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In recent years, the transition from landfilling municipal solid waste (MSW) to recycling
has emerged as a significant trend in response to the growing volume of waste generated
and the pressing need for sustainable waste management practices. The primary objective
of this study was to identify countries that have experienced the most rapid transitions and
subsequently analyse their performance. The central concept was to investigate the speed
of transition by examining actualized transitions in selected countries. Based on this
objective, seven European countries (Croatia, Italy, Latvia, Lithuania, Poland, Slovakia,
and Slovenia) that had considerable progress in transitioning from landfilling to recycling
MSW have been selected as the cases of the study. Also, key metrics for evaluating the
speed of this transition, along with the environmental impact of different waste treatment
methods have been introduced and calculated. The present investigation analyses key
metrics to assess the speed of change during the transition period. Based on the total
municipal solid waste (MSW) generated, the speed of transition to recycling (STR) and
landfill reduction (SLR) was calculated. STR values ranged from 2.2 to 4 percent per yeatr,
whereas SLR values ranged from 2.6 to 7 percent per year. Recycling development (RD)
and landfill reduction (LR) during the transition period ranged from 61% to 892% for RD
and 10% to 88% for LR. The greenhouse gas (GHG) emissions from MSW and packaging
waste (PW) in Italy and Poland were analyzed since only data were available for these
countries. The total percentage of GHG emission changes (EC) was -31.4% and -37.4% for
Italy and Poland, respectively, and the speed of GHG emission changes (SEC) were -3.9
and -3.7 %-points/a. The p index, which quantifies GHG emissions per kilo ton of landfill
and recycling of MSW, indicated changes in total emissions during the transition period,
with Ap values of -0.15 and -0.32 (kt CO2eq/kt (recycling + landfill)) for Italy and Poland,
respectively. In the study, recycling is highlighted as a critical part of sustainable waste
management and environmentally friendly waste disposal.



ACKNOWLEDGEMENTS

I am deeply grateful to a multitude of individuals whose support and guidance have made
this thesis possible. First and foremost, | would like to express my profound appreciation to
Professor Mika Horttanainen, for their unwavering guidance, invaluable feedback, and
continued encouragement throughout the course of my research. Your expertise, patience,
and mentorship have been instrumental in shaping this work, and I am truly privileged to

have been under your tutelage.

I would also like to extend my heartfelt gratitude to my second supervisor, Anna Zaikova,
M.Sc. (Tech.), for her unwavering support, motivation, insightful critiques, and remarkable
patience throughout this challenging journey. Her steadfast guidance and compassionate
assistance have been invaluable in navigating this arduous path. | will perpetually hold
dear the selfless contributions and the kind-hearted encouragement that she has bestowed
upon me, as these have undoubtedly rendered this challenging endeavour more manageable

for my journey.

| want to express my heartfelt thanks to my parents for their unwavering love and support
throughout my life. Your encouragement, guidance, and sacrifices have been instrumental
in shaping the person | am today. | am eternally grateful for all that you have done for me,
and | hope to make you proud with my accomplishments. | hold an immense affection for

you both that surpasses my ability to convey in words

I want to extend a special thanks to my twin brother, Sohrab, who has been my partner in
my childish pranks and my best friend for as long as | can remember. You have always
been there for me, through thick and thin, and | can't imagine going through life without
you by my side. Your unwavering support, encouragement, and understanding have helped
me navigate even the toughest of times. | am so grateful to have you as my brother, and |
know that |1 wouldn't be where | am today without you. Thank you for being an incredible

sibling and an even better friend. I love you more than words can express.

I would like to acknowledge my friends and family, whose unwavering love and support
have been my anchor throughout this journey. A special thank you to my partner, for your
endless patience, understanding, and love. Your presence has made this journey not only

bearable but also enjoyable.



Lastly, |1 would like to dedicate this endeavor to all those who share the passion for
preserving our planet from all kinds of pollution and striving to make it a better place to
live. Furthermore, to those who persevere in pushing the boundaries of knowledge, seeking

a more comprehensive comprehension of our world.



SYMBOLS AND ABBREVIATIONS

Symbols
A the change
M Recycling and landfill emission ratio based on waste mass

Abbreviations

BRIC Brazil, Russia, India, and China

CE Circular Economy

CHy Methane

CO2 Carbon Dioxide

Eave The average of GHG Emission from Recycling
EC Emission Changes

EEA European Economic Area

EPA Environmental Protection Agency

EPR Extended Producer Responsibility

EU European Union

GWP Global Warming Potential

IPCC Intergovernmental Panel on Climate Change
LCA Life Cycle Assessment

LFG Landfill Gas

LR Landfill Reduction

MBT Mechanical-Biological Treatment
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SLR

SRT

SWM

TEE
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WTE

Municipal Solid Waste

Municipal Solid Waste Management
Prevented Landfill Emission
Packaging Waste

Recycling Development

Speed of change in Landfill

Speed of change in Recycling

Speed of Emission Changes

Speed of Landfill Reduction

Speed of Transition to Recycling
Sustainable Waste Management
Transition towards Eco-Efficiency
Waste Management

Waste to Energy
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1. Introduction

In a world with a vast population, the production of goods intended to enhance living
standards ultimately results in the accumulation of solid waste, creating a severe
environmental challenge. This pressing issue has become increasingly critical in
contemporary times. (Evreka, WM Platform, 2022) Although municipal waste comprises
only a minor fraction of the total waste produced, it attracts significant political attention
due to its intricate nature concerning its composition, distribution among numerous waste

generators, and connection to consumption patterns. (Eurostat, 2022)

The incessant expansion of consumption and production of commodities in present-day
societies has caused a surge in the volume of refuse produced, thereby giving rise to
apprehensions pertaining to the environment, public health, and social welfare. The
management of waste involves a complex web of actions that include collection,
transportation, treatment, and disposal. It is a multi-faceted problem that requires a
comprehensive approach, involving not only waste management authorities but also
stakeholders from diverse sectors such as government, industry, and civil society.
(Periathamby, 2011)

The scale of the waste management challenge is immense, and it is further complicated by
the diverse types of waste generated. Municipal waste, for instance, comprises a mix of
organic and inorganic materials, including food waste, plastics, glass, metals, and paper,
among others. The disposal of municipal waste is often difficult, costly, and
environmentally hazardous. It is, therefore, not surprising that municipal waste has become

a focal point of political attention. (Pires et al., 2011)

It is indisputable that addressing the issue of solid waste is a collective responsibility of all
humanity. The adoption of responsible consumption habits and increasing individual
awareness about waste are paramount in addressing this challenge. The term "municipal
solid waste" refers to the solid waste collected by a municipality from private residences
and offices, as well as other small-scale institutions and commercial businesses. Despite
the fact that municipal solid waste encompasses both biodegradable and non-biodegradable
elements, which are obtained from organic and inorganic constituents correspondingly, the

composition and categorization of such waste can considerably differ from one



municipality in a particular region of the world to another of the same size and kind.
Nevertheless, municipal solid waste commonly comprises kitchen scraps, yard debris like
grass clippings, paper and cardboard, plastic and rubber, metal, glass, electronic waste,

inert substances, and other assorted forms of waste. (HE, 2022)

The sector of municipal solid waste management encompasses four distinct sub-industries,
which include recycling, composting, anaerobic digestion, landfill, and waste-to-energy via
incineration. Given that there is no singular approach that can be used for managing all
types of waste streams, the Environmental Protection Agency (EPA), a federal government
agency in the United States, has devised a hierarchical ranking system for municipal solid
waste management. This strategy prioritizes waste types according to their potential harm,
thereby avoiding the creation of environmental problems. The hierarchy of waste
management comprises four levels, namely reducing waste at its point of origin, increasing
the amount of waste that can be reused, recycling and composting, energy recovery, and
finally landfilling it. These levels are listed in the order of most preferred to least
recommended, as shown in Figure 1. (U.S. EPA, 2022)
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Figure 1. The Pyramid Hierarchy of waste. (U.S. EPA. 2022)

According to the World Bank, the global municipal solid waste generated annually is
estimated at 2.01 billion metric tons. This figure is projected to increase to 3.4 billion
metric tons by the year 2050. (The World Bank, 2020a) As of 2020, approximately 70% of



the total municipal solid waste collected by municipalities is disposed of in landfills and
other dumpsites, with 19% being recycled and 11% being converted into energy recovery.
(The World Bank, 2020a) Shockingly, nearly 3.5 billion people, accounting for almost half
of the world's population of 7.6 billion, do not have access to even basic waste treatment
services. (Waste Atlas, 2018) Moreover, by 2050, it is predicted that 5.6 billion people
globally will lack adequate access to the essential services required for proper waste

management. (Nanda & Berruti, 2020)

These statistics highlight the urgent need for sustainable waste management practices, as
the growth of municipal solid waste continues to pose significant environmental, health,
and social challenges. In addition to landfilling, recycling and energy recovery can
significantly reduce the amount of waste that is ultimately disposed of in landfills.
However, access to these services is limited, particularly in low-income regions, where
waste treatment infrastructure is often inadequate. As a result, communities are left to bear
the brunt of the impacts of improper waste disposal, including pollution, disease, and the

degradation of natural ecosystems. (Marshall & Farahbakhsh, 2013)

1.1. MSW Landfilling

Notwithstanding its low effectiveness as a final disposal method for municipal solid waste
(MSW), landfilling remains a prevalent and frequently utilized approach to waste
management. This is because landfilling is economically advantageous (Vaverkova, 2019).
The United States Environmental Protection Agency (2012) has defined landfilling as a
waste management practice that entails the deposition of waste materials in designated
areas for disposal, followed by the application of compression techniques and the
construction of embankments to cover the waste. This process serves to mitigate the
potential adverse impacts of waste on the environment, such as soil and groundwater
contamination, air pollution, and the spread of disease. At the present time, landfilling is
one of the most straightforward and affordable ways to dispose of waste. The cost of
landfilling is significantly cheaper than the cost of other waste disposal methods. The
degradation of organic matter during the process of landfilling waste results in the
production of landfill gases (LFGs), which primarily consist of methane (CHa4) and carbon
dioxide (CO), the primary components of greenhouse gases (GHG) (Yang et al., 2013).



Landfill sites emit various sources of emissions, with waste materials being the primary
source. Other significant sources include transportation emissions, wind-blown waste,
landfill surface-generated dust, landfill gas emissions, and leachate generation.
(Vaverkova, 2019).

According to the most recent estimates available from Keza et al., 2018, the total amount
of MSW that disposing of in landfills in the world amounted to a staggering around 1 400
million tons per year. The total percentage of MSW landfill by the fractions is depicted in
Figure 2. While it is encouraging to note that a considerable portion of MSW was recycled,
with more than 69 million tons diverted from landfills. Specifically, in terms of the
composition of MSW recycled, approximately 67 percent of the total waste recycled was
composed of papers and cardboard, while the remaining 33 percent was comprised of other
materials, such as metals, glass, plastic, and wood, which accounted for approximately 13
percent, and 4 to 5 percent of the total MSW, respectively (U.S. EPA, 2022) (see Figure 3).

The presented data highlights the urgency of sustaining efforts to boost recycling rates and
mitigate the volume of waste destined for landfills. The predominance of paper and
cardboard waste in the overall waste produced suggests that measures aimed at reducing
paper waste, including the adoption of paperless alternatives or the promotion of recycled
paper usage, may significantly contribute to curtailing the amount of MSW generated.
Similarly, promoting the use of reusable products, such as bags and containers, could also
contribute to reducing the amount of plastic waste, which represents a significant portion
of the remaining MSW. (Villanueva & Wenzel, 2007)
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Figure 2. The percentage of MSW landfill by the fractions in the world in 2018. (U.S.
EPA, 2022)
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Figure 3. The percentage of MSW recycling by the fractions in the world in 2018. (U.S.
EPA, 2022)

Despite a decrease in the disposal of MSW in landfills, these sites are expected to remain a
significant component of integrated solid waste management systems across the globe.
Various waste management (WM) methods, including landfilling, incineration, and
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composting, have been compared in several studies, and it has been found that sanitary
landfilling or open dumping are popular MSW treatment and disposal options in most
countries due to their relatively low cost and minimal technical requirements. The
European Union (EU) Directive on waste landfills has set specific objectives to reduce the
volume of waste disposed of and introduced stringent requirements for landfilling and
landfill sites (Vaverkova, 2019). Nevertheless, the state of affairs in Europe is
heterogeneous, with certain countries, namely Switzerland, Germany, the Netherlands,
Sweden, Austria, Denmark, Finland, Norway, and Belgium, reporting that landfilling
constitutes less than 5% of their overall waste production (Figure 4). Conversely, in some
countries, landfilling remains the primary WM technique. For instance, in Poland, 41% of
waste is landfilled, while in Slovakia and Bulgaria, this figure is 61% and 62%,
respectively. In the Czech Republic (CR), landfilled waste represents 49% of the total
waste produced (U.S. EPA, 2022).
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Figure 4. MSW landfilling rate in Europe by country from 2006 to 2017 (EEA, 2021).
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1.2. Environmental impacts of landfill and Recycling benefits

As per the European Commission's recent report (2022), landfilling represents the most
undesirable waste management approach. This practice involves the disposal of solid waste
in landfills, which results in the inevitable generation of gas and leachate due to a
multitude of factors, such as microbial decomposition, climatic conditions, refuse
characteristics, and landfilling operations. The migration of such gas and leachate from the
landfill site to the surrounding environment raises serious environmental concerns,
including but not limited to health hazards, fires and explosions, vegetation damage,
unpleasant odors, landfill settlement, groundwater pollution, air pollution, and, most
significantly, global warming (El-Fadel, Findikakis, & Leckie, 1997; Kalra, 2019).

Recycling can be considered one of the most environmentally sustainable methods for
waste disposal after reuse, which may not always be a feasible option. The primary goal of
recycling MSW by the governments is to enhance recycling rates. The rising awareness of
the detrimental impact of human consumption patterns on the environment has encouraged
individuals to adopt more eco-friendly practices, and recycling has emerged as a viable
solution. By repurposing waste materials into new products, recycling can reduce the
amount of waste sent to landfills and help conserve natural resources. Thus, recycling is
viewed as a key strategy for achieving sustainable waste management practices. The
primary objectives of MSW recycling, as identified by Lave, Hendrickson, Conway-
Schempf, and McMichael (1999), include:

» Conserving landfill space by reducing the amount of waste disposed of there.

