of planted-based biodegradable waste and 13.7% of kitchen waste
4. Across the composition analysis in Slovakia, packaging waste accounts for roughly one quarter of the
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MMSW mass, of which plastics are the single largest fraction. In KoSice (urban) and Popro€ (rural),
packaging represented 24% and 29%, respectively™. While the average share of municipal waste
ending up in landfills across the European Union is around 24 percent, Slovakia significantly exceeds
this figure, with approximately 40 percent of its municipal waste still being landfilled. The share of waste
being landfilled has been decreasing only marginally in recent years. In 2022, Slovakia's households
sent approximately 1.1 mil. tonnes of waste to landfills - just 200,000 tonnes more than a decade earlier.
In addition to household waste, around 16 percent of other waste types also end up in landfills*®.

The European Union's Waste Framework Directive mandates increased recycling rates and the
reduction of landfill disposal, placing additional responsibility on municipalities to improve waste
management strategies. In response, Czech municipalities have been conducting physical waste
analyses to gain insights into waste composition and optimize waste collection systems. This paper
presents a summary of such analyses conducted between 2018 and 2022, highlighting key trends and
challenges in waste management.

This article presents the findings of over 50 physical analyses of mixed municipal waste conducted in
the Czech Republic, thereby contributing valuable data to fill existing gaps regarding waste composition
across Europe. These analyses focus on changes in waste composition over the past decade and
enable the tracking of key trends in waste generation, such as the decline in plastic and textile waste and
the increase in biodegradable waste, the latter attributed to improvements in source separation
infrastructure.

2. Materials and Methods

Physical waste analyses represent a vital tool in waste management, providing essential data for the
improvement of recycling systems, the optimisation of collection networks, and the identification of
emerging waste streams. These analyses are increasingly integrated into the environmental policies of
European countries, not only in response to the EU’s recycling targets, but also due to their economic
and strategic benefits.

This study was designed to analyse the physical composition of MMSW among Czech municipalities,
with a specific focus on household waste remaining after the separation of all recyclable fractions of
municipal waste. This analysis was intended to provide information about which recyclable or non-
recyclable waste fractions are present in MMSW samples and in what quantities, aiming to determine the
share of individual fractions present in MMSW and evaluate the potential for improving MMSW
separation. The proposed methodology standardizes the analytical procedure, ensuring comparability
and reproducibility of results across locations and periods. This analytical procedure can be used for
determining the composition not only of MMSW but also of other types of municipal waste, e.g.
determining the composition of biodegradable municipal waste (BMW) produced in households.

The methodology was developed in accordance with the Methodological Instruction for Waste
Sampling of the Ministry of Environment (2008) and the Ministry-certified Methodology for Determining
the Composition of MSW (2021), with modifications to the classification of individual MSW fractions to
enhance the clarity of results and their interpretation and to align with the specific objectives of this
analysis. These modifications primarily concerned more detailed classification of certain MSW fractions
that were not sufficiently distinguished in the original methodology, such as the detailed division of
biodegradable or plastic waste.

The study design incorporated a comprehensive approach to deliver a detailed characterisation of the
physical composition of MMSW (mixed municipal solid waste), quantifying the proportional contribution
of each fraction to the overall amount of the residual waste. Analysis combined manual sorting of
representative waste samples with sieve analysis, which utilized a 40 x 40 mm mesh sieve. MMSW
underwent a complete material analysis, including the undersize (< 40 mm) fractions. Statistical methods
were employed to analyse relationships between population characteristics and waste composition,
enabling robust data interpretation and identification of significant trends.
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2.1. Description of Sampled Waste and Municipalities

The subject of analysis is mixed municipal solid waste remaining after the separation of all recyclable
fractions of municipal waste, classified as Mixed Municipal Waste under catalogue number 20 03 01
“smésné komunalni odpady” in the Czech Waste Catalogue. Thus, the composition of the MMSW mainly
consists of polluted packaging, kitchen waste, and general mixed waste.

A representative sample consisted of a predetermined amount of MMSW for which the material
composition analysis was conducted. The research encompassed a total of 50 waste composition
analyses carried out between 2018 and 2022 across 38 Czech municipalities with significant variation in
population size. For these analyses, municipalities with populations up to 49,999 inhabitants were
selected, reflecting the predominant small-scale settlement structure characteristic of the Czech
Republic. By excluding only the largest cities exceeding 50,000 inhabitants, the analysis captures the
diverse spectrum of predominantly rural and small-town settlement patterns that define the Czech
territorial structure, while maintaining focus on communities where local governance dynamics and
citizen participation patterns differ significantly from those in major urban centers. In several
municipalities, analyses were conducted repeatedly in different years and seasons to capture potential
temporal variations in waste composition, which explains the higher number of analyses compared to the
number of municipalities. This approach also allowed for a more robust dataset reflecting both
geographic and temporal diversity within the Czech Republic.

2.2. Sampling Procedure

The sampling process required close cooperation with local authorities who provided essential
support. The site selection and positioning method for the representative sample for field analysis were
determined based on local conditions, current weather, and the needs of the sampling group. The site
chosen considered the time and financial costs of preparation and execution of the analysis. The area
designated for analysis was clearly marked and secured against unauthorized entry. A tarp placed both
under and over the sampled material prevented waste leakage. An ideal location for analysis is a waste
collection center (WCC), usually located within or near the municipality, facilitating the transportation of
the representative sample. These sites are usually fenced and secured, allowing temporary restricted
access during the survey period. Utilizing WCCs is advantageous as municipalities typically manage
them, simplifying necessary arrangements and organizational logistics.