» Decreasing the costs associated with managing MSW. (Public services are often

criticized for their inefficiency and fiscal challenges)

« The enhancement of environmental quality is achievable through the reduction of
pollutants discharged into the environment, with the ultimate objective of
eradicating the emission of hazardous and toxic substances, such as greenhouse

gases and toxic waste, which are commonly disposed of MSW landfills.

» Encouraging economic sustainability necessitates the curtailment of the utilization
of exhaustible resources like ores or petroleum, coupled with the reduction of

consumption levels of renewable resources like lumber to sustainable levels.
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1.3. MSW Recycling and starting the transition

The growth in world population, improved living standards, and automation in
manufacturing that has led to mass production and consumption have resulted in increased
resource extraction. Consequently, despite unprecedented economic growth, the quantity,
quality, and accessibility of finite resources are diminishing progressively, resulting in an
upsurge in solid waste generation and an escalation in environmental emissions (Lieder &
Rashid, 2016). Therefore, the traditional linear-based production process ought to be
substituted with a more sustainable circular approach. Unlike current business models that
involve the extraction, processing, consumption, and disposal of raw materials as waste, a
circular economy (CE) endeavors to transform waste into a valuable resource (EPRS,
2014). The prevailing focus of WM has been centered on end-of-cycle solutions; however,
the need to valorize end-of-life products and promote material circularity is now
imperative to curtail waste accumulation in landfill sites and diminish the excessive

exploitation of raw materials (Stahel et al., 2016).

The European Commission has introduced the idea of sustainable waste management,
which follows a specific treatment hierarchy. The proposed approach aims to prevent
waste generation as much as possible, while also prioritizing superior waste treatment via
reuse, remanufacturing, recycling, energy recovery and before considering landfill disposal
(European Commission, 2008). Consequently, developing integrated WM cycles that
interconnect waste treatment and resource recovery is critical (Chioatto and Sospiro,
2022). the European Commission's adoption of the circular economy model in the EU led
to the implementation of detailed waste management regulations. The Directive EU
2018/851, in particular, set out the following restrictions, as detailed on the EUR-Lex

website:

* By 2035, a minimum of 65% of municipal waste must be prepared for re-use and

recycling.

» By 2030, separate collection of textiles and hazardous waste from households must

be implemented.

« By the year 2025, there is a mandatory requirement to recycle a minimum of 55%
of plastic packaging waste.
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+ Landfilling of waste should be limited to no more than 10% of municipal waste by
2035.

The European Union has established specific recycling targets by 2030 for various
categories of packaging waste, which include paper and cardboard at 85%; ferrous metals
at 80%; aluminum at 60%; glass at 75%; plastics at 55%; and wood at 30%. Nevertheless,
some environmental organizations have criticized the recycling targets set by the European
Commission as not being ambitious enough, while also being excessively high and even
unattainable for practitioners involved in municipal waste management. Such assertions
are corroborated by balance calculations that demonstrate certain indicators may be

technically or technologically unfeasible (Wielgosinski, Czerwinska, & Szufa, 2021).

The recycling targets aim to reduce waste generation and maximize the recovery of
materials. However, the feasibility and attainability of these targets have been questioned,
and it is crucial to ensure that they do not become a hindrance to achieving the overarching
goal of promoting a more sustainable waste management system. It is essential to strike a
balance between setting ambitious targets and being pragmatic about the implementation
of waste management practices that are technically and technologically achievable.
(Ferronato et al., 2019)

Figure 5 illustrates that the majority of European countries have made significant strides in
elevating their municipal waste recycling rates since 2004, highlighting improvements in
waste management practices. Nevertheless, there remains a considerable discrepancy in
recycling performance among different countries. As of 2019, recycling rates ranged from
67% in Germany to 5% in Montenegro. Among European countries, eight achieved
recycling rates of 50% or higher, specifically Germany, Slovenia, Austria, the Netherlands,
Belgium, Switzerland, Denmark, and Italy, in decreasing order. Conversely, six countries

recycled less than 20% of their municipal waste (EEA, 2021).

Among the European countries, Lithuania, Slovenia, Latvia, Italy, Slovakia, Croatia,
Poland, Czech Republic, Hungary, and Albania have made significant progress in
municipal waste recycling rates from 2000 onwards, respectively (Wielgosinski,
Czerwinska, & Szufa, 2021). This indicates that some countries have been able to adopt
effective waste management policies and practices that have led to significant

improvements in waste recycling rates (Ferronato et al., 2019).
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As illustrated in Figure 5, there is a discernible upward trend in the recycling rates
(including composting) of most European countries. Additionally, the change bar in the
figure represents the percentage point difference in recycling rates between 2004 and 2010.
While the progress made by some European countries in municipal waste recycling rates is
encouraging, there is still a long way to go in achieving sustainable waste management
practices across the continent. Efforts must be made to bridge the gap between high and
low-performing countries and ensure that all countries meet the recycling targets set by the

European Union (Wielgosinski, Czerwinska, & Szufa, 2021).
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Figure 5. MSW Recycling in Europe from 2004 to 201. (EEA, 2021)

Over the years, European countries have seen an increase in recycling and composting
rates, which have risen from just over 6% of MSW generated in 1960 to about 10% in
1980, 16% in 1990, 29% in 2000, and 35% in 2017. However, as of 2018, the recycling
and composting rate decreased to 32.1% (EPA, 2022).

The rise in recycling and composting rates in Europe over the years is a positive indication
of the continent's commitment to sustainable waste management practices. However, the
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decrease in the recycling and composting rate in 2018 highlights the need to maintain this

momentum and continue to improve recycling rates.

It is crucial to recognize that increasing recycling and composting rates require concerted
efforts from all stakeholders, including governments, businesses, and individuals.
Governments need to create policies and regulations that encourage sustainable waste
management practices, while businesses and individuals must adopt more eco-friendly
behaviors, such as reducing waste generation, reusing products, and recycling waste. (Wei
etal., 2017)

1.4. Objectives

The purpose of this thesis is to undertake a comprehensive analysis of the speed of
transition from landfilling to MSW recycling over the past few decades. More specifically,
the study will investigate the development process of this transition in selected countries
on a more detailed scale, with the primary focus on identifying the speed of the transition,
the recycling rates achieved in each case, and the factors that contributed to the speed of

the transition in different regions.

One of the key objectives of this study is to investigate the environmental impacts of MSW
recycling, with a particular focus on the reduction of GHG emissions resulting from the
transition. The analysis will examine the contribution of MSW recycling to reducing GHG

emissions and its potential to mitigate the negative impacts of climate change.

Furthermore, the study aims to identify the best practices that can be adopted by other

countries to accelerate their transition towards MSW recycling.

To further investigate the topic, the following research questions are specifically

addressed:

e How rapidly has the transition from landfill to recycling of MSW occurred during the

short period in which recycling has been developed?

e \What factors have contributed to this transition and what were the main reasons behind

it?
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2. The State of the art

The state of the art related to this thesis can be categorized into three main streams. The
first stream is related to successful MSW management systems that causes development in

the MSW recycling performance and consequently increase the speed of recycling.

During the past decades, based on the statistics, MSW recycling rate has a fluctuational
trend in different parts of the world. Although significant changes have been observed in
Europe and speed of progress has been high since 2000, this speed has not been the same
for other parts of the world. This is why the global rate of recycling has been still slower
than that in Europe.

Although limited studies have specifically investigated the transition from landfilling to
recycling, numerous studies have explored municipal waste management systems from a
general or regional perspective. For instance, Xevgenos et al. (2015) conducted a review of
nineteen case studies and evaluated the instruments and strategies employed in waste
management schemes at the international level, with a particular focus on best practice
schemes that follow the waste hierarchical approach. This study investigated local policies
that endorse the segregation of at least four waste streams (paper, metal, plastic, glass) at
the source to promote recycling. The study identified several factors that significantly
influence recycling performance, such as the implementation of kerbside waste collection
schemes, the provision of economic incentives, and the utilization of legal instruments.
Furthermore, the study recognized that the degree of public awareness and participation,
population size, and duration of the program implementation were crucial factors that
influenced the efficacy of the applied schemes. These findings underscore the significance
of implementing effective waste management policies and strategies to achieve sustainable
waste management. The results emphasize the need for community involvement,
government support, and adequate resources to achieve successful waste management
systems. By understanding the factors that influence recycling performance, policymakers
and waste management practitioners can design and implement effective waste
management schemes that promote the transition from landfilling to recycling, leading to

sustainable waste management practices.
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lyamu, et al. (2020) published an article to examine the common themes that hinder the
sustainability of municipal solid waste management (MSWM) in the BRIC countries
(Brazil, Russia, India, and China). The study aimed to identify the challenges and
opportunities involved in transitioning from conventional waste management practices to
sustainable MSWM practices, by examining both the impediments to sustainable MSWM
in the BRIC countries (Brazil, Russia, India, and China) and the historical evolution of
MSWM towards sustainability in high-income countries such as the United States, Japan,
Denmark, and Australia. The authors conducted a comprehensive review of the literature
and identified several themes, such as inadequate infrastructure and resources, insufficient
funding, lack of public participation and awareness, and inadequate policies and

regulations.

Chioatto and Sospiro (2022) conducted a comprehensive study to examine the roadmap of
European Union (EU) Member States in achieving sustainable waste management (SWM)
and circular economy objectives. The study sought to identify the criteria, methodologies,
policies, implementation, and outcomes of SWM at the national level by employing a case
study approach, with France, Germany, Italy, and the Netherlands as its focus. The study
aimed to identify best practices and assess the effectiveness of current SWM strategies in
achieving sustainable waste management and circular economy objectives. The study
found that the four case studies had developed a range of effective strategies and policies
to achieve sustainable waste management and circular economy objectives. The study also
identified several key factors that influence the effectiveness of SWM policies, including
the adoption of a waste hierarchy approach, effective implementation of extended producer
responsibility (EPR) schemes, and the use of economic instruments such as taxes and fees
to promote sustainable waste management practices. The study emphasized the need for
coordinated action and collaboration between different stakeholders, including government
agencies, private sector organizations, and civil society groups, to achieve sustainable

waste management objectives.

Troschinetz and Mihelcic (2009) have been done a study aimed at investigating the role of
recycling as a sustainable method of managing MSW in developing countries. The authors
utilized a qualitative analysis of 23 case studies to identify the incentives and challenges of
recycling and generated a comprehensive list of factors that influence MSW recycling in
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developing countries. The study identified numerous factors that affect MSW recycling,
including government policies, financial resources, waste characterization, waste collection
and segregation, household education, household economics, MSW management
administration, MSW personnel education, MSW planning, local markets for recycled
materials, technological and human resources, and availability of land. These factors
significantly influence the effectiveness of waste management practices in developing
countries. The study found that effective MSW management practices necessitate a
coordinated effort from the government, private sector, and local communities to address

challenges such as inadequate infrastructure, insufficient funding, and limited resources.

The second category of research focuses on the environmental impacts of MSW recycling
and landfilling. However, it should be noted that there are numerous studies that
investigate this topic, and the examples presented are only a small fraction of the extensive
body of research. Sauve and Van Acker (2020) conducted a study to investigate the
environmental impacts of MSW sanitary landfills in Europe using the life cycle assessment
(LCA) method. The study considered the different levels of implementation of
requirements in assessing the environmental impacts of MSW sanitary landfills. The study
found that the implementation of strict requirements resulted in a reduction in the
environmental impacts of MSW sanitary landfills. The study also highlighted the
importance of considering the entire life cycle of waste management systems when
assessing their environmental impacts. The study's findings have important implications
for waste management policy and practice in Europe, emphasizing the need for strict

implementation of waste management requirements to reduce environmental impacts.

The other study was done by Paes et al. (2020) to evaluate various scenarios for mitigating
GHG emissions in MSW management at both the countrywide and municipal levels in
Brazil. The study aimed to determine the optimal transition towards eco-efficiency (TEE)
compared to the current scenario. The authors used a combination of environmental and
economic indicators, including GHG emissions (measured using the CO2ZW tool),
operating and investment costs, and climate change externalities, all analyzed per ton of
MSW treated. The study's findings were based on both fieldwork and national data. The
research discovered that landfilling practices lacking energy recovery, open dumping, and
open burning of mixed waste were linked with the most substantial environmental impact.

Through evaluating various impact categories, including global warming potential,
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photochemical oxidation, acidification, and eutrophication potential, the authors
determined recycling combined with energy recovery as the most sustainable waste
management approach for the investigated region. Furthermore, the study revealed that by
enhancing the recycling rate of packaging waste, significant environmental benefits could
be achieved, as a result of the limited inputs from the Technosphere.

Lave et al. (1999) conducted a study to investigate the environmental and sustainability
benefits of recycling. The authors concluded that recycling can only contribute to
environmental and sustainability goals if the energy, resources, and environmental
discharges involved in recovering the material are less than those associated with
producing virgin material. The study's findings highlight the importance of considering the
entire life cycle of a product or material when assessing its environmental and
sustainability impacts. While recycling can offer several environmental benefits, such as
reducing greenhouse gas emissions and conserving natural resources, it is not always the
most environmentally or economically sustainable option. The study emphasizes the
importance of analyzing the environmental and economic impacts of recycling compared

to other waste management options, such as landfilling or incineration.

Yadav and Samadder (2017) undertook a study to appraise the environmental impacts of
diverse MSWM approaches in India by utilizing the life cycle assessment (LCA)
methodology. The study's objective was to evaluate the possible environmental
consequences of various waste management scenarios across multiple impact categories.
The LCA results indicated that landfilling without energy recovery, open dumping, and
open burning of mixed waste had the greatest environmental impact. Conversely, the most
sustainable waste management scenario for the study area was recycling coupled with
energy recovery, as evidenced by a lower global warming potential (GWP), photochemical
oxidation, acidification, and eutrophication potential. The study's findings underscore the
importance of adopting sustainable waste management practices to minimize the
environmental impact of waste management. The results demonstrate that recycling
coupled with energy recovery is a more environmentally sustainable waste management
option than landfilling, open dumping, or open burning of waste. The study's findings can
help inform policymakers and waste management practitioners in developing effective
waste management policies and strategies that promote sustainable waste management

practices.



21

The third stream of research encompasses the economic literature on municipal solid waste
(MSW) management. Despite the fact that the direct costs of recycling are often slightly
higher than those of landfill disposal, the advantages of recycling have been demonstrated
to outweigh those of landfilling when externalities are taken into account (Lavee, 2007).
For example, recycling can contribute to a circular economy, where resources are kept in

use for as long as possible and reduce the reliance on virgin materials.

Several studies have investigated the economic aspects of MSW management. The study
by Ayeleru, et al. (2021) aimed to determine the cost-benefit analysis of establishing a
recycling facility to process various wastes for use as raw materials by industries. The
analysis was carried out using historical data obtained from the municipality and recent
waste composition data. The study observed that the Internal Rate of Return and Net
Present Value were similar, approximately 677 jobs could potentially be created in the
project, and the Net Present Value was greater than zero. Based on the overall analysis, the
study concluded that the project is viable. Therefore, the establishment of a recycling
facility can be an effective approach to manage municipal solid waste and promote
sustainable practices, particularly in regions experiencing rapid population and economic

growth, changes in consumption patterns, and an increase in solid waste generation.

Similarly, Abrate, et al. (2012) examined the costs of waste disposal and recycling services
in Italy using a composite cost function model. The study found that the unit costs of
recycling were generally higher than those of landfilling, but that recycling became more
cost-effective as the amount of waste collected increased. Additionally, the study found
that economies of scale could be achieved by consolidating waste management activities at

the regional level.

In 2001, Callan and Thomas created a cost structure that accounted for multiple outputs to
analyze how recycling and disposal activities are related in the MSW management market.
Their research investigated the presence of scale economies specific to certain products, as
well as the overall scope economies within the market. The results of their study suggest
that recycling has the ability to enhance economic efficiency by decreasing the quantity of

waste sent to landfills, which can lead to lower MSW management costs.
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3. Materials and Methods

3.1. Data for the case countries

During the past two decades, many countries have reached a significant progress in the
field of MSW recycling. Among them, seven countries including Poland, Croatia, Italy,
Slovenia, Slovakia, Latvia, and Lithuania that have had impressive percent points increase
in their MSW recycling among the European countries (Table 1), have been reviewed to
select as the case countries of this research. While Germany is recognized as having the
highest recycling rate among European countries for MSW recycling, its recycling rate has
only increased from 62.5% to 67% between 2010 and 2020, representing a change of 4.5
percentage points. Therefore, to ensure appropriate case studies were selected for analysis,
the study considered the maximum amount of changes based on percentage points during

the given time period.

In addition to increase of recycling rate, the duration of time period of this increase has
been also considered in which countries have made the most progress in a short period of
time. Although, after reviewing the seven cases, it was found out that the enough data
which is required to calculate and observe the trend of recycling changes and measure the
speed of transition for each municipal waste fraction is available only for the Italy and
Poland. Both of these countries have been done a precise monitoring and controlled the
details of waste treatment as well as publishing all this data as an annual report for their
waste management. One major limitation of this study was the lack of required data for
monitoring different waste fractions in Lithuania, Latvia, Slovenia, Slovakia, and Croatia.
To address this limitation, the study investigated the trend for the entire municipal waste
for all of these case countries. By examining the trend for the whole municipal waste, the
study aimed to provide a comprehensive analysis of the MSW recycling rates for these

seven countries, despite the absence of data on specific waste fractions.
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Table 1. The amount of MSW generated, recycled and recycling rate of 7 European
countries from 2010 to 2020 (statista, 2022).

Recycling | Recycling | Change in MSwW MSW MSW MSW
Count rate in rate in Recycling generated generated recycled recycled
ountr
Y 2010 2020 rate in 2010 in 2020 in 2010 in 2020
(%) (%) (%-points) (kt) (kt) (kt) (kt)
Lithuania 4.9 45.1 40.2 1253 1350 61 609
Slovenia 22.4 59.3 36.9 1004 1024 225 607
Slovakia 9.1 42.2 33.1 1719 2612 156 1102
Croatia 4 34.3 30.3 1630 1693 65 581
Latvia 9.4 39.6 30.2 680 909 64 360
Italy 31 55.8 24.8 32440 28 945 10 056 16 160
Poland 16.3 38.7 22.4 12 032 13117 1961 5077

Based on the table 1, the amount of MSW generated is depicted for mentioned countries.
Then, the total amount of MSW recycled has been calculated from multiplication of

recycling rate and amount of MSW generated.

Most of the data for calculations are adopted from annual reports that each case country
published for their municipal waste management. In Table 2 and 3, the amount and
percentage of each MSW fractions generated and collected for recycling for Poland and
Italy has been shown over the transition period. These are the input data for calculating
recycling rate, speed of change and speed of transition which are introduced in the
Methods part.

Municipal waste and packaging waste (PW) can overlap to some extent, depending on how
the waste is generated and managed. Municipal waste refers to the solid waste that is
generated by households, businesses, and institutions in a particular area. It includes a wide
range of materials, such as food waste, paper, cardboard, plastics, glass, metal, yard waste,
and household hazardous waste (EUR-Lex, 2008).
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On the other hand, according to Directive 94/62/EC (EUR-Lex, 1994), Packaging waste,
on the other hand, refers specifically to the packaging materials that are used to contain,
protect, or transport products. These materials can include cardboard boxes, plastic bags,
plastic packaging, glass jars, and metal cans. The category of packaging waste is not
limited to packages that are typically found in MSW but may also include those originating
from industrial or agricultural sources. Conversely, MSW contains a considerable amount
of waste materials other than packaging, such as food waste, newspaper, magazine paper,
and the like. It is possible for packaging materials to be overlapped in the municipal waste
stream, especially if they are not properly collected. However, packaging materials can
also be recycled separately from other types of waste, depending on the waste management
system. As a result, it should be kept in mind that the municipal and packaging waste
streams overlap, as MSW includes packaging waste from households and similar sources.
for this reason, packaging waste is also considered to be reviewed for the case countries
besides municipal waste. The required data for the calculation of PW has been adopted as
depicted in Table 4 and 5.

For each fraction of MSW, the amount generated and separately collected is reported in
kilotons. Additionally, the percentage of each fraction in relation to the total amount of
separately collected and generated waste has been calculated by dividing the mass of each

fraction by the total amount.
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Table 2. Data on the amount and percentage of MSW generated and collected for

recycling in Poland (Gus, 2021).

Year 2010 2020
MSW separately MSW separately
MSW generated MSW generated
collected collected
%-share %-share
%-share %-share
of total of total
) of total of total
Unit separately kt kt separately kt kt
generated generated
collected collected
waste waste
waste waste
Paper & cardboard 19.8 170 26.7 3214 10 508 10 1312
Glass 25.1 216 9.8 1180 14.7 746 10 1299
Plastic 14.4 124 13.2 1589 9.9 503 14.3 1876
Metal 2 17 3.6 433 1 51 0.4 52
Biowaste 25.2 826 325 3912 32.2 1645 324 4250
Total (kt) 1965 12038 5077 13117

Table 3. Data on the amount and percentage of MSW generated and collected for

recycling in Italy (Ispra, 2022).

Year 2012 2020
MSW collected MSW generated MSW collected MSW generated
%-share %-share
%-share %-share
of total of total
] of total of total
Unit separately kt kt separately kt kt
generated generated
collected collected
waste waste
waste waste
Paper & cardboard 26.2 3038 25 7 499 19.2 3509 21.7 6 281
Glass 13.8 1598 8 2400 12.2 2224 10 2 895
Plastic 1.7 890 115 3449 8.6 1575 12.6 3 647
Metal 2.2 249 4 1200 2 368 2.4 695
Biowaste 41.6 4813 32 9598 39.3 7175 35 10131
Total (kt) 11576 29 994 18 246 28 945




Table 4. Data on the amount and percentage of packaging waste generated and collected
for recycling in Poland (Gus, 2021).

Year

2010 2020
] Packaging waste Packaging waste Packaging waste Packaging waste
Waste fraction
collected generated collected generated
%-share %-share
%-share %-share
of total of total
. of total of total
Unit separately kt kt separately kt kt
generated generated
collected collected
waste waste
waste waste

Paper & cardboard 45.3 756 30.8 1323 46.1 1473 322 1774
Glass 26 435 22.3 955 23.1 738 216 1192
Plastic 9 148 17.1 733 10.8 346 18 985
Aluminum 2.8 47 1.8 78 2.8 89 3.1 170

Steel 39 66 39 166 3 97 2 109
Wood 13 217 24.2 1037 14.2 454 28 1550

Total (kt) 1668 4293 3197 5510

Table 5. Data on the amount and percentage of packaging waste generated and collected
for recycling in Italy (Ispra, 2022).

Year

2012 2020
Packaging waste Packaging waste Packaging waste Packaging waste
collected generated collected generated
%-share %-share
%-share %-share
of total of total
) of total of total
Unit separately kt kt separately kt kt
generated generated
collected collected
waste waste
waste waste
Paper & cardboard 475 3594 37.3 4 255 42.3 4048 354 4634
Glass 20.8 1570 20 2275 224 2143 20.8 2725
Plastic 10.2 770 18 2052 11.3 1076 17 2209
Aluminum 0.5 41 0.6 67 0.5 47 0.5 69
Steel 44 332 39 440 3.9 371 35 465
Wood 16.6 1257 20.2 2320 19.6 1873 23 3000
Total (kt) 75 64 11 409 9558 13102
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It is important to highlight that, for both countries, there is no precise data available on the

amount of each fraction of MSW generated, and only the amounts collected for recycling

have been reported. Consequently, the author assumes that multiplying the percentage

share of each fraction of the MSW composition by the total amount of MSW generated

results in the mass of each fraction. Therefore, the MSW compositions for both countries

were adopted from prior studies for each year and are presented in Table 6 and Figure 6. In

addition, the desired data were not available for the composition of Italian municipal waste

in 2012. Therefore, it was assumed that the 2010 data, which had been adapted from

Calabro's (2009) paper, would apply to 2012.

Table 6. The composition of MSW in Poland and Italy.

Country Poland Italy
(Marcinkowski & (Jakubus & Stejskal, .
Reference . (Calabro, 2009) (Istat, 2020)
Kowalski, 2012) 2020)
Year 2010 2020 2012 2020
Biowaste 325 324 32 35
Paper & cardboard 26.7 10 25 21.7
Plastic 13.2 143 115 12.6
Glass 9.8 10 8 10
Metal 0.4 0.4 4 2.4
Wood 0.4 1 4 3.4
Textile 1.2 0.2 15 3.6
Other 13 185 114 6.3




28

Biowaste Paper & Plastic Glass Metal Wood Textile Other
cardboard

40

35

30

2

(6]

%

2

o

1

(&)

1

o

ol

o

m Poland 2010 Poland 2020 mItaly 2012 wmltaly 2020

Figure 6. The composition of MSW in Poland and Italy.

3.2. Recycling rate

Before beginning any discussion on the recycling rate, it is necessary to define this term.
According to Hotta, Visvanathan, and Kojima (2015), the recycling rate is one of
commonly used indexes for monitoring and evaluating in waste recycling and resource
strategies. This is because the recycling rate is one of the most straightforward measures of
how much waste is being recycled. To put it simply, the recycling rate is determined as the
proportionate value (percentage) of waste that is recycled in comparison to the total
amount of waste that is generated. An improvement in the value of this parameter is
typically indicative of the fact that recycling efforts are making headway. Nevertheless, the

recycling rate may be defined and calculated in a few different ways depending on the
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country. The term "recycling rate" can refer to a variety of different things, including

"recovery rate,” "collection rate,” "diversion rate,” and "cyclic use rate,” among other
things. Because of the wide variety of definitions and the absence of standardized
measurements for the recycling rate, the value of the recycling rate must frequently be
handled very carefully in order to avoid making comparisons or interpretations that are
inaccurate or misleading. The equation 1 is the most frequent approach used for calculating
the quantity of recycling rate for municipal solid waste, and it is based on the most popular

way of the recycling rate calculation (Hotta, Visvanathan and Kojima, 2015):

Recycling rate (%) = WL; X 100 1)

Where:
Wec: Total amount of waste collected (as MSW or under specific policy) for recycling.

WQg: Total amount of waste generated.

It is essential to recognize that the use of collection rate as a measure of recycling is not always
accurate, and therefore, this point should be considered when interpreting recycling statistics. The
collection rate is frequently utilized in various recycling rate calculation methods, but its precision
may be compromised due to the absence of high-precision monitoring, potentially leading to
overstated values based on reported data. Subsequent to the collection, the material must undergo
treatment, such as separation, to facilitate recycling. However, there may be substantial proportions
of rejects that are unsuitable for recycling, which can be directed towards energy recovery or
landfill disposal. In such cases, the material is not genuinely recycled. The proportion of rejects

varies for different materials and treatment systems.

3.3. Speed of Transition

For the purposes of this thesis, the main objective is to evaluate the speed at which changes
have been made regarding the progress of recycling as well as landfill reduction for each

country over a period of time, or what is called the speed of transition. This is based on a
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comparison of how fast each country has developed in regard to MSW recycling in the
past, and how fast each country has achieved the recycling goals. To gain a better

understanding of speed, it is imperative to first refer to the definition in physics.

Wilson (1901) describes speed (commonly referred to as v) as a scalar quantity that is
commonly used in everyday situations and in the field of kinematics. This is because speed
is related to the magnitude of an object's change in position over time, or the proportional
change of its position per unit of time. As such, it is considered a scalar quantity in both

everyday use and in kinematics.

This section will give an overview of the quantities under the titles "percentage of
development,” "speed of transition,” and "speed of change,” which will be discussed

separately with further explanations under each heading.

3.3.1. Percentage of development in recycling

In order to find out how much progress has been made in the recycling of each fraction of
MSW in a selected period, “Equation 2” is used. according to which, it could be found out
what is the exact percentage of development for recycling of each MSW fraction over the
period. Indeed, this quantity (RD) represents the concept of relative change for recycling,
which is named as the percentage of recycling development. In this calculation, the mass
amount of each recycled fraction is taken into account and calculated using below

formulas:

(RFn_RFm)

RD (%) = +100% @)

Where:
RD: The recycling development of a fraction of waste. (%)

RFm: The amount of recycled waste in the first year of selected period. (kt/a)
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RFq: The amount of recycled waste in the last year of selected period. (kt/a)

3.3.2. Speed of change in recycling per year

According to “Equation 3”, the speed of change in recycling per year (SCR) indicates what
percent of the total recycling development (RD) was achieved in each year of the period. In

this way, it demonstrates the progress made in recycling each year as a percentage.