Sampling events were scheduled to coincide with regular MMSW collection days. Based on
agreements with municipalities and waste collection companies, a set of MMSW batches (approximately
1 ton) collected from residential buildings were delivered to the designated research site immediately
after collection by municipal technical services. From this batch, representative samples of 500 kg were
compiled. Representative samples were constructed from individual sub-samples randomly collected
from different layers and sections of the delivered waste batch, ensuring random data selection
conditions. The collected samples typically represented MMSW production in households over a period
of 1 — 2 weeks, depending on the collection frequency in the given locality. It is important to note that the
survey was always conducted without prior notification to citizens, in order to preserve the authenticity of
their normal waste production behaviour and obtain a realistic picture of MMSW composition unaffected
by the ongoing investigation.

2.3. Pre-sampling Preparation and Safety Measures

Prior to each sampling event, the number of personnel involved in the analysis (samplers) was set at
4 — 6 workers per analysis. All samplers underwent thorough training on hygiene and safety principles
that needed to be maintained throughout the survey. Given that workers come into contact with
potentially hazardous substances during MMSW handling, it was essential to handle samples with
increased caution.
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Sanitary facilities (toilet with running water and disinfectant) and a first-aid kit equipped for minor
injury treatment were always available at the analysis site. Workers were equipped with necessary
protective equipment throughout the duration of the analysis, including long, cut-resistant gloves,
protective glasses, face shields, respirators, work clothing, work coveralls, rubber boots, head coverings,
and reflective vests indicating ongoing research.

The following tools were always available during analysis: rakes, brooms, shovels, knives, scissors,
brushes, sturdy large-volume bags (50 I) for waste sorting, digital scales for determining the weight of
individual fractions, and a set of sieves. Sieves were used to separate the undersized fraction from other
MMSW fractions, using combinations of sieves with mesh size 40 x 40 mm.

Strict hygiene protocols were emphasized throughout the survey. Workers were prohibited from
consuming food or drink during analysis. Breaks for refreshments and fluid replenishment were
scheduled at predetermined intervals and only after proper hand washing and disinfection. Upon
completion of work, thorough body disinfection was performed, and all used protective equipment was
deposited at the collection yard for disposal.

2.4. Waste Sampling Methodology

The methodology followed the official Methodological Instruction for Waste Sampling of the Ministry of
Environment (2008) and the Ministry-certified Methodology for Determining the Composition of MSW
(2021). Modifications were introduced to enable a more detailed breakdown of individual MSW fractions
and to improve the clarity of results in relation to municipal waste management practices. These
adjustments allowed for a clear identification of material streams with the high potential for separate
collection and recycling.

The waste sampling was always commenced in the morning, following a standardized methodology to
ensure consistency and accuracy. The representative MMSW sample, after being deposited in the
designated area, was manually sorted into 12 categories and detailed subcategories according to waste
types, as different types of plastics and paper, metals or container glasses. Each waste fraction was
placed into 50-liter plastic bags before being weighed to determine the mass balance of the individual
waste fractions. The monitored indicator was the weight of individually sorted MSW fractions contained
in the waste samples. For each material group, the total weight and its proportion of the total sample
weight were determined separately.

A Solid Bench bridge weighing device with a capacity of up to 150 kg and an accuracy of 0.05 kg was
used to weigh individual fractions. Weighing was carried out continuously after filling each collection bag,
and the total weight of individual fractions was determined by summing the weights of the partial
collection bags and recorded in the prepared protocol. The entire analysis was carefully photographically
documented to enable retrospective verification of the correctness of the procedure and possible
additional evaluation of the sorted fractions. After sorting and weighing were completed, all analysed
waste was emptied into pre-prepared collection containers for proper disposal by municipal services. No
laboratory samples were required for this particular study, as the analysis focused solely on the
composition and weight distribution of municipal waste fractions.

The results of this waste analysis provide insight into the composition of municipal waste and potential
opportunities for improved waste management and separation strategies. The findings support municipal
decision-making regarding future waste reduction measures and the elimination of hazardous and critical
waste fractions.

2.5. Classification System for Waste Fractions

The physical waste analysis classified the collected waste into distinct fractions based on their
recyclability and material composition, reflecting the final categorization scheme applied in the study.
Waste was divided into two primary categories: non-recyclable waste and recyclable waste. The non-
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recyclable fraction included mixed municipal solid waste (MMSW) and miscellaneous waste (MW) as
other residual waste including hazardous waste or infectious waste that could not be assigned to
recyclable categories. The recyclable fraction encompassed biodegradable waste (BIO), which includes
both plant- and animal-based organic materials; plastic waste; textile waste; paper waste; glass waste;
metal waste; waste from electrical and electronic equipment (WEEE); composite packaging materials
(CPM); treated wood waste (WW) and batteries and accumulators (BaA). Each fraction was quantified
as a share of the total waste composition, enabling further evaluation of material recovery potential and
contamination levels. Batteries and accumulators were identified but not present in the analysed
samples.

Figure 1: The physical analysis, captured by unmanned aerial vehicle, offering a comprehensive
view of the manual sorting of MMSW, 2023

2.6. Statistical Analysis

For statistical evaluation, the proportions of individual waste fractions (e.g., plastic, paper, glass,
metal) were analysed based on manual sorting of mixed municipal waste samples collected from 38
selected cities. Prior to analysis, the data were cleaned to remove errors and extreme values,
standardized, and converted into a machine-readable format suitable for processing in the R
programming environment (version 4.5.0)"'.