(RFp,—RFy)*100% RD

SCR = Or SCR =— 3)
RFpy *At At

At =t, —t; 4)

Where:

SCR: The speed of change in recycling of a fraction of waste per year. (%/a)
RFm: The amount of recycled waste in the first year of selected period. (kt/a)
RF,: The amount of recycled waste in the last year of selected period. (kt/a)

At: The time difference between last and first year of selected time period. (year)
t2: The last year of selected period. (year)

t1: The first year of selected period. (year)

3.3.3. Speed of transition to recycling

This thesis introduces a parameter known as the speed of transition toward recycling
(STR), according to which the speed of recycling changes in each fraction of waste can be
traced during a certain period of time. In fact, this quantity can show the practical speed of

recycling development taking into account the amount of generated waste. To be more



32

specific, STR is calculated as the percentage difference in the recycled fraction of
generated waste between two designated years, divided by the duration between those
years. This means that every year, what percentage point of the total generated municipal
waste goes to recycling and how much this process has progressed, which is the speed of
transition over time. In the following, Equation 5 measures the speed of transition to
recycling (STR) for each country based on the quantity of generated waste, thereby

enabling the comparison of countries in this regard.

It is noteworthy that in Equation 3, the speed of recycling changes per year (SCR) varies
for each country. Despite SCR not providing information on the quantity of waste recycled
in relation to generated waste and being solely concerned with alterations in recycling
amount, and further considering that waste generation varies across countries, it cannot be
considered a precise parameter for comparing the speed of recycling and its progression
across countries. Nevertheless, the initial phase of recycling is a decisive factor with a
more substantial influence on the field of SRC, as it facilitates the attainment of higher

SCR levels when the recycling process commences at a lower level.

When it comes to the transition to recycling, it should be reviewed how much recycling has
improved or regressed practically for each waste stream generated and how fast its speed
has been changed over time. Indeed, when we talk about speed, time will be one of the
influential factors, and to interpret the concept of this speed, it is important to know the
amount of changes that have taken place in what period of time because the speed of
change is not necessarily same for each of the waste streams. Consequently, it can be
interesting to see which waste fractions were faster and slower at the end of this transition
to recycling. Moreover, knowing this issue makes it easier to draw if conclusion that
recycling can be an effective solution for treating waste and reducing resource

consumption in a short period of time or not.

In the section on MSW and PW, by applying the values of each fraction of waste as well as
the amount of waste generated in each section, the STR can be reached, the calculation

method of which is shown in the equation (5):

_ (4;-4y)
STR = v (5)
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__ (RFp*100%)
A; = ~own (6)
__ (RFp*100%)
A = —own (7)
Where:

STR: Speed of transition toward recycling for a waste fraction in a particular period. (%-points/a)

A,: The percentage of waste fraction recycling from the total amount of waste generated in the last
year of the period. (%)

Au: The percentage of waste fraction recycling from the total amount of waste generated in the first
year of the period. (%)

RFn: The amount of recycled waste fraction in the first year of selected period. (kt/a)

RFq: The amount of recycled waste fraction in the last year of selected period. (kt/a)
GWm: The amount of total waste generated waste in the first year of selected period. (kt/a)
GW.,: The amount of total waste generated in the last year of selected period. (kt/a)

At: The time difference between last and first year of selected time period. (year)

3.3.4. Percentage of landfill reduction, speed of landfill change in each year, and
speed of landfill reduction transition

As the change and speed of recycling progress were defined in the previous section, in this
section the change and speed of landfill reduction will be measured. Therefore, in addition
to the results of the speed of transition to waste recycling, the speed of landfill reduction
will also be analyzed, and their results will be reviewed. The equations 8-12, which are
mentioned below, express the percentage of landfill reduction, the speed of landfill change
in each year, and the speed of landfill reduction transition, respectively:



LR (%) = 2= 100%

(Lp—Lm)*100%

SCL = Tl
SLR = <BzA_—tB1> }
B, = (Lnal_wz?/)

B, = %

Where:

LR: The total percentage of landfill reduction of waste in a particular period. (%)
SCL: The speed of change in landfill of waste per year of the period. (%/a)
SLR: Speed of landfill reduction of the waste in a particular period. (%-points/a)

B2: The percentage of waste disposed in landfill from the total amount of waste generated in the

last year of the period. (%)

Ba1: The percentage of waste disposed in landfill from the total amount of waste generated in the

first year of the period. (%)

RFm: The amount of disposed waste in landfill in the first year of selected period. (kt/a)
RF,: The amount of disposed waste in landfill in the last year of selected period. (kt/a)
GWm: The amount of generated waste in the first year of selected period. (kt/a)

GW,: The amount of generated waste in the last year of selected period. (kt/a)

At: The time difference between last and first year of selected time period. (year)

(11)

(12)
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3.4. Environmental impacts

Each of the waste recycling and landfill processes is discussed separately in this section
with regard to the methods used to calculate greenhouse gas emissions (GHG). Further, the
measurement methods and speed of emission changes have been included in the following,
so that it is possible to determine how much the recycling of waste and the reduction of
landfill during the selected period have benefited the environment and how much GHG

emissions have been reduced.

3.4.1. Recycling emission

The concept of recycling has gained widespread recognition as a sustainable option, given
the potential to recover a significant amount of valuable materials from the waste stream,
leading to substantial positive impacts on the environment, economy, and society. In
particular, recycling has been recognized for its significant contribution to mitigating
greenhouse gas (GHG) emissions. Therefore, incorporating recycling into integrated waste
management systems can serve as a valuable action to drive the entire system towards
sustainability. However, the recycling process itself also generates GHG emissions, similar
to other technologies. The preprocessing of recyclables at sorting facilities and the
transportation of materials to recycling facilities require significant amounts of energy and
emit substantial GHG emissions. Furthermore, the recycling of different types of
recyclables at various facilities also requires a considerable amount of energy and emits

GHG emissions.

Despite this, the recovered materials from recycling processes can potentially replace the
production of virgin resources, which are energy-intensive activities that contribute
significantly to GHG emissions. Therefore, it is crucial to estimate the net GHG emissions

from recycling schemes accurately to evaluate the overall climate impact of such activities.



36

Recycling is not a one-stage process, and sorted recyclables in a particular municipality
may have to be transported to different recycling facilities located in different regions.
Obtaining site-specific data related to the recycling of different types of recyclables is a
challenging issue, making it difficult to obtain country-specific GHG emissions data from
recycling. To make a detailed assessment of GHG emissions reduction from recycling
activities in a specific location, various data are required, such as the composition of
recyclables, operational activities in preprocessing facilities, the total fossil fuel and
electricity requirement for preprocessing activities (e.g., cleaning, particle size reduction,
baling), the transportation distance to the recycling facilities, fossil energy and electricity
consumption data for recycling, country-specific emissions factors from fossil energy
combustion and grid electricity production, recyclability of different recyclables, and the

amount of recovered materials.

However, collecting this information can be challenging as it involves the participation of
different stakeholders at various levels. At the municipal level, the availability of data is
limited to the monthly generated recyclables' amount and composition. Other data, such as
transportation and recycling data, need to be obtained from transportation companies and
recycling facilities. The unavailability of this data at the local authority level makes it
difficult to calculate the life cycle GHG emissions from the overall recycling process
accurately. Therefore, due to the lack of some necessary data, all calculations for GHG
emissions from waste recycling are typically on an approximate level based on literature
data.

For the calculation of total GHG emissions, the amount of GHG emissions from
substitution of virgin materials with recycled plus the amount of GHG emissions from
landfilling could be considered as the amount of total GHG emissions by recycling

processes (“Equation 13”).

Total net GHG emissions =

(Total emissions from landfill + The net GHG emissions from recycling ) (13)

The net GHG emissions from recycling = m * Eg,, (14)
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Where:
m: mass of each fraction of MSW recycled. (ton)

Eave: The average GHG emission of each fraction of MSW recycled based on per ton of waste. (kg

CO2-eq per ton of waste)

In this study, calculations on recycling emissions have been done based on earlier related
studies in this regard. As mentioned before, calculations on recycling emissions are
approximate. Due to the lack of required data for each region and each process, the
research from Hupponen et al., (2018), Gentil et al., (2009), Kuusiola., (2010), and
Virtavuori (2009) were reviewed and was applied in calculations. based on these studies,
the net amount of avoided GHG emission from different recycling processes (cardboard,
plastic, paper, metal, and glass) which are calculated in kg CO2-eq per ton of waste in the
methods based on life cycle assessment points of view have been extracted. These
quantities are different because of the different specific factors of each research,
boundaries, and regions. So that, an average amount has considered for each fraction of
waste in different mentioned studies that are demonstrated in table 7.
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Table 7. GHG emissions associated with different recycling processes - Minimum,

Maximum, and Average values reported in the literature, expressed in kg CO2-equivalent

per ton of waste.

Process name

Substitution

Maximum
emission
(Kg CO2-eq./ twaste)

Minimum
emission
(Kg CO2-eq./ twaste)

Average
emission
(Kg COZ'EQ-/ twaste)

Reference

(Hupponen et al.,

Cardboard
recycling Virgin Cardboard -132 -162 -147 2018)
Plastic (Hupponen et al.,
recycling Virgin plastic -759 -1764 -1262 2018),
(Gentil et al., 2009)
Paper (Hupponen et al.,
recycling Virgin paper -1085 -1256 -1171 2018),
(Gentil et al., 2009)
Metal (Hupponen et al.,
recycling Virgin steel -1035 -1681 -1358 2018),
(Gentil et al., 2009)
Metal (Kuusiola., 2010)
recycling Virgin aluminum -8225 -9347 -8786 (Gentil et al., 2009)
Glass (Hupponen et al.,
recycling Recycled glass -229 -253 241 2018),
(Gentil et al., 2009)
Electricity from biogas: (Hupponen et al.,
Biowaste electricity grid mix in Finland; .53 177 -115 2018), Virtavuori

heat from biogas: light fuel oil;
natural gas in vehicles; mineral

fertilizer

(2009)

3.4.2. GHG emissions from landfills

In terms of environmental impacts, the amount of GHG emission (kg CO.eq per unit)
emitted by the landfill in the form of Landfill gas (LFG) is taken into account to find out

the amount of GHG emission reduction achieved from recycling instead of landfilling in

the case countries. This amount is shown as the quantity which is called prevented landfill

emission (PLE). PLE refers to the reduction or elimination of GHG emissions that would

have been released into the atmosphere if waste materials were disposed of in landfills.
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This is achieved through various waste management practices that aim to divert waste from
landfills and instead promote alternative methods of waste management, such as recycling,
composting, or waste-to-energy processes. By preventing or minimizing the amount of
waste sent to landfills, these practices help reduce the amount of organic matter that
decomposes in landfills, which in turn reduces the emission of methane and other harmful

gases that contribute to climate change.

The IPCC (Intergovernmental Panel on Climate Change) guidelines from 2006 have been
established as a widely accepted method for estimating GHG emissions from landfill
gases. LFG comprises roughly 50 percent methane, 50 percent carbon dioxide (CO>), and a
small proportion of non-methane organic compounds. Methane is an extremely potent
greenhouse gas, with a global warming potential approximately 28 times greater than CO-
over a 100-year time frame. The IPCC guidelines provide a comprehensive framework for
estimating GHG emissions from various sources, including waste disposal. The mass
balance method is used to calculate LFG emissions by considering the quantity and
composition of waste disposed of in the landfill, as well as the amount of LFG generated.
This approach ensures that GHG emissions from LFG are estimated consistently and

accurately across different regions and countries.

The overall method equations are shown below:

LFG = (MSWy « MSWy x MCF * DOC * DOCj * F x = — R) » (1 — 0X) * 28 (15
T F F 12

Where:
LFG: Methane generation potential (t/a)

MSW+: Total municipal solid waste generation amount (t)

MSW:¢e: Municipal solid waste fraction disposed in landfills (%)

MCF: Methane correction factor for aerobic decomposition in the year of deposition, fraction (%)
DOC: Degradable organic carbon in the year of deposition, fraction (%)

DOCk: Fraction of DOC that can decompose, fraction (%)

F: Fraction of CH4 in generated landfill gas, volume fraction (%)


https://www.sciencedirect.com/topics/engineering/organic-carbon
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R: recovered CH4, fraction (%)
OX: Oxidation factor (%)
28: The characterization factor of methane to convert it to CO-eq.

Also, the share of decomposable organic carbon (DOCk) can be calculated from:

DOCr = 0.14T + 0.28

Where: T is temperature [°C]

It can be seen in Table 8 that the total amount of GHG emissions from the landfilling of
municipal waste for each case country has been extracted from the database of the Eurostat
website (Eurostat, 2022). In the following calculations, although the author has also
calculated these values, Eurostat's numbers have been used because there are no accurate
data on the volume of landfill gases collected in the mentioned countries, which is why

Eurostat's data have been utilized.

In addition, the numbers that have been mentioned based on the author's calculations are an
estimation of the total amount of methane produced obtained based on the amount of waste
mass that has been landfilled according to the IPCC method.

Table 8. The amount of Methane emission of landfill (kt CO2 eg/a) in Poland and Italy
from 2010 to 2020. (Eurostat, 2022)

Year 2010 2011 2012 2013 2014 2015 2016 2017 2018 2019 2020

Poland | 10706 | 10280 | 10094 | 9969 9708 9242 8 663 8389 8228 7900 7544

Italy 15562 | 15014 | 15103 | 13880 | 13825 | 14033 | 13690 | 13645 | 13630 | 13444 | 14253
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3.4.3. The overall change in GHG emission from Recycling and landfill

In this section, the overall change in the amount of GHG emissions during the selected
period are stated based on the percentage. “Equation 16 shows the percentage of change
in total emissions (recycling and landfill) or in other words, the percentage of change in net
emissions that were from the net GHG emissions of waste recycling and that of caused by
landfill over the selected period.

Similarly, equations (17) and (18) express the same amount of change separately for waste

recycling and landfilling.

_ (Ra+Lp)— (Ry+Lq)

EC = 52 =4 100%

(16)
ECy = RZR;lRl « 100%

17)
EC, = LL;L +100%

(18)

Where:
EC: The changes of GHG emissions from landfill plus net GHG emissions from recycling. (%)

R.: The amount of net GHG emission from recycling of waste in the last year of selected period.
(kt CO2 eg/a)

R1: The amount of net GHG emission from recycling of waste in the first year of selected period.
(kt CO2 eqg/a)
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L,: The amount of GHG emission emitted from landfill in the last year of selected period. (kt CO2
eg/a)

Li: The amount of GHG emission emitted from landfill in the first year of selected period. (kt CO2
eg/a)

3.4.4. Speed of GHG emission change

The percentage of the overall change in emissions over the period was indicated in the
previous section of the report. The following formulas are used to express the speed of
emission change in each year, namely, at what rate (in percentage terms) the change took
place from the beginning to the end of each period. First, this speed for the amount of net
emission is obtained from equation 19, and it can be calculated separately for waste

recycling and landfill from equations 20 and 21, respectively.

Moreover, this speed can be measured for each fraction of waste collected in recycling to
know how fast each fraction of waste avoided GHG emission. As an example, the speed at
which paper, cardboard, glass, plastic, and other waste fractions have changed over the

period can be checked.

(R2+L2)- (R1+L1)

SEC = % *100%
(19)
R2—Rq
SECp = —2—+100%
(20)

La—1q

SEC, = —2—+100%
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(21)

Where:

SEC: Speed of GHG emission changes from recycling and landfill for waste in a particular period.
(% / year)

R2: The amount of net GHG emission from recycling of waste in the last year of selected period.
(kt CO2 eg/a)

R1: The amount of net GHG emission from recycling of waste in the first year of selected period.
(kt CO2 eg/a)

L,: The amount of GHG emission emitted from landfill in the last year of selected period. (kt CO2

eg/a)
Li: The amount of GHG emission emitted from landfill in the first year of selected period. (kt CO2

eg/a)

Subtraction of selected time period. (year)

3.4.5. Recycling and landfill emission ratio based on waste mass

In order to determine how much GHG emissions per kt of waste caused by recycling and
landfill, the p index is supposed to express this concept (EQ. 22 and 23). This index is
calculated for the beginning and end year of the transition period, and then its changes (Eq.
24) represent the amount of GHG emissions per kt of waste during the selected period.

Then, the selected countries can be compared based on this index.

Ewr+1)
= 22
M1 e, (22)
Er+1)
= 23
M2 e, (23)

Ap=p, —p, (24)
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Where:

Ap: Changes in the amount of GHG emissions based on total mass of recycling and landfill
during transition period. (kt CO2eq/kt (recycling + landfill))

p1: Amount of GHG emissions based on total mass of recycling and landfill at the start
point of transition period. (kt CO2eq/kt (recycling + landfill))

p2: Amount of GHG emissions based on total mass of recycling and landfill at the end

point of transition period. (kt CO2eq/kt (recycling + landfill))
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4. Results & Discussion

4.1. Results

4.1.1. Speed of transition toward recycling

As expressed before, the analysis of seven European countries that have made remarkable
progress in municipal waste recycling between 2010 and 2020 was conducted to review the
quantities introduced in the Method’s chapter. Despite the effort, a comprehensive analysis
of each fraction of municipal waste and their respective recycling rates was limited to only
Poland and Italy due to the lack of proper monitoring and publication of statistics by the
other considered countries. Poland and Italy were selected for the analysis as they were the
only countries that had the required data on recycling available for every fraction of MSW
that was monitored and published. Consequently, it is noteworthy to mention that in the
countries of Lithuania, Latvia, Slovenia, Slovakia, and Croatia, the aforementioned
parameters are exclusively computed for the total amount of MSW. Conversely, in Italy
and Poland, the speed of each fraction of MSW has been measured, thereby it could be
enabling the evaluation of the speed of progress for each MSW fraction in the recycling
domain. Such investigations have facilitated to the determination of how fast the change of
each fraction of MSW has been in the development of recycling. Which fraction had the
fastest speed of transition, and which had the slowest?

In addition, when considering the environmental impacts of recycling and its net GHG
avoided emissions, the analysis was narrowed down again to Poland and Italy as the
avoided net GHG emissions for each fraction of MSW differ. As a result, to accurately
estimate the avoided greenhouse gas emissions, it is crucial to have information about the
mass of each fraction of recycled waste, as the total recycled amount alone does not

provide an adequate estimate of the avoided net GHG emissions from MSW recycling.

In table 9 and figures 7-9, depict the results of calculated speed quantities. Hence, it is
observed that Lithuania, Slovenia, Slovakia, Croatia, Latvia, Italy, and Poland, have the
highest results of speed of transitioning towards MSW recycling (STR) and have been

developed their recycling faster respectively. In order to provide a comprehensive
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overview, this discussion will inquire into the speed of transition to recycling for each
country separately, along with the speed of reducing landfills and the various factors that

have contributed to its acceleration or deceleration.

It is important to note that alterations in landfill reduction rates and subsequent emissions
are not solely attributed to an increase in recycling rates. The emergence of waste-to-
energy as alternative WM strategy also has a considerable impact on landfill emissions
reduction. As a result, any changes in the WM mix, such as a shift towards increased
waste-to-energy, will have an effect on landfilling rates and the resultant emissions.
Therefore, a comprehensive analysis of WM strategies is necessary to accurately evaluate

the impact of any given waste management approach on landfill emissions.

It is noteworthy to mention that the negative values assigned to SCL and SLR indicate
progress made towards reduction. Thus, a larger negative value indicates greater progress
in decreasing the quantity of MSW sent to landfill, as assessed by the respective unit and

concept of each parameter.

Table 9. Tracking the speeds of transition in the progress of recycling and landfill

reduction for MSW in the case countries over time.

Country RD SCR STR LR SCL SLR
(%) (%/a) (%-point/a) (%) (%/a) (%-point/a)

Lithuania 892 89.2 4 -80 -8 -7

Slovenia 170 17 3.7 -88 -8.8 -5
Slovakia 605 60.5 3.3 -10 -1 -3.2
Croatia 791 79.1 3 -33 -3.3 -34
Latvia 463 46.3 3 -22 -2.2 -3.8
Italy 61 6.1 25 -61 -6.1 -2.6
Poland 159 15.9 2.2 -35 -3.5 -2.7
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Figure 7. The percentage of Recycling Development (RD) and Landfill reduction (LR) of

case countries over the period.

100.0
80.0
60.5
60.0
’c\@ 40.0
\o\?/ B
20.0 15. 9 17.0
6.1
0.0 [
33 _2 2 - - -1.0
-6.1 -8.0
-20.0
SCR (%la) SCL (%/a)

m Croatia ™ Italy = Latvia mLithuania mPoland m Slovenia = Slovakia

Figure 8. Speed of change in recycling (SCR) and landfill (SCL) for the case countries per

year over the period.
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Figure 9. Speed of transition to recycling (STR) and speed of landfill reduction (SLR) per

year over the period.

4.1.2. Lithuania

Lithuania's transition to MSW recycling has been nothing short of remarkable. According
to the results of the analysis that was conducted between 2010 and 2020, Lithuania has
emerged as the leader among the seven countries analyzed in terms of the Speed of
Transition to MSW Recycling (STR). During the period in question, the speed of recycling
per ton of municipal waste generated each year was the highest, reaching 4 percentage

points per year.

Lithuania has demonstrated substantial advancements in the domain of MSW Recycling
Development, exhibiting an augmentation of 892% throughout the designated timeframe.
This equates to an annual contribution of 89.2% to the overall alterations, thereby
establishing Lithuania as the leader in this respect.

Furthermore, Lithuania has set the best record in the speed of landfill reduction per ton of
MSW generated. The country accomplished a change in -7 percentage points per year in

the SLR, making it the leader in this area as well. It's essential to note that in the
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Lithuanian context, the reduction of landfill waste has also might be influenced by the
increased use of incineration for MSW management. This shift towards waste incineration,
often in the form of WTE plants, helps reduce the volume of waste ending up in landfills,

while simultaneously generating energy.
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Figure 10. Amount of MSW generated, Recycled, and landfilled in Lithuania between
2010 and 2020.

Lithuania is deserving of recognition for its impressive waste management system, which
has contributed to the stability in the growth of waste generated over the past decade.
Despite the growing population and economic development, the country has managed to
keep the increase in municipal waste production at a modest 7.8 %-points (Figure 10). This
Is a testament to the effective planning and integrated waste management strategies in
place. The successful implementation of these measures showcases Lithuania's
commitment to promoting sustainable waste management practices. By limiting the growth
of waste, the country is reducing its environmental impact and ensuring a cleaner and

healthier future for its citizens.

Also, there are several important factors that must have contributed to the progress in
MSW recycling in Lithuania from 2010 to 2020. Some of these include:
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Government policies and regulations: The Lithuanian government has implemented
several policies and regulations aimed at promoting waste recycling and reducing
the amount of waste sent to landfills. This has provided a clear framework for
waste management practices, encouraging the development of recycling programs
and initiatives (e-seimas, VIII-787 Republic of Lithuania law on waste

management 2015).

Public awareness and education: Lithuania have made significant investments in
public awareness and education programs related to waste management. This has
helped to create a culture of waste reduction and recycling, with citizens playing an

active role in the efforts to reduce waste (Minelgaité & Liobikien¢, 2021).

Collection and source separation: The implementation of collection and source
separation programs has had a positive effect on the recycling of MSW in
Lithuania. (Kallay, T., 2013) Source separation programs from household have
increased the quality and purity of the recyclables collected, making it easier and
more cost-effective for waste management facilities to recycle them. This, in turn,
has led to an increase in the recycling rate of MSW in Lithuania (Miliute-Plepiene
etal., 2016).

The financial incentives offered to households have also played a role in
encouraging source separation and participation in recycling programs. These
incentives have made it more economically attractive for households to recycle
their waste, which has contributed to the overall success of the collection and
source separation programs in Lithuania. For example, In the city of Vilnius, a
municipal recycling program was implemented in 2012 to promote source
separation and increase recycling rates among households. The program aimed to
reduce the amount of waste sent to landfills, improve resource recovery, and
promote sustainable WM practices in this city. To encourage participation, the city
government offered financial incentives to households participating in the program.
For instance, households that consistently separated their waste into designated bins
for paper, plastic, glass, and metals received a 10% discount on their waste
management fees. This reduction in fees was designed to make recycling more
economically attractive for residents and increase their motivation to separate waste

at the source. The program also included a robust public education campaign to
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raise awareness about the environmental benefits of recycling and the financial
incentives available to participating households. This outreach effort included
distributing information through local media, social networks, and community
events. As a result of the financial incentives and public education efforts, the
recycling rate in Vilnius increased from 20% in 2011 to 35% in 2013, which must
have demonstrated the effectiveness of combining economic incentives with
awareness-raising initiatives. The success of this program in Vilnius served as an
example for other Lithuanian cities, which have since implemented similar source
separation and recycling programs, contributing to the overall improvement of WM
practices in the country. (Kallay, T., 2013).

Technological advancements: The waste management industry has benefited from
advancements in technology, with new equipment and processes making recycling
more efficient and effective. This has increased the amount of waste that can be
recycled, leading to greater progress in this area. (Reports | Ministry of

Environment of the Republic of Lithuania, 2017)

The imposition of a landfill tax pertains to a tax charged on the act of disposing of
waste in a landfill site. The principal goal of this tax is to curtail the volume of
waste sent to landfills and encourage the adoption of sustainable waste
management practices. The specifics of the landfill tax in Lithuania, including the
tax rate and the categories of waste it encompasses, may have undergone changes
throughout time. Nevertheless, the fundamental objective of the tax is to establish a
monetary disincentive for waste disposal in landfills and foster more
environmentally sound waste management techniques. The implementation of a
landfill tax in Lithuania aligns with the waste management policies of the European
Union, which endeavor to diminish the amount of waste sent to landfills and foster
the recycling of waste. By encouraging the appropriate management of waste, the
landfill tax in Lithuania has been recognized as a commendable initiative that
promotes a more sustainable waste management system and promotes the transition
from landfill disposal to municipal solid waste recycling. (Reports | Ministry of

Environment of the Republic of Lithuania, 2017)

Economic incentives: The recycling industry in Lithuania has been given economic

incentives by the government to encourage the development of new recycling
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initiatives. This has helped to make waste recycling a more attractive and profitable
endeavor, encouraging greater investment in the sector. In 2015, the Lithuanian
government introduced the "Green Industry Innovation” program, which aimed to
support the development and implementation of innovative and environmentally
friendly technologies within the recycling sector. The program was co-financed by
the European Economic Area (EEA) Grants and the Lithuanian Ministry of
Environment, with a total budget of 13 million euros allocated for the period of
2015-2021. One notable project that benefited from this program was a partnership
between UAB Ekovalis, a Lithuanian waste management company, and the
Norwegian company Tomra Sorting AS. The partnership focused on the
development and implementation of an advanced waste sorting and recycling
facility in Lithuania, which utilized state-of-the-art sensor-based sorting technology
to efficiently separate different types of waste materials. The "Green Industry
Innovation™ program provided financial support in the form of grants to cover up to
75% of the project's costs, making it more economically attractive for the
companies involved. This financial incentive encouraged UAB Ekovalis to invest
in the new facility, which led to increased recycling capacity, reduced waste sent to
landfills, and the creation of new jobs in the sector. The success of the UAB
Ekovalis and Tomra Sorting AS partnership demonstrated the effectiveness of
providing economic incentives to the recycling industry in Lithuania. By offering
financial support for innovative recycling initiatives, the government helped make
waste recycling more attractive and profitable, encouraging greater investment in
the sector. (Matiiuk & Liobikiené, 2021).

e Collaboration between stakeholders: The progress in MSW recycling in Lithuania
has been achieved through the collaboration between government, industry, and
civic organizations. This cooperation has helped to ensure that waste management
initiatives are well-coordinated and effectively implemented (Matiiuk &
Liobikien¢, 2021).

In conclusion, the progress in MSW recycling in Lithuania from 2010 to 2020 has been the
result of a combination of government policies, public awareness and education,

technological advancements, economic incentives, and collaboration between stakeholders.
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4.1.3. Slovenia

Slovenia has the second fastest transition speed to MSW recycling (STR) after Lithuania
with achieving 3.7 %-points/a. Although Slovenia is moving at a good pace in the field of
MSW recycling, it has not registered a large percentage of development (RD) during the
period, which is justified by the lower amount of recycling changes compared to the case
countries which have not had a significant recycling rate in the first year of the period, and
they have suddenly approached the progress in MSW recycling with great speed.
For instance, a comparative analysis of the MSW recycling efforts of Lithuania and
Slovenia reveals the following observations. At the initiation of the period under
examination, Lithuania had initiated MSW recycling efforts for a total of 61 kt. Over the
course of the period, this quantity increased dramatically to 609 kt, demonstrating a ten-
fold rise in the country's recycling amount. Slovenia, on the other hand, began recycling
225 kt of MSW in the year 2010 and reached a total of 607 kt by the end of the period,
nearly equal to the recycling amount of Lithuania. However, it is worth noting that
Slovenia had a higher recycling amount at the start of the period compared to Lithuania,
leading to a slower Speed of Change in Recycling (SCR) and its development (RD) for
Slovenia, as the increase in recycling was less pronounced in comparison to the first year
of the period.

Nevertheless, the Speed of Transition to Recycling (STR), which is calculated based on the
percentage of MSW recycled per ton generated, showed only slight differences between
the two countries. This finding indicates that both countries have made commendable

efforts toward transitioning to more sustainable recycling practices.