The statistical analysis focused on identifying potential relationships between waste composition, time
of sampling, and the population size of municipalities. To estimate temporal trends in the time series,
several regression approaches were applied:
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e Classical linear regression model (LM) — baseline estimation assuming homoskedasticity and
independence of errors.

e Robust linear model (RLM) — downweights the influence of outliers by weighting observations
according to residuals, producing estimates less sensitive to extreme values.

e Linear model with cluster-robust standard errors — accounts for potential non-independence of
observations due to repeated measurements within the same municipality. Standard errors were
adjusted using a cluster-robust approach (sandwich estimator) with CR2 correction, clustering by
municipality.

e Linear mixed-effects model (LMM) — includes municipality-level random intercepts to account for
the hierarchical structure of the data and unobserved heterogeneity between municipalities.

Model assumptions, including the normality of residuals and homoscedasticity, i.e., that the variance
of the error terms is constant across all levels of the independent variables, were evaluated using
diagnostic plots®®. In case of potential violations of model assumptions, robust regression was applied
using the rlm function from the MASS package in R19. This method reduces the influence of outliers and
non-constant variance by iteratively reweighting observations, offering more reliable estimates in the
presence of heteroskedasticity or non-normal residuals. To further account for intra-group correlation
and potential violations of the independence assumption across observational units, cluster-robust
standard errors were computed. Specifically, the vcovCR() function with the CR2 estimator was used to
correct the standard errors for clustering at the municipal level®. Results were presented asregression
curves or point estimates with confidence intervals to highlight systematic temporal changes in the
composition of the waste samples. Visualizations were created using the ggplot221 package in R, based
on pre-computed model predictions.

Temporal trends in the proportion of waste types were assessed using linear mixed-effects models
implemented via the Imer function from the Ime4 package in R?. In these models, the proportion (pW)
for each waste category was expressed as a function of time (date), with a random intercept for
municipality (muni) to account for unobserved heterogeneity and the hierarchical structure of the data.
Estimation was performed using restricted maximum likelihood (REML), which provides unbiased
estimates of variance components under normality assumptions?.

3. Results

The physical waste analyses were conducted over a five-year period from 2018 to 2022, with a total
of 50 samplings from 38 Czech municipalities (Fig. 2). The municipalities ranged in population from 547
to 49,705 inhabitants, representing the characteristic fragmented settlement structure of the Czech
Republic. The population distribution of the 38 studied municipalities demonstrated positive skewness,
with the mean population (6,557.5 inhabitants) being higher than the median (3,567 inhabitants). This
disparity indicates that while the majority of municipalities were small communities, a few larger
municipalities approaching the 10,000 inhabitant limit pulled the mean upward. The median provides
a more representative measure of the typical municipality in the sample, demonstrating that most waste
composition analyses were conducted in smaller Czech municipalities, which reflects the general pattern
of Czech municipal demographics characterized by numerous small communities.

The number of analyses increased notably from 4 in 2018 to a peak of 19 in 2019, followed by
a decline to 7 in 2020 (influenced by COVID-19 pandemic restrictions). On average, 10 analyses were
performed annually. Fig. 3 masks the substantial year-to-year variation. Seasonal distribution revealed
a strong bias toward spring and autumn sampling, which together accounted for 58 % of all analyses.
Summer and winter periods were mildly underrepresented due to the weather conditions. This seasonal
pattern reflects practical considerations such as weather conditions and accessibility for waste sorting
activities.
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Figure 2: Geographical distribution of analysis sites in the Czech Republic, 2018 — 2022
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Figure 3: Temporal distribution of analyses conducted in 2018 — 2022 categorized by season

Waste samples contained MMSW from households, with each sample weighing an average of
500 kg. MMSW fractions were identified and manually sorted into 12 categories and subcategories. As
a result of the study, the average composition of the waste samples was determined. The category of
non-recyclable waste included waste fractions that could not be further materially utilized, encompassing
hazardous waste, infectious waste, sub-sieve fraction, and residual mixed waste that cannot be recycled
or reused. The average proportion of materially non-recyclable waste in municipalities amounted to
34.44% of total MMSW amount, while recyclable waste comprised 65.56 % (Tab. 1).

The comprehensive analysis revealed highly heterogeneity in waste composition. Biodegradable waste
constituted the largest proportion in waste samples with an average rate of 33.62%, consisting of
compostable and non-compostable fractions. Given the significant share of biodegradable waste in MMSW
and its environmental impact, this waste category was further subdivided. The compostable biowaste was
further categorized into biodegradable waste originating from gardens, parks, and urban greenery, and
kitchen waste of plant origin. Non-compostable biodegradable waste predominantly comprises materials of
animal origin, including meat residues, bones, eggs, and food products that have undergone thermal or other
forms of processing. Besides biowaste, the next most numerically represented recyclable fractions in the
MMSW samples was plastic waste with a share of 8.84%, followed by paper fraction representing 5.93% of
total MMSW weight and textile waste comprising 6.46%.

Non-recyclable MMSW fractions, which should theoretically constitute the predominant portion of the
waste sample, actually occupied slightly over one-third of the total waste samples, with 29.23 %
comprising MMSW and an additional 5.21 % consisting of miscellaneous waste. Although residual MSW
represents the second-highest proportion in the physical waste analysis, its representation was
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surprisingly low, particularly considering that the analysed MMSW sample represented residual waste
following the separation of all recyclable fractions. The sample should theoretically consist of a large
percentage of non-recyclable mixed waste, while recyclable waste should appear in minimal quantities

after sorting (Fig. 4).

Table 1: Average percentage share of waste fractions in MMSW

Utilization Waste Type Share [%]
Non-recyclable | Mixed municipal solid waste (MMSW) 29.23
waste
34.44 % Miscellaneous waste (MW)
Biodegradable waste (BIO) 33.62
Plastic waste (PL)
Textile waste (TE)
Paper waste (PA)
Glass waste (GL)
Recyclable
waste Metal waste (ME) 2.73
65.56 %
Waste from electrical and electronic 117
equipment (WEEE) '
Composite packaging materials 0.96
(CPM) '
Wood waste (WW) 0.79
Batteries and accumulators (BaA) 0.00

Note: A three-tiered color-coding system is applied to categorize constituent materials based on their proportional

representation in the waste stream: Red (>15 %); Orange (5-15 %); Blue (<5 %)
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Figure 4: Proportional representation of individual waste fractions in samples of MMSW.
Abbreviations: BIO: biodegradable waste; MMSW: Mixed municipal solid waste;
MW: Miscellaneous waste; WEEE: Waste from electrical and electronic equipment;
CPM: Composite packaging materials, 2018 — 2022

The physical analyses results reveal considerable heterogeneity in MMSW composition and variability
in the proportions of individual fractions identified across the monitored Czech municipalities. This
diversity may be attributed to several factors influencing waste characteristics and composition in Czech
municipalities. One primary factor is the varying effectiveness of waste sorting systems implemented
across different municipalities. Some municipalities have established efficient waste sorting systems with
extensive collection container networks, frequent collection schedules, and adequate public awareness.
These municipalities may exhibit lower proportions of recyclable fractions in MMSW. Conversely,
municipalities with less developed waste sorting infrastructure can be expected to show higher
representation of potentially recyclable fractions in MMSW. Beyond these primary factors, additional
variables may influence waste composition, including seasonal fluctuations in waste production (e.g.,
higher biodegradable waste production during summer months), local economic conditions affecting
consumption patterns, and regional specificities (recreational areas) 2* 2> 262728,

The statistical analysis included an experiment examining relationships between the proportions of
waste fractions present in MMSW samples, the time of sampling, and the population size of individual
municipalities, using 3 regression approaches: classical linear model, robust linear model, and the linear
model with cluster-robust standard errors. These results were compared in terms of standard errors,
statistical significance, and trend direction. Overall, the direction and magnitude of estimated trends were
consistent, while significance levels were appropriately adjusted for within-municipality correlation.

Among the tested waste types, plastics, beverage cartons, and textile waste demonstrated declining
trends over time, suggesting improving sorting practices for these waste categories in municipalities. In
contrast, biodegradable waste exhibited an increasing trend, indicating a growing share of this waste
type in MMSW. Mixed municipal waste demonstrated only a minimal increase, resembling stable
development (Fig. 5). These results confirm effective sorting of plastic waste, beverage cartons, and
textile waste. However, attention must be focused on reducing biodegradable waste quantities,
improving its sorting, or preferably preventing its generation through home composting initiatives.

Comparison of the robust and classical linear models indicated that estimates were generally similar.
However, the robust model often yielded a lower residual standard error, confirming its resistance to the
influence of outliers. A notable difference was observed for the plastic fraction, where the robust model
estimated a slight decline over time, whereas the model with cluster-robust standard errors suggested
almost no change. This discrepancy illustrates the potential impact of outliers on trend estimation.
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Figure 5: Temporal analysis of key MSW fractions across Czech municipalities (2018 — 2022),
scaled by population size. Abbreviations: BIO: biodegradable waste; MMSW: Mixed municipal
solid waste; MW: Miscellaneous waste; CPM: Composite packaging materials. 2025

An additional mixed-effects model was used to better account for the impact of repeated
measurements from the same municipalities, with selected key results shown below:

Biodegradable waste (BIO): The analysis employed a linear mixed-effects model (Imer) with
municipality-level random intercepts to account for variation between groups. The fixed effect for time
(date) was positive but not statistically significant (B = 2.07e-5, t = 0.66). Most of the variance was
captured by the residual component (SD = 0.0978), but the random intercept for municipality also
showed notable variability (SD = 0.0464), suggesting differences in baseline levels across municipalities.
The proportion of BIO in MMSW was additionally tested for temporal and seasonal patterns using
a linear mixed-effects model because of its seasonal characteristics. Fixed effects included date (as
a continuous time variable), season (categorical: Spring [ref], Summer, Autumn, Winter), and a random
intercept for each municipality to account for between-group variability (n = 38). The fixed effect of time
was small and not statistically significant (B = 1.35e-5, t = 0.41), indicating no consistent linear trend
over time. Seasonal effects showed some variation: compared to spring (reference category), the share
of biowaste was higher in autumn (8 = 0.075, t = 1.84) and winter (B = 0.088, t = 1.59), though these
estimates were not statistically significant at conventional thresholds. Random effects indicated modest
between-municipality variability (SD = 0.043), with the majority of variance explained by residual
variation (SD = 0.097). Overall, the model suggests a possible seasonal pattern, with higher proportions
of BIO in autumn and winter, and no clear time trend. However, due to the limited sample size (n = 50)
and uneven seasonal coverage, these results should be interpreted with caution.

Plastics: A slight negative trend over time was detected (B = —=5.29e-6), accompanied by a small but
non-zero municipality-level variance (SD = 0.0237). The residual variance (SD = 0.0212) was of similar
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magnitude, indicating that both individual- and group-level components contributed modestly to the
overall variability.

Textile: The model estimated a negative time effect (B = —=2.00e-5), suggesting a possible decline
over time. Municipality-level variance was zero, indicating highly similar baseline levels across
municipalities. Residual variation (SD = 0.0303) accounted for all observed differences.

Composite packaging materials: A slight negative time trend was observed (B = —4.49e-6), with
minimal variation attributable to municipalities (SD = 0.0034). The residual component was also relatively
small (SD = 0.0021), suggesting limited overall variability in this waste type.