Slovenia has shown remarkable progress in reducing landfill waste during the specified
period, earning it a second place ranking in terms of the speed of landfill reduction (SLR)
with an SLR value of -5 %-points/a. The country's constant rate of MSW generation over
the period and its rapid pace of landfill reduction has had a key contributor to its
outstanding performance (Figure 11). Slovenia's commitment to reducing landfill waste is
exemplary, and its record of the highest percentage of landfill reduction (LR), with a value
of -88%, among other reviewed countries, serves as a testament to its success in this

endeavour.



54

1200
1000
800
£ 600
400

200 .
0

MSW Generated MSW Recycled MSW Landfill
m2010 =2020

Figure 11. Amount of MSW generated, Recycled, and landfilled in Slovenia between 2010
and 2020.

Slovenia's success in the field of MSW recycling can be seen as a result of a
comprehensive and well-integrated approach that encompasses both legislative measures
and community involvement. The government's Zero Waste Strategy serves as a roadmap
for the country's efforts in reducing waste and increasing recycling rates. This strategy sets
specific targets for the reduction of food waste, the prohibition of landfilling of recyclable
materials, and the achievement of a recycling and reuse rate of at least 70% for municipal
waste by 2030 (European Environment Agency, 2013).

According to the European Bank for Reconstruction and Development (EBRD, n.d.),
starting in 2011, Snaga Ljubljana, a company entirely owned by the public sector and
responsible for the management of municipal waste, initiated a campaign aimed at
encouraging the segregation and separate collection of waste with the ultimate goal of
reducing the volume of MSW generated. the effective implementation of this strategy is
reflected in the impressive 65% rate of separate municipal waste collection, which has
enabled Slovenia to increase recycling and reduce landfilling. This achievement has earned
Ljubljana recognition as the "Green Capital of Europe,” and highlights Slovenia's
leadership in the field of waste management (SNAGA, 2018).
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Moreover, the government's efforts to raise social awareness about waste management
have played a significant role in the country's success. Through educational campaigns and
media advertisements, citizens are being trained and encouraged to recycle their daily
municipal waste correctly. This has led to a reduction in the consumption of light plastic
bags, which is a testament to the positive impact of these initiatives (SNAGA, 2018).

In addition to legislative measures and community involvement, Slovenia has also made
strides in advancing waste recycling technologies. Investment in advanced technologies,
such as the construction of multiple MBT plants across the country, has enabled Slovenia
to further improve its waste management practices (SNAGA, 2018). Effective
collaboration with the private sector has also been instrumental in facilitating progress in

this field (European Environment Agency, 2013).

In conclusion, Slovenia's success in the field of waste management can be attributed to a
combination of legislative measures, community involvement, technology advancements,
and effective collaboration with the private sector. This integrated approach serves as a

model for other countries looking to achieve similar success in waste management.

4.1.4. Slovakia

The Republic of Slovakia has demonstrated excellent development in its efforts to increase
the MSW recycling. The Recycling Development (RD) of 605% or in other words,
progress at speed of change in recycling (SCR) 60.5 percent per year over the specified
period is a testament to the country's commitment to this initiative. This achievement has
positioned Slovakia as a leader in this transition, with a Speed of Transition to Recycling
(STR) of 3.3 percentage points annually which is the third rank among seven case
countries. The information on MSW generation, recycling, and landfill is presented in
Figure 12 based on the MSW mass. It is noteworthy that over a period of ten years, the
generation of MSW has exhibited a substantial increase, exceeding 50%. The data
provided in this figure allows for a comprehensive understanding of the current state of
MSW management in Slovakia. Although the rate of Landfill Reduction (LR) was not
substantial, with only a ten percent reduction recorded over ten years, the country has

shown a yearly decrease of -3.2 percentage points in the speed of landfill reduction per ton
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of MSW (SLR). This figure suggests that the country is gradually reducing its reliance on

landfills as a means of MSW disposal.

According to a study by Lucia Skamlova and Michal Klobuénik (2021), the waste
management system in Slovakia is managed by the government. Although, the landfill is
still primary form of waste treatment, the government has increased landfill fees to reduce
it, and encourage waste separation, and most cities have adjusted their waste management
regulations and fees. However, only 12% of cities have not reflected the legislative
changes. the Republic of Slovakia is facing a major challenge with regard to its waste
management practices. The lack of a unified and cohesive system across the country means
that each individual municipality is responsible for its own waste collection, treatment, and
recycling efforts. This decentralized approach to waste management has resulted in
inconsistent progress in different regions and a fragmented approach to addressing the
issue, making it difficult to accurately assess the overall reasons which caused the progress

of recycling in the country.

Furthermore, discrepancies or uncertainties in the reporting of MSW can lead to different
levels of reported recycling rates. One such instance of such discrepancies is the degree to
which packaging waste produced by households and other origins is encompassed in the
reported MSW recycling. Many countries, including Slovakia, have instituted producer
responsibility schemes for packaging waste, which are deemed an impressive factor in the
shift towards recycling, but where private operators are accountable for its collection and
disposal. These private operators may not always provide accurate accounts of the sources
of the gathered packaging waste, resulting in potential underreporting of MSW recycling
statistics. This, in turn, can result in an incomplete assessment of the actual recycling
efforts and progress being made in the country, or sometimes lead to overestimations in the
recycling rates. Therefore, there is a pressing need for a more standardized and transparent

reporting system for MSW. (European Environment Agency, 2014)

Despite this, recent efforts by the government have signaled a positive transition toward a
more integrated and sustainable approach to waste management and its legislation. The
aim is to transition towards a circular economy, which prioritizes reducing, reusing, and
recycling MSW, as well as implementing an integrated waste management system across

the country. Additionally, the government has introduced policies to reduce the reliance on
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landfills, by making it more costly to use them, in order to incentivize alternative waste

management practices and promote sustainability. (Skamlova & Klobuénik, 2021)
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Figure 12. Amount of MSW generated, Recycled, and landfilled in Slovakia between 2010
and 2020.

Briefly, the Republic of Slovakia has demonstrated remarkable advancements in the
recycling of MSW and is expected to continue this trend in the future. However, it has yet
to experience a substantial decrease in landfill usage, which diminishes the environmental
impact of recycling efforts. Nevertheless, Slovakia's success in developing MSW recycling
in the past decade demonstrates its potential to implement effective programs aimed at
reducing landfill in the near future. The country still has a long way to go in reaching the
European Union's 2035 target of having 10% or less of total MSW go to landfills (EU,
2018, Directive (EU) 2018/850).

4.1.5. Croatia

The Republic of Croatia, which once had one of the lowest rates of Municipal Solid Waste
(MSW) recycling among seven countries at a mere 4% at the beginning of 2010, has made
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remarkable progress in transitioning to a more sustainable waste management system. With
a Speed of Transition to Recycling (STR) of 3.03 percentage points per year, the country
has significantly increased its MSW recycling development (RD) to 791% over the course
of the decade. Prior to 2010, recycling was not a priority in Croatia's waste management
system, but with the country's serious consideration of joining the European Union, it has

since made a conscious effort to develop and improve its recycling practices.

The recent progress in the recycling of MSW in Croatia is largely attributed to the rapid
development of MBT plants in the country (Matiiuk & Liobikiené, 2021). As shown in the
Figure 13, from 2013 onwards, serious movement have been made in this country to
develop MSW recycling. However, despite these advancements, Croatia missed the
opportunity to reach the European recycling target of 50% of the total MSW in 2020. As a
result, the country must now focus on developing a precise and steady plan to achieve the

more ambitious target of 65% by 2035.
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Figure 13. MSW Recycling trend in EU-28 and Croatia from 2009 to 2020.

In response to missed targets, the government approved a national waste management
program in 2016, which included several key objectives. Firstly, the program aims to

reduce the amount of waste and biowaste that is sent to landfill by implementing effective



59

waste reduction policies. Additionally, the program promotes the separation of waste into
four key fractions - paper, metal, glass, and plastic - at the source. Furthermore, the waste
management program emphasizes the importance of aligning regulations and policies with
the principles of sustainability and the circular economy. To this end, the program also
calls for increased investment in waste management technologies and for greater
collaboration with the private sector. (Mingor, Plan gospodarenja Otpadom Republike
Hrvatske za razdoblje 2016.-2022. 2016.)

To achieve these objectives, it is essential that the waste management sector receives
adequate support and resources from both the government and other organizations. It is
also crucial to raise public awareness about the importance of proper WM system and
recycling (Matiiuk & Liobikien¢, 2021).

Despite the continued use of landfills in its waste management system, Croatia has made
positive strides in reducing its reliance on landfills for waste disposal. (“Figure 14”) In the
past decade, the country has successfully reduced its landfill usage by 33% with a Speed of
Landfill Reduction (SLR) of -3.4 percentage points per year, indicating a continued

commitment to reaching the waste management goals set by the European Union.
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Figure 14. Amount of MSW generated, Recycled, and landfilled in Croatia between 2010
and 2020.
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In addition, it is noteworthy that despite the potential benefits of implementing a landfill
tax, Croatia has yet to adopt such a measure, which could serve as a powerful incentive to
reduce the amount of MSW sent to landfills. This absence of a landfill tax poses a
significant challenge to achieving landfill reduction goals in the country (Matiiuk &
Liobikien¢, 2021).

Another issue that must be addressed is the lack of a viable market for recycled materials
within Croatia. This poses a significant barrier to the effective implementation of recycling
initiatives, as the demand for recycled products is insufficient to create a sustainable
industry (Matiiuk & Liobikiené, 2021).

As a member of the European Union, Croatia is expected to meet specific targets regarding
waste reduction and recycling. To achieve these goals, suitable solutions must be
developed to overcome the challenges mentioned above, including the adoption of a
landfill tax and the creation of a strong market for recycled materials. By addressing these
issues, Croatia can make significant progress in reducing its environmental impact and

meeting the EU's waste reduction objectives.

4.1.6. Latvia

Over the past decade, Latvia has followed a similar trajectory as Slovakia and Croatia with
regard to MSW recycling and landfill. Although the transition to MSW recycling has
moved at a roughly rapid speed (STR=3.02%-point/a) during the period, a substantial
proportion of waste is still being disposed of in landfills. The speed of change of recycling
per year (SCR) has been equal to 46.3% per year, which shows that Latvia has been a
successful country in the development of recycling and its recycling rate, which was 9.4%

in 2010, and during the period has increased by about 30%-points.

Latvia has taken several steps to develop its MSW recycling capabilities since 2010.
Firstly, the Latvian government has implemented a number of policies and regulations to
encourage and promote the recycling of MSW. These include setting up a network of

collection points for recyclable materials, introducing incentives for households to recycle,
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and providing funding for municipalities to develop infrastructure for MSW recycling.
Additionally, the government has also implemented public education campaigns to raise
awareness of the importance of recycling and the benefits of doing so. Finally, the
government has also provided financial and technical assistance to businesses to help them
develop MSW recycling technologies and processes (Varam-Waste Management Plan
2013-2020, 2020).

Despite a noticeable increase in recycling activities in Latvia, largely attributed to material
recycling, the overall recycling rate of municipal solid waste (MSW) remains significantly
low and is unlikely to meet the recycling targets stipulated by the European Union. The
low recycling rate of MSW can be attributed to the lack of data on recycling packaging
waste from producer responsibility schemes and its intermingling with MSW. These
schemes often neglect to report their recycling activities of MSW, and therefore the MSW
recycling rates could potentially be higher if some of the recycled packaging waste from
MSW sources were consistently incorporated in the reporting of recycled MSW.
Additionally, there is a level of uncertainty concerning mechanical-biological treatment
(MBT). While some countries assign the total amount of MSW sent to MBT, others only
include the actual amount of recycled material recovered in the MBT process and exclude
the waste material that is subsequently sent to landfill or incineration. In fact, there is
currently no available information on the methodology that Latvia employs for the
reporting of MSW treatment to Eurostat regarding the material treatment at the MBT plant.
As such, it is challenging to accurately gauge the actual extent of MSW treatment activities
in the country, which could potentially impede its endeavors toward meeting the EU-

established recycling targets. (Malinauskaite et al., 2017)

In this case, it can be mentioned that with the increasing trend of MSW generation during
the period (Figure 15), although recycling has been developed significantly, but in terms of
reduction of environmental impacts, the role of recycling will not be seen as a saviour

because landfill has the highest share in Latvia’s WM yet.
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Figure 15. Amount of MSW generated, Recycled, and landfilled in Latvia between 2010
and 2020.

However, it is difficult to provide a definite and precise assessment of the environmental
impact of MSW recycling and landfilling, as it involves analysing both the avoided net
GHG emissions through recycling and the emissions released from landfills. since there is
limited availability of comprehensive data on the recycling of different MSW streams in
most of the case countries including Latvia, it makes it challenging to fully understand and
evaluate the environmental consequences of these practices. Despite this, it is clear that the
negative environmental effects associated with landfills will persist for many years to

come.

Overall, As Latvia has been able to significantly increase the recycling of MSW in the last
decade, it should also take great steps in reducing landfills. Because the speed of landfill
reduction per ton of MSW generated (SLR) which is equal to -3.8 percentage points per
year, is still not enough to meet the goals of the European Union. Consequently, along with
the development of recycling, there is an urgent and serious need to reduce and replace
landfill with more sustainable options in Latvia. It can be said that investing in
advancement in waste-to-energy technologies can also be a sustainable alternative along

with MSW recycling to reduce landfill impressively because this technology has been
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launched recently in Latvia and can lead its waste management system in the direction of

landfill reduction.

4.1.7. Italy

Italy has succeeded in increasing MSW recycling and reducing the country's landfill. In
2020, Italy achieved a remarkable milestone by recycling over twice the amount of MSW
compared to what was sent to landfills, a feat unparalleled among the seven countries
examined (Figure 16). Although the amount of waste generated in this country is the

highest among the seven case countries by a considerable margin.

Regarding Italy, it is important to note that, like other case countries, all the relevant speed
metrics for total MSW were assessed from the years 2010 through 2020. However, to
calculate the individual quantities for each MSW fraction and PW as well as the avoided
net GHG emissions by recycling due to the unavailability of required data, the period from
2012 to 2020 was selected as the appropriate time frame to ensure the accuracy and
reliability of the waste composition and net GHG avoided emissions calculations for Italy.
By doing so, it could obtain a more comprehensive and accurate picture of Italy's waste

management practices and their impact on the environment.
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Figure 16. Amount of MSW generated, Recycled, and landfilled in Italy between 2010 and
2020.