MMSW: The model indicated a negligible positive time trend (B = 4.85e-7), suggesting virtually no
change over time. Variability between municipalities was modest (SD = 0.0421), while the residual
variance remained the dominant source of variation (SD = 0.0548). These results point to temporal
stability in this waste type.

Miscellaneous waste: A small positive time effect was identified (8 = 1.08e-5), while the
municipality-level random effect variance was estimated at zero, indicating no detectable between-group
variability. The residual standard deviation was 0.0734, implying that variation occurred primarily at the
individual observation level.

Across all waste fractions, the effect of time was small and in many cases statistically non-significant,
indicating relative stability in composition over small municipalities and the observed period. For
recyclable fractions such as textiles and plastics, slight negative trends were observed, which indicates
a reduction of these materials in the MMSW waste stream and suggest a gradual improvement in source
separation, possibly influenced by policy measures such as the upcoming mandatory textile collection in
2025 and the expansion of multi-material collection systems. This is a positive development, as lower
proportions of recyclable materials in MMSW reflect more effective diversion from disposal and better
system performance. In contrast, biodegradable waste showed no statistically significant reduction,
remaining the largest single component of residual waste, which points to persistent shortcomings in its
separate collection. Variability between municipalities was notable for certain fractions, such as
biodegradable waste, plastics, and MMSW, implying that local conditions, including settlement size,
infrastructure availability, and collection systems (e.g. frequency) play a role in determining outcomes. In
contrast, fractions with zero municipality-level variance (e.g., textiles and metals) appear more
homogeneous nationwide, with observed changes driven primarily by temporal factors rather than local
factors. Overall, the results indicate that while targeted municipalities with up to 49 999 inhabitants show
modest signs of progress in certain material streams, substantial amounts of recyclable materials remain
in MMSW, indicating that targeted, locally adapted interventions are still needed. Extending such
analyses to larger municipalities will be essential to fully understand national waste composition
dynamics and to design interventions that are effective across diverse settlement types.

4. Discussion

The physical analyses of MMSW conducted in 38 Czech municipalities up to 49 999 inhabitants
between 2018 and 2022 reveal a surprisingly large quantity of recyclable materials still found in residual
black-bin waste, with several key trends: a consistently high share of biodegradable waste and a modest
decline in beverage cartons, textiles, and plastics. These findings underscore both systemic
shortcomings and strategic opportunities for improvement.

The finding that 65.56% of MMSW consists of recyclable fractions requires interpretation that goes
beyond a purely technical reading of the data. The substantial presence of high-value materials such as
PET bottles, paper, and textiles in MMSW highlights systemic inefficiencies rather than solely
methodological artefacts. The measured inefficiency of the system is not influenced by the methodology,
as the adopted approach allows only minimal room for inaccuracies, unlike the methodology used by the
Ministry of the Environment, which does not separate fine fractions and instead incorporates them into
MMSW, despite the fact that fine fractions may contain a considerable share of biodegradable material.
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Analyses were carried out in several municipalities with diverse waste management systems, taking into
account factors such as the distance to collection points, the type of housing (multi-unit versus single-
family dwellings), and other relevant variables. The reported outcomes represent a weighted average of
all analyses conducted. The findings reveal a significant inefficiency within the current waste
management system, which relies primarily on voluntary citizen participation and gradual public
education. The presence of 65.6% recyclable components in residual waste may be interpreted as an
approximate upper limit of the effectiveness of such a system. Further intensification of waste separation
efforts, in the absence of additional motivational instruments, is unlikely to lead to substantial
improvements.

The observed decline in beverage cartons and textiles over time can likely be attributed to intensified
source separation efforts: in the case of textiles, as a preparatory response to the mandatory textile
collection starting in 2025; and for beverage cartons, due to the increasing adoption of multi-material
collection systems (e.g., plastics, metals, and cartons combined). This trend highlights that where
concrete interventions combine convenient infrastructure with systemic incentives, behavioral shifts
among residents are achievable.

However, the persistently high proportion of biodegradable waste — averaging 33.62% — remains
a major concern. Although biodegradable waste constitutes the single largest waste fraction by both
weight and volume, its separate collection is clearly insufficient. This situation has significant
environmental implications, such as methane generation in landfills, and represents a missed opportunity
for the production of biogas, compost, or digestate. The findings clearly indicate that the current system
in small towns is ineffective: most residents pay a flat-rate waste fee, meaning their behavior has no
impact on costs, and collection containers for sorted waste are often farther away than residual
bins, reducing the convenience of source separation. In municipalities with maximum inhabitants up to
49 999, waste management services operate with limited budgets, which can result in less frequent
collections, fewer container locations, and lower investment in public awareness campaigns. Seasonal
fluctuations, such as increased population during holiday periods, can further strain existing collection
systems and exacerbate inefficiencies in waste separation.

One of the key contributions of this study lies in its ability to quantify these patterns across time and
location. Without adequate motivation — whether financial (e.g., discounts, PAYT schemes, deposit-
return systems) or ergonomic (e.g., proximity and usability of bins) — behavioral change is unlikely.
Moreover, according to annual reports from authorized packaging company EKO-KOM?, about 20 —
30% of households still do not engage in waste sorting at all, or do so insufficiently, highlighting
a significant untapped potential for improving source separation directly at the source. The fact that over
65% of residual waste still consists of recyclable materials indicates that existing measures in small
municipalities are insufficient. There is an urgent need to redesign the system to be convenient,
motivational, and economically fair.

Behavioural and social aspects further amplify these effects. Established disposal habits, limited
awareness of the economic and environmental value of recyclables, and perceived inconvenience in
transporting sorted materials to bring points all contribute to recyclable leakage into residual streams.
Seasonal and situational factors — such as garden waste peaks, tourist influxes, or limited storage space
in multi-unit housing — may also temporarily increase the share of recyclable fractions in black-bin waste.

These findings indicate that the high proportion of recyclable materials in residual waste is not simply
a measure of technical recovery potential, but a reflection of the interplay between -collection
infrastructure, economic incentives, and household behaviour. Incorporating such behavioural and
service-related parameters into future waste composition studies would enable a more accurate
assessment of systemic efficiency and support the design of targeted interventions, such as improved
container accessibility, PAYT implementation, or deposit-return systems for high-value packaging.

The data presented can be used not only to optimize local collection networks but also to inform
national policy interventions. For instance, introducing deposit-return schemes for PET bottles and
aluminum cans — materials with high market value and volumetric impal — would address key leakage
points. Likewise, door-to-door collection of biodegradable waste should be prioritized, drawing
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inspiration from proven international practices. The study also notes that certain fractions (e.g., e-waste,
composite materials) remain underrepresented, which may reflect not only analytical methodology but
also low consumer engagement in specialized waste sorting.

Future research should delve deeper into the motivational factors influencing household waste
behavior, the effect of container proximity, pricing models, and seasonal waste generation. Additionally,
it would be beneficial to integrate physical waste composition data with municipal sorting performance
metrics, thereby enabling a more holistic understanding of system efficiency. The results of physical
waste analysis can be effectively used for several key purposes. They provide a basis for designing and
optimising strategies aimed at increasing the rate of sorting recyclable and recoverable waste.
Additionally, such data can support the adjustment of legislative measures related to waste management
at the regional or national levels. Furthermore, the findings can help municipalities to set priorities for
investment in local waste processing infrastructure.

5. Conclusion

This study presents a comprehensive analysis of the physical composition of mixed municipal solid
waste (MMSW) in the Czech Republic, based on 50 standardized sampling campaigns conducted
between 2018 and 2022 across 38 municipalities (inhabitants < 49 999). The results offer a detailed,
data-driven insight into waste generation patterns and the efficiency of existing waste separation
systems mainly in small Czech municipalities.

Key Findings:

The analysis reveals that biodegradable waste constitutes the largest single component,
accounting on average for 33.62% of total MMSW. This is followed by plastic waste (8.84%), textiles
(6.46%), and paper (5.93%). Non-recyclable waste makes up 34.44% of the total, a surprisingly low
proportion given that the sampled waste represents residual streams after source separation. This
suggests significant inefficiencies in waste sorting practices.

Temporal trend analysis identifies statistically significant reductions in the shares of beverage
cartons, textiles, and plastics in the residual waste stream, indicating modest improvements in source
separation for these categories. Conversely, the share of biodegradable waste has slightly increased
over time, a finding that is both unexpected and concerning, given the availability of composting
infrastructure in many municipalities. The composition of residual waste thus remains relatively stable in
structure but suboptimal in performance, particularly with respect to organic waste management.

Interpretation and Implications:

These findings highlight critical systemic shortcomings in the Czech waste management over small up
to medium-size areas. While improvements in the separation of some recyclable streams are
observable, the persistent presence of biodegradable waste and other recoverable materials in MMSW
suggests that neither current infrastructure nor incentive structures are sufficient. The flat-rate
payment system, coupled with suboptimal accessibility of sorting infrastructure (i.e., containers located
farther than residual bins), contributes to a lack of behavioral change among residents.

The study also confirms the high material recovery potential embedded within residual waste —
65.56 % of the analysed waste could be recovered or recycled. Particularly from a resource economics
perspective, the presence of PET bottles and aluminum cans in residual waste represents a significant
loss of marketable materials.

Recommendations for Practice and Policy:

The data advocate for a shift toward more personalized and motivational waste management
models, such as:
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PAYT (Pay-As-You-Throw) systems to link behavior with cost;
Door-to-door collection schemes, especially for bio-waste;
Deposit-return systems for high-value packaging materials;

Targeted communication strategies backed by behavioral insights and data.

From a policy perspective, these results reinforce the urgency of moving beyond infrastructural
expansion and toward systemic redesign that prioritizes motivation, convenience, and economic
feedback loops.

While this study provides valuable insights into waste composition across a wide geographic range in
Czechia, the sampled municipalities all had populations below 49,999 inhabitants. Extending physical
waste composition analyses to medium-sized towns and large municipalities is essential for building
a comprehensive national dataset. Such an expansion would capture the influence of higher population
density, diverse socio-economic conditions, and different waste management systems, enabling more
accurate generalizations and the design of targeted, scalable policy interventions.

In conclusion, althoughthe Czech Republic has made measurable progress in waste separation, this
analysis confirms that the status quo is insufficient to meet EU circular economy targets or to
meaningfully reduce landfill rates. If biodegradable waste and high-value recyclables continue to leak
into residual streams, both environmental and

Physical waste composition analyses — standardized, repeated, and scaled—should be embedded as
a regular diagnostic tool for evidence-based municipal and national policy planning.
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Abstrakt

Tento Clanek predstavuje komplexni analyzu smésného komunalniho odpadu (SKO) na zakladé
fyzickych rozbort jeho sloZeni, které byly provedeny v ¢eskych obcich v letech 2018 az 2022. Studie
identifikuje klicové trendy v produkci odpadu, hodnoti efektivitu tfidéni a upozorriuje na potencial
ZlepSeni v oblasti nakladani s komunalnim odpadem. Vysledky ukazuji, Ze vyznamnou ¢ast SKO tvori
biologicky rozlozitelné a recyklovatelné materialy, coZ zdurazriuje potiebu kvalitnéjSich systémda tridéni
a osvétovych aktivit na podporu recyklace. PouZita metodika vychazi ze standardizovanych postupl
vzorkovani a dat shromazdovanych po dobu deseti let.