Italy has emerged as a leading nation in the Europe with regard to MSW recycling. The
recycling rate of Italy has been consistently higher than the average recycling rate of the
European Union since 2010. Additionally, Italy was able to achieve the EU's recycling rate
target of 50% even before 2020 (Figure 17).
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Figure 17.The MSW recycling rate in Italy between 2010 and 2020.

According to European Environment Agency (2013), there were several factors that have
contributed to Italy's success in transitioning from MSW landfill to recycling over the past
few decades. These factors have played a significant role in the country's achievement of
MSW recycling as well as reducing landfill waste by approximately 9 Mt over a ten-year

period, as shown in Figure 15.

One of the key factors in Italy's success is the country's compliance with EU recycling
targets. With a goal to reach a 65% recycling rate for MSW by 2035, Italy has been
motivated to increase its recycling rates to meet this target. Even though, they have already
achieved the EU's 2025 target in 55% MSW recycling rate.

Another factor is the presence of regional differences in the country. While Italy as a whole
has not yet met the national target for separate collection of MSW, some regions have
exceeded the target. This suggests that local incentives or policies may be encouraging

recycling in certain areas (Gaeta et al., 2017).
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In 1996, Italy introduced a landfill tax, which has been effective in diverting MSW away
from landfills. However, the tax may not be providing sufficient incentives to choose

alternative waste management options (Cucchiella et al., 2012).

In 2010, a new waste tariff was introduced in Italy, which is proportional to the quantity
and quality of waste produced per floor area unit. This tariff has been able to encourage
strengthening the extended producer responsibility (EPR) among producers and businesses
(Favot et al., 2018).

The National Packaging Consortium in Italy is another important factor in the country's
success. This organization coordinates the recovery and recycling of packaging waste and
has set more stringent targets for plastic and wood packaging waste than the EU
(Rigamonti et al., 2015).

Finally, Italy implemented a landfill ban for waste with a certain calorific value in 2008.
This ban has been also encouraged more responsible WM practices and increase the
demand for recycling (EEA, 2013).

However, when it comes to the speed of transition towards recycling and reduction in
landfill, Italy has recorded a similar performance in both over the period (2010 to 2020).
This suggests that the country has made progress on both fronts at an approximately
similar speed (STR = 2.5 %-points/a and SLR = -2.6 %-points/a), but not as rapidly as the
other case countries. Despite this, the fact that Italy has been able to maintain a steady
speed of progress is a positive indicator of the country's commitment to sustainable waste

management practices.

Among the seven countries studied, Italy's speed of change in MSW recycling (SCR) is the
slowest at 6.1% per year. However, Italy's speed of reduction of MSW landfill, or SCL, is
the third highest after Slovenia and Lithuania at -6.1% per year.

This study has calculated all speed values for both MSW and PW fractions in Italy, as
shown in Table 10. The speed values have been calculated for the years 2012 and 2020.



Table 10. The trend of recycling changes for MSW fractions in Italy.

The amount ) .
" Recycling | The amount | Recycling
0
rate of of separately rate of
separately
] each collected each STR
Waste fraction | collected RD SCR
waste waste for waste (%-
waste for ) o ) (%) | (%lyear) )
o fraction recycling in fraction points/year)
recyclingin | )
in 2012 2020 (kt) in 2020
2012 (kt)
(%) (%)
Paper &
3038 40.5 3509 56 15.5 1.9 0.25
Cardboard
Glass 1598 66.6 2224 77 39.2 4.9 0.3
Plastic 890 25.8 1575 43.2 77 9.6 0.3
Metal 249 20.8 368 53 47.8 6 0.06
Biowaste 4813 50.1 7175 70.8 49.1 6.1 11
Wood 614 51.2 882 90 43.6 55 0.12
Textile 100 22.2 143 33 43 5.4 0.02
WEEE 220 28.2 284 37.8 29.1 3.6 0.03
Total MSW
11576 38.6 16 160 55.8 39.6 5 2.15

Collected
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Table 11. The trend of recycling changes for packaging waste fractions in Italy.

The amount The amount
of separately . of separately ]
Recycling Recycling
. collected collected STR
Waste fraction Rate Rate RD SCR
waste for ) waste for . (%-
o in 2012 o in2020 | (%) | (Y%/year) )
recycling in recycling in points/year)
(%) (%)
2012 (kt) 2020 (kt)
Paper &
3594 84.5 4048 87.3 12.6 1.6 -0.1
Cardboard
Glass 1570 69 2143 78.6 36.5 4.6 0.3
Plastic 770 375 1076 48.7 39.7 5 0.2
Wood 1257 54.2 1873 62.4 49 6.1 0.4
Steel 332 75.5 371 80 11.7 1.5 -0.01
Aluminum 41 61.2 47 68.7 15.6 2 0
Total
packaging
7 564 66.3 9558 73 26.4 3.3 0.8
waste
Collected

As can be seen from Table 10, plastic has the highest increase in terms of the recycling
development (RD = 77 %) among all MSW fractions, means that the most increasing
proportion of change in the recycling was for it and shows Italy's strict focus on recycling
the MSW plastic fraction. Regarding the speed of transition for each MSW fractions to
recycling, biowaste has demonstrated the fastest shift toward recycling over the past eight
years. This means that every year, a 1.1 percentage point increase has happened in its
recycling. As a justification, one could argue that the need to divert biowaste from landfills
is a driving factor behind this trend. From this point of view, it is not far from the
expectation that it will achieve the highest speed of this transition. After biowaste, glass
and plastic stand in second place, and paper and cardboard in third place in terms of this
parameter. The next ranks in the increase in the speed of changes (SCR) are related to
biowaste and metal, whose recycling has increased to 6.1 and 6 respectively compared to
2012, whereas metal has the lowest speed of transition to recycling (STR) which is equal to

0.06 percentage points per year. Although the speed of change in recycling and the
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recycling development for it has increased, given that the STR is calculated based on the
total MSW generated, a low STR indicates that the proportion of metals within the overall
MSW composition is relatively small. Regarding the packaging waste, the STR were
attributable to wood and glass, with values of 0.4 and 0.3 percentage points per year,
respectively. The overall STR for the complete packaging waste category was determined

to be 0.8 percentage points per year (Table 11).
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Figure 18. STR for each fraction of MSW and PW in Italy.

As it illustrated in Figure 18, the speed of transition to recycling for packaging waste has
been comparatively slower than that of MSW. According to Figure 18, wood with an STR
of 0.4 and glass with an STR of 0.3 percentage points per year have shown the most
notable performance among different packaging waste fractions. These fractions include
plastic and glass. One noteworthy observation is the low speed of transition and change for
paper and cardboard in both waste categories. “Figure 19” depicted the results of speed of

change for MSW and PW in Italy during the transition period.
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Figure 19. SCR for each fraction of MSW and PW in Italy.

The net GHG avoided emissions for all separate recycled fractions of MSW and PW, as
well as the total amount in Italy, were calculated during the period under study. The net
GHG emissions of recycling and landfill at the beginning and end of the period were also
analyzed. To provide a comprehensive overview, the values of quantities defined in the
environmental impact’s part of Methods chapter have been calculated and displayed in
Table 12. These quantities include the overall change in GHG emissions from recycling
and landfill (EC, ECg, ECL), the speed of changes in GHG emissions (SEC, SECRg, SECL),

and the ratio of recycling and landfill emissions to waste mass (Ap).

The results show that recycling has a significant impact in terms of reducing GHG
emissions depending on the type of waste being recycled. The net GHG emissions of
recycling have decreased over time, while the emissions from landfill have remained
relatively stable. In order to provide a proper justification, it is important to note that the
amount of landfill emissions used in the study was adapted from the Eurostat website. This
data was based on the cumulative emissions of the landfill in the given year, as well as the
emissions from previous years. While this data provides a useful estimate of the overall
environmental impact of landfill, it may not be fully representative of the actual reduction

in environmental impact resulting from landfill, when recycling is increased, because the
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decrease in landfill amount has led to a corresponding reduction in its environmental
effects. However, since the Eurostat data on landfill emissions includes cumulative
emissions from past years, the actual decrease in environmental impacts appears to be
smaller than it actually is. Furthermore, as noted earlier in the study, the lack of
information on the amount of landfill gas collection made it necessary to use data from the

Eurostat website to estimate the GHG emissions associated with landfill.

The overall change in GHG emissions from recycling has been positive, indicating a
progress in avoiding GHG emissions, while the change in emissions from landfill has been
negative, indicating a decrease in landfill GHG emissions. The speed of change in GHG
emissions has been faster for recycling than for landfill, with a higher percentage reduction

in GHG emissions from recycling.

Another important point to mention is that the calculation of emission changes and their
speed have been conducted solely for recycling of total amount of MSW, as there was no
available data on the amount of GHG emissions released by each fraction of the landfilled
waste. Therefore, it was not possible to analyze the impact of specific landfilled waste

fractions on the environment.



Table 12. The amount and speed of change in GHG emissions from MSW in Italy.
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Net GHG emissions of MSW Recycling in Italy

2012 2020
Year ECr (%) SECr (%/a)
(kt of CO2 eqg/a) (kt of CO2 eqg/a)

Paper & Cardboard -2 002 -2 312 16 2
Glass -385 -536 39 5
Plastic -1123 -1987 77 9.6
Steel -237 -350 48 6

Aluminum -656 -970 48 6
Biowaste -554 -825 49 6.1
Total MSW
avoided GHG -5 000 -7 000 41 51
emission
GHG emissions of MSW landfill in Italy
2012 2020
Year ECL (%) SEC. (%/a)
(kt of CO2 eqg/a) (kt of CO2 eqg/a)
Total MSW GHG
emissions of 16 000 14 000 -8.4 -1.1
landfill
Net GHG emissions of MSW recycling and landfill in Italy
2012 2020
Year EC (%) SEC (%/a)
(kt of CO2 eqg/a) (kt of CO2 eqg/a)
Net GHG
11 000 7000 -31.4 -3.9

emissions
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Figure 20. The total amount of net GHG avoided from recycling, emitted, and net GHG

emissions from MSW in Italy.

Table 13 illustrates the amount of net GHG emissions from PW as well as ECr and SECr.
Additionally, the study did not include information on the amount of PW that was
landfilled, due to the lack of available data. As a result, it was not possible to analyze the
specific environmental impact of PW landfilled on the environment and only avoided GHG

emissions from them is considered.



Table 13. The amount and speed of change in net GHG emissions from PW in Italy.
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net GHG emissions of PW Recycling in Italy

2012 2020
Year ECr (%) SECr (%/a)
(kt of CO2 eqg/a) (kt of CO2 eqg/a)

Paper & Cardboard -2 368 -2 667 13 1.6
Glass -378 -517 37 4.6
Plastic -1123 -1357 21 2.6
Steel -451 -416 16 2

Aluminum -360 -504 12 1.5
Total MSW
avoided GHG -5 000 -6 000 21 2.6
emission

Figures 21 and 22 provide a detailed breakdown of the avoided emissions from each MSW

and PW fraction. The figures indicate that paper and cardboard have the highest

contribution in terms of avoided emissions. Then, plastic, metal, and biowaste next

contributed in descending order in this regard. These findings demonstrate the significant

impact that these waste fractions can have on reducing emissions and highlight the

importance of effective waste recycling to drop environmental impacts. With a focus on

reducing the amount of waste generated, then increasing recycling rates, and implementing

effective WM strategies, these waste fractions can continue to make a significant

contribution to reducing emissions and promoting sustainability.
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Figure 21. The amount of net GHG emission from MSW recycling in Italy.

2012 2020

o

-500

-1000

-1500

-2000
-2500

-3000

m Paper & Cardboard ®Glass ®Plastic ®Aluminum ® Steel

Figure 22. The amount of net GHG emission from PW recycling in Italy.
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4.1.8. Poland

As the last country examined in this study, Poland has transitioned towards recycling with
a STR of 2.2 percentage points per year, which was the lowest speed among the seven
countries. Although, MSW recycling has increased at a speed of change (SCR) of 15.9%
per year from 2010 to 2020. Also, this country has recorded a SLR of -2.7 %-points/a to
decrease the landfill in the period. Generally, there could be seen a progress in the field of

MSW recycling development and landfill reduction during the period (Figure 23).
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Figure 23. Amount of MSW generated, Recycled, and landfilled in Poland between 2010
and 2020.

By examining the trend of the MSW recycling rate from 2010 onwards year to year (Figure
24), it can be seen that Poland did not follow this progress path in a linear way, and it
continued in decrease until 2012 and then increase. Nonetheless, the MSW recycling rate

reached 39% in 2020, indicating that the EU target was not met.

Although Poland's transition towards recycling has been slower than the other countries in

the study, the progress in MSW recycling and landfill reduction is a positive indication that
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the country is moving towards more sustainable waste management practices. While
analyzing the state of MSW management in 2020, it is evident that the amount of MSW
that is landfilled and recycled is almost equivalent. This progress indicates a significant
shift in waste management practices, from relying predominantly on landfills to adopting
recycling as a viable alternative. Such a transition is a positive step towards sustainable
waste management, as recycling not only reduces the amount of waste that ends up in
landfills but also conserves resources and reduces greenhouse gas emissions. This indicates
that efforts towards improving waste management practices in recent years have yielded
fruitful results. However, there is still room for improvement, as more significant progress
in reducing the amount of waste sent to landfills, increasing recycling rates, and promoting

resource recovery is necessary.

2010 2011 2012 2013 2014 2015 2016 2017 2018 2019 2020
m Eu-28 38.9 40.9 415 434 44.9 46.5 46.9 47.2 48.1 47.8
Poland  16.3 11.4 12 15.1 26.5 325 34.8 33.8 343 35 38.7
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Figure 24. The MSW recycling rate in Poland between 2010 and 2020.

To achieve the goal of recycling development, the government has invested in recycling
infrastructure, such as new recycling facilities and waste sorting systems. It has also
introduced financial incentives for municipalities and businesses to increase their recycling

efforts. For example, municipalities can receive grants for investing in waste sorting
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equipment, while businesses can receive tax breaks for using recycled materials. In
addition, the government has implemented public education campaigns to raise awareness
about the importance of recycling. These campaigns have focused on encouraging people
to separate their waste, as well as promoting the benefits of recycling for the environment
and the economy. Overall, the combination of these policies and programs has helped to
significantly increase municipal waste recycling in Poland since 2010. While the country
did not reach its target of 50% recycling by 2020, it has made significant progress and
continues to work towards increasing its recycling rates in the coming years. (Przydatek,
2020)

One of the most significant factors that has played an important role in the advancement of
recycling practices in Poland is the development and implementation of advanced
recycling infrastructure and technologies, such as MBT facilities. These facilities now have
a greater capacity than the current demand, thus indicating the potential for further
expansion of recycling efforts in the country (Jakubus & Stejskal, 2020). In recent years,
there has been an improvement in the separate collection system of MSW. However, the
waste collection system in Poland still lacks efficiency, and enhancing it could lead to
significant improvements in the country's recycling rates. It is worth noting, however, that
there is a positive trend in the quantity of selectively collected waste, as reported by
Przydatek (2020).