Klicova slova: smésny komunalni odpad, fyzicka analyza odpadu, odpadové hospodarstvi, cirkularni
ekonomika, efektivita tfidéni odpadu.
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Potencial recyklace textilu v CR
Ing. Robert Simek, RETEX, a.s.

Jak nova legislativa EU zméni podminky recyklace textilu
Ing. Robert Simek, RETEX, a.s.

Deadstock: odpad nebo surovina
Ing. Petra Koudelkova, Ph.D., PhDr. Soria Schneiderova, Ph.D., Univerzita Karlova, Fakulta socialnich véd, Institut
komunikacnich studii a Zurnalistiky

Analyza chemickych rizik v textilnich vyrobcich z pohledu evropské legislativy
Ing. Olga Chybova, INOTEX s.r.o., Dvar Kralové n.L.; Ing. Jakub Foijt, Ph.D., Textilni zkuSebni tstav, Brno

Cirkularna ekonomika textilného odpadu z automobilového priemyslu ako U€inny nastroj pre aplikacie,
ktoré prispievaju k adaptacii stavieb na zmenu klimy
Juraj Plesnik

Chemicka recyklace pro textilni odpady 5
Ing. Radek Pjatkan, Svaz chemického primysiu CR

Zpracovani textilniho odpadu pomoci vysokoteplotniho plazmatu pro energetické a materialové vyuziti
Dr. hab. Mgr. Maksym Buryi, Ph.D., Mgr. Alan Maslani, Ph.D., Mgr. Michal Hlina, Ph.D., Dr. Shelja Sharma, Dr.
Brenda Natalia Lopez Nino, Ing. Jafar Fathi, Ing. Jakub Pilar, Ustav fyziky plazmatu AV CR, v. v. i.

Problematika mikroplastu pfi €isténi pramyslovych a komunalnich odpadnich vod

Ing. Lubor Laichman, Ph.D., Ing. Marek Holba, Ph.D., ASIO TECH, spol. s r.o.

Vyuziti iontové vymény pro separaci kyselych azobarviv

Ing. Jonds Maly, prof. Ing. Tomds Weidlich Ph.D., Ustav environmentdiniho a chemického inZenyrstvi, Univerzita
Pardubice

STREDA 14. 10. 2025 dopoledne 9:00 — 12:00 hod. = OEEZ a ELEKTROPRUMYSL
Aktualni problémy pfi vyuziti lithiovych baterii
RNDr. Petr Kratochvil, ECOBAT s.r.o.

Recyklacni pfedpfiprava lithium-iontovych baterii - nové pfistupy a udrzitelna feSeni
Ing. Anna Prazanova, Ing. Zbynék Plachy, MSc. Vaclav Knap, Ph.D., CVUT v Praze, Fakulta elektrotechnicka,
Katedra elektrotechnologie

Recyklace Li-ion akumulatort
Ing. Jifi Baria, VUT v Brné

Ziskavani cennych prvku z lithiovych baterii - o€ekavani vs. praktické zkuSenosti 5
prof. Ing. Pavel Janos, CSc., Ing. Jifi Stojdl, Ing. Ladislav Bfiza, Ing. Tadeas R. Wangle, PhD, FZP UJEP

Autorska prezentace vyvések
Prestavka 10:20 — 11:00 hod.

Recyklace? Jesté pocka. Co nam fikaji data o zivotnosti trakénich akumulatort
Ing. Jan Dedek, Ph.D. AURES Holdings

REMA Systém — kolektivni systém pro sbér, svoz, zpracovani a vyuzivani odpadnich elektrozarizeni
Ing. Vitézslav Paral, Ing. Katefina Opletal Prichova, REMA Systém, a.s.

20 let zpétného odbéru elektroodpadu v CR
Daniel Safar, ASEKOL, a.s.

Moderni technologie v recyklaci elektroodpadu
Magr. Helena Nehasilova, Technoworld, a.s.

STREDA 14. 10. 2025 odpoledne 14:00 — 17:20 hod. OEEZ a ELEKTROPRUMYSL

Chemicka recyklace jako cesta pro zpracovani elektroodpadu
Ing. Radek Pjatkan, Svaz chemického primysiu CR

Sustainable Electronic Waste Management via Thermal Plasma Processing: Opportunities and Challenges
Dr. hab. Mgr. Maksym Buryi, Ph.D., Mgr. Alan Ma$lani, Ph.D., ’Mgr. Michal Hlina, Ph.D., pr. Shelja Sharma, Dr.
Brenda Natalia Lopez Nino, Ing. Jafar Fathi, Ing. Jakub PilaF, Ustav fyziky plazmatu AV CR

Wolframovy prach jako vyznamny odpad z jaderného fuzniho reaktoru 3
Ing. Jaroslav Stoklasa, Ph.D., Ing. Bc. Lucie Karaskova Nenadélova, Ph.D., Centrum vyzkumu ReZ, s.r.o.
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Aplikace solvolytickych postupt pro purifikaci odpadnich plastd z autobaterii )
Ing. Ivana Barchankova, Ph.D., Fakulta Zivotniho prostfedi Univerzita Jana Evangelisty Purkyné v Usti nad Labem

Tonerové kazety — zdroj surovin i toxicky odpad

Pavel Hrdlicka, Ceska zemédeélska univerzita v Praze, Provozné ekonomicka fakulta

Tonerovy prasek —kam s nim? 5

Ing. Olga Solcova, CSc., prof. Milan Carsky, Ing. Karel Soukup, Ph.D., Ing. Milena Rouskova, Ph.D., Ing. Stanislav
Sabata, Ustav chemickych procesti AV CR

Pritomnost plastovych aditiv z elektroodpadu (OEEZ) v détskych vyrobcich

Ing. Katarina Rusiriakova, Mgr. Simona Rozarka Jilkova, Ph.D., Chijioke Olisah, Ph.D., Lisa Emily Melymuk, Ph.D.,
Mgr. Ondrej Audy, Ph.D., Mgr. Petr Kukucka, Ph.D., RNDr. Petra Pribylova, Ph.D., Recetox, Masarykova Univerzita
v Brné; Martin Boudot, Premiéres Lignes Television, Brilon, Paris, France

Problematika ekologie raznych typl vozidel
Ing. Kalpi/ Jasso, Ph.D., VUT a UO; prof. Ing. Tomas Kazda Ph.D. VUT; Ing. Martin Maéak Ph.D., VUT a AIT; Ing.
Martin Sedina, Ing. Josef Maca, Ph.D. VUT; Gavin D.J. Harper,University of Birmingham

CTVRTEK 16. 10. 2025 dopoledne 9:00 — 13:00 hod. EXKURZE
RETEX, a.s. (vyroba ekologickych a technickych netkanych textilii z recyklovanych materiali)

VYVESKY
Porovnani asfaltovych smési s vysokym podilem R-materialu a modifikaci odpadnimi plasty

Amira Ben Ameur, MSc., QV)VUT v Praze, Fakulta stavebni; Joseph N. La Macchia, MSc., Politecnico di Torino; doc.
Ing. Jan Valentin, Ph.D., CVUT v Praze, Fakulta stavebni

Vyuzitie kukuriéného oleja na produkciu bionafty a separaciu fytosterolov ako latok s vysokou pridanou
hodnotou

Roksolana Fromel, ZdruZenie Energy 21, Leopoldov, Slovensko; Jan JanoSovsky, Valentina Kafkova, Centrum
vyskumu a vyvoja, s.r.o., Leopoldov, Slovensko,; Adriana Brisudovéa, ENVIRAL, a.s., Leopoldov

Utilisation of magnetic and non-magnetic ash fractions for the preparation of glazes from waste materials
Ing. Michaela Topinkova, Ph.D., Ing. Filip Kovar, Ph.D., doc. Ing. Ovéacéikova Hana, Ph.D., VSB-TU Ostrava

Using magnetic separation to recover iron from steel slag 3
Ing. Filip Kovéar, PhD., doc. Mgr. Lucie Bartoriova, Ph.D., prof. Ing. Vlastimil Matéjka, Ph.D., VSB-TU Ostrava

Moznosti racionalizace vyuziti fermentacniho zbytku z bioplynovych stanic
Ing. Pavel Michal, Ph.D., Ing. Pavel Svehla, Ph.D., Ing. Barbora Koubkova, Bc. Jakub Tegel, prof. Ing. Pavel
Tlusto§, CSc., dr. h. c., Ceska zemédélska univerzita v Praze

Charakteristika produkované vody ze zpracovani odpadu z fiize MSO technologiii 3
Ing. Be. Lucie Karaskova Nenadalova, Ph.D., Ing. Jaroslav Stoklasa, Ph.D., Centrum vyzkumu ReZ s.r.o.

Studium hydratace popilkl ze spoluspalovani biomasy pomoci kalorimetrickych méfreni

Ing. Luké$ Mauermann, Ing. Kléra Betékova, Ing. Martina Sidlové Ph.D., VSCHT v Praze, Ustav skla a keramiky;
doc. Ing. Rostislav Sulc, Ph.D., CVUT v Praze, Fakulta stavebni

Vyuziti pokroéilych technologii pro ¢isténi odpadnich plynu

Prof. Ing. Jana Seidlerova, CSc., Ing. Petr Unucka, Ph.D., Mgr. Petr Bé¢ak, Ing. Michaela Tokarcéikova, Ph.D., Ing.
Roman Gébo, Ph.D., VSB-TU Ostrava

Eco-Friendly Ceramic Glazes from Waste Pigments: A Sustainable Approach

Hana Ové&acikové, Michaela Topinkova, VSB-TU Ostrava, Fakulta materialové-technologické, Katedra tepelné
techniky; Filip Kovar, Jifi Fiedor, VSB-TU Ostrava, Fakulta materiélové-technologické, Katedra chemie; David
Zurovec, VSB-TU Ostrava, Hornicko-geologicka fakulta, Katedra hornického inZenyrstvi a bezpeénosti: Eva
Bartonickova, VSCHT v Praze, Fakulta chemické technologie, Ustav anorganické chemie; Pietor Zoubek, VSB-TU
Ostrava, Hornicko-geologicka fakulta, Katedra hornického inzenyrstvi a bezpecnosti, TRINECKE ZELEZARNY,
a.s., Trinec

Popilek z biomasy jako potencialni material pro stavebnictvi

Ing. Be. Karolina Krélova, Ing. Martina Sidlové, Ph.D., VSCHT v Praze, Ustav skla a keramiky; Ing. Petr Formadek,
Ph.D., doc. Ing. Rostislav Sulc, Ph.D., CVUT v Praze, Fakulta stavebni; Ing. Klara Betakova, Ing. Lukés$
Mauermann, VSCHT v Praze, Ustav skla a keramiky; Ing. Jan Konvalinka, CVUT v Praze, Fakulta stavebni
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