Furthermore, the National Waste Management Plan, which was firstly introduced by the
government in 2010, is an essential framework for enhancing the recycling and waste
management processes in the country. The plan set out specific goals at the national level
to meet the recycling and landfill reduction targets set by the European Union. The
program has codified the responsibilities of each stakeholder in the waste management
system, including the private sector, at practical levels, which has facilitated progress and
investment in the improvement of the waste collection and designated recycling
technologies. (Koszewska, 2016) Moreover, it is worth noting that the government has
taken concrete steps to address the issue of waste generation in the country. As highlighted
by Alwaeli (2015), the government has planned programs aimed at reducing use of
materials and recovering raw materials from MSW. These programs include initiatives

such as waste prevention campaigns, eco-design regulations, and extended producer
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responsibility schemes, which aim to reduce the amount of waste generated at the source

and encourage producers to design products with the end-of-life stage in mind.

Also, the EPR program has been an effective tool in improving MSW recycling in Poland
by promoting a more sustainable approach to waste management and encouraging the
active participation of producers and importers in waste management activities. The EPR
program requires producers and importers of certain products to take responsibility for the
post-consumer management of their products, including collection, sorting, and recycling.
Since its implementation in 2013, the EPR program has significantly increased the
recycling of packaging waste in Poland. The program has also contributed to a reduction in
landfilling and illegal dumping of waste, as well as a decrease in littering. Furthermore, the
EPR program has helped to create a more sustainable and efficient waste management
system in Poland. Under the EPR program, producers and importers are required to meet
specific recycling targets, which are periodically revised by the government. Failure to
meet these targets can result in financial penalties. As a result, producers and importers
have a strong incentive to reduce waste production and invest in recycling infrastructure
and technology. (Siuta-Tokarska et al., 2022)

Similarly to Italy, all speed values for both MSW and PW fractions in Poland have been
calculated. The speed values for PW were computed for the years 2010 and 2018, as no
available data for PW in Poland were found after 2018.



Table 14. The trend of recycling changes for MSW fractions in Poland.
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The amount ) The amount )
Recycling Recycling
of separately of separately
Rate Rate STR
Waste collected ) collected ) RD SCR
) in 2010 in 2020 (%-
fraction waste for waste for (%) | (%l/year) ]
o (%) o (%) points/year)
recycling in recycling in
2010 (kt) 2020 (kt)
Paper &
170 5.3 508 38.7 199 19.9 0.25
Cardboard
Glass 216 18.3 746 57.5 246 24.6 0.39
Plastic 124 7.8 503 26.8 305 30.6 0.28
Metal 17 35.3 51 96.8 199 19.9 0.02
Biowaste 826 21.1 1645 38.7 658 65.8 0.57
Total MSW
1965 16.3 5077 38.7 159 15.9 2.24

Collected
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Table 15. The trend of recycling changes for packaging waste fractions in Poland.

The amount The amount
of separately | Recycling | of separately | Recycling
Waste collected Rate collected Rate STR
] . . RD SCR
fraction waste for in 2010 waste for in 2018 (%-
i - (%) | (%lyear) :
recycling in (%) recycling in (%) points/year)
2010 (kt) 2018 (kt)
Paper &
756 57.1 1473 83 95 11.9 1.14
Cardboard
Glass 435 45.6 738 62 70 8.7 0.41
Plastic 148 20.2 346 35.2 134 16.8 0.36
Aluminum 47 60.5 89 79 88 11 0.06
Steel 66 39.5 97 47.8 48 6 0.03
Total
Packaging
1668 38.9 3197 58 92 11.45 2.4
waste
collected

The data presented in Table 14 and 15 and Figures 25 and 26 clearly indicate that the speed
of transition to recycling (STR) varies significantly among different MSW and PW
fractions. Biowaste displayed the fastest speed of transition (0.57 %-points/a). Then, glass
and plastic followed biowaste, with paper and cardboard, and metal occupying the next
positions in terms of STR. In Figure 25, it could be seen the STR for each fraction of PW
has been comparatively higher than that of MSW in Poland. Particularly, paper and
cardboard demonstrated the most notable performance among different PW fractions, with

an STR of 1.14 percentage points per year.

The analysis of the speed of change in recycling (SCR) of MSW also revealed that
biowaste had the highest amount of change in its recycling compared to other MSW

fractions, with an increase of 65.8 %/a. In contrast, metal and paper and cardboard had the
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lowest SCR, with a 19.9 %/a increase. Among the PW fractions, plastic showed the highest

amount of SCR, with a 16.8 % increase in recycling each year.

Overall, these findings suggest that different MSW and PW fractions have varying
recycling potential, and policies and programs must be tailored to each fraction's
characteristics. Biowaste, plastic, and paper and cardboard appear to be the most promising
fractions for achieving high recycling rates, while metal presents challenges. These
insights can inform policymakers and waste management practitioners in developing

strategies for sustainable WM practices.
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Figure 25. STR for each fraction of MSW and PW in Poland.
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Figure 26. SCR for each fraction of MSW and PW in Poland.

In the case of Poland, this study has calculated the quantities of changes and the speed of
changes in GHG emissions for MSW and PW during the period under study, specifically
for recycling, landfill, and net emissions. The findings suggest that recycling has a
significant impact in reducing the environmental impact of waste management in Poland.
Although the reduction in landfill emissions in Poland can be attributed to more than just
recycling efforts. During the same time period, Poland has also significantly increased its
waste-to-energy (WTE) capacity as well. Therefore, the combined efforts of recycling and
WTE have contributed to the overall decline in landfill emissions and have accelerated the
shift away from landfilling in Poland. In addition, it is evident that if recycling is integrated
effectively into the WM system, it could serve as a solution to mitigate environmental
impacts and pollutants, as well as provide a range of economic benefits, including the

conservation of raw materials and potential cost savings associated with recycling.

Moreover, the results indicate that the net GHG emissions have decreased over time due to
a reduction in landfill emissions and an increase in net GHG emissions from recycling

(Table 16). Despite the relatively low impact of recycling on the overall emissions of
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MSW in Poland in 2010, the net avoided emissions resulting from recycling tripled by

2020, demonstrating a significant impact on net emissions.

Similarly to Italy, the calculation of emission changes and speed has only been carried out
for total MSW recycling amounts, as there was a lack of data on the quantity of GHG
emissions generated by individual categories of waste disposed of in landfills. As a result,

it was not feasible to assess the environmental impact of particular landfill waste fractions.

The fastest and most significant changes in GHG emissions resulting from MSW were
observed for plastic waste, which had a SECr of 30.6% per year during the period.
Conversely, biowaste exhibited the lowest rate of emission changes. Despite the positive
effects of recycling in terms of avoided emissions, the GHG emissions of landfills still
greatly outweigh the emissions that are avoided through recycling. While the speed at
which avoided emissions are increasing is higher than the speed at which emissions are
generated by landfills, recycling has the potential to provide more substantial and effective

environmental benefits in the future.

It is important to note that as explained in the case of Italy, when whole avoidance of
landfill emissions due to less waste going to landfill are considered, the cumulative method
which is used by Eurostat to quantify landfill emissions does not provide the complete
picture of avoided emissions from reduced waste going to landfills. Nonetheless, it is
evident that reducing the amount of waste that is sent to landfills and increasing recycling
rates are essential steps towards achieving a more sustainable and environmentally friendly

WM system.



Table 16. The amount and speed of change in GHG emissions from MSW in Poland.

85

Avoided GHG emissions of MSW Recycling in Poland

2010 2020
Year ECr (%) SECr (%/a)
(kt of CO2 eqg/a) (kt of CO2 eqg/a)

Paper & Cardboard -112 -335 199 19.9
Glass -52 -180 245 245
Plastic -156 -635 306 30.6
Steel -16 -48 200 20

Aluminum -45 -134 200 20
Biowaste -95 -189 99.2 9.9
Total MSW
avoided GHG -500 -1500 219.3 21.9
emission
GHG emissions of MSW landfill in Poland
2010 2020
Year ECL (%) SEC. (%/a)
(kt of CO2 eqg/a) (kt of CO2 eqg/a)
Total MSW GHG
emissions of 10 000 8 000 -25.3 -2.53
landfill
Net GHG emissions of MSW recycling and landfill in Poland
2010 2020
Year EC (%) SEC (%/a)
(kt of CO2 eqg/a) (kt of CO2 eqg/a)
Net GHG
9500 6 500 -37.4 -3.7

emissions
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Figure 27. The total amount of avoided from recycling, emitted from landfill, and net
GHG emissions from MSW in Poland.

Also, as shown in Figure 27, the net GHG emission from recycling and landfill has
decreased at the end of the period which is caused by development of recycling and

reduction of landfill.

Based on the findings of this study, the highest and lowest speed of GHG emissions
changes in relation to PW were observed in the recycling of plastic and aluminium metal,
with a speed of 16.8%/a and 6%/a, respectively.(Table 17) Specifically, the results
obtained from the analysis of data in Poland indicate that the country has placed a
significant emphasis on the recycling of plastic waste, as evidenced by its highest speed of
change in this particular sector of both MSW and PW.



87

Table 17. The amount and speed of change in GHG emissions from PW in Italy.

Net GHG emissions of PW Recycling in Poland

2010 2018
Year ECr (%) SECr (%/a)
(kt of CO2 eqg/a) (kt of CO2 eqg/a)

Paper & Cardboard -498 -970 95 12
Glass -105 -178 70 8.7

Plastic -186 -437 134 16.8

Steel -90 -782 89 11.2
Aluminum -413 -132 47 6

Total PW avoided

GHG emission

-1 300 -2 500 93 11.7

To provide a clearer visual representation of the observed changes and speed of emissions
for each fraction of MSW and PW, please refer to Figures 28 and 29. These figures depict
the amount of changes and rates of emissions associated with the different waste fractions.
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Figure 28. The amount of avoided GHG emission from MSW recycling in Poland.
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Figure 29. The amount of net GHG emission from PW recycling in Poland.
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4.1.9. Comparing Italy and Poland in GHG emissions from landfill and recycling

To compare and analyse the volume of GHG emissions generated by landfill and recycling
practices, the p index was introduced within the methodology chapter. This index makes
possible the quantification of emissions resulting from landfill and recycling activities in
relation to each ton of MSW. To calculate it, the total amount of landfill and recycling
emissions in each year is divided by the total mass of MSW in that year to obtain the
amount of GHG emissions caused by landfill and recycling per ton of waste. This index
was calculated in Italy and Poland for the first and last year of the transition period, and
then the delta p is the result of subtracting the value of the last year and the first year of the
period, which shows a negative value for both countries (Table 18). Being negative of this
amount indicates a decrease in the amount of GHG emissions caused by landfill and
recycling is based on MSW per ton. This means that the trend of GHG emissions is
decreasing, and in other words, it shows the reduction of environmental impacts caused by
landfills during the transition period of both countries, which has resulted in the increase of
recycling and reduction of landfills over time. Consequently, these findings underscore the
importance of continuing to prioritize recycling and landfill reduction strategies to further

mitigate the negative environmental consequences associated with WM practices.

Table 18. The p index for Italy and Poland during the transition period.

nl pu2 Ap
kt C02 /kt recycling + kt COZ /kt recycling + kt C02 /kt recycling +
Country | Time period ( SAIC reyctig ( BGIC recycling ( B reoyling
landfill) landill) landfill)
Italy 2012 to 2020 0.47 0.32 -0.15
Poland | 2010 to 2020 0.95 0.63 -0.32
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4.2. Overall Discussion

The topic of MSW recycling in Lithuania, Slovenia, Slovakia, Latvia, Croatia, Italy, and
Poland from 2010 is complex and multifaceted, as it involves various factors such as
government policies, waste management infrastructure, cultural and social attitudes, and

economic conditions.

In recent years, all of these countries have made efforts to increase their recycling rates and
reduce their reliance on landfilling. The European Union has played a significant role in
promoting waste reduction and recycling targets, which has influenced the policies of these
countries. For instance, the EU Waste Framework Directive sets out a hierarchy of waste
management options, with landfilling at the bottom and recycling at the second top after
source reduction and re-use, which has provided a framework for these countries to

develop their waste management strategies.

All these seven countries have implemented a range of measures to increase recycling,
starting from improving source separation that has an immediate effect on recycling to
establishing and investing in recycling facilities. However, there are still challenges to be
addressed, such as inadequate infrastructure and lack of awareness among the public. In
some countries, illegal dumping also landfilling pose significant environmental and health
risks.

In terms of specific statistics, it is worth noting that the recycling rates vary significantly
between these countries. According to Eurostat data from 2020, the recycling rate of
municipal waste ranged from 34% in Croatia to 59% in Slovenia, with Poland and Latvia
at 39% and 40%, respectively. However, it is important to note that these figures may not
fully reflect the actual recycling rates due to differences in reporting methods because
sometimes the collection rate is used as a metric for the recycling rate, but it is important to
recognize that this may not provide an accurate representation of the true recycling rate.
The collection rate refers to the percentage of recyclable materials that are collected for
recycling from the waste stream. However, not all materials collected for recycling may
end up being recycled due to factors such as contamination, inefficient sorting, or market

limitations.
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MSW recycling in Lithuania, Slovenia, Slovakia, Latvia, Croatia, Italy, and Poland from
2010 has seen various improvements and challenges, with a focus on increasing recycling
rates and reducing reliance on landfilling. While progress has been made, there is still a
need for continued efforts to improve infrastructure, raise awareness, and promote

sustainable waste management practices.

Upon concluding the discussion section, the research questions are mentioned in the first
chapter can be formulated to explore the dynamics of MSW transition from landfill to

recycling.

It is important to acknowledge that the study has some limitations due to the nature of the
available data. However, the study provides a valuable foundation for further research and
policy-making. By enhancing our understanding of the environmental impacts of waste
management practices, it is possible to develop more effective and sustainable approaches

to waste management that mitigate our overall environmental impact.

Moreover, the study's findings demonstrate that recycling has a much more
environmentally friendly impact than landfill in terms of GHG emissions. This underscores
the need for continued efforts to promote recycling and reduce reliance on landfill as a
waste management option. The research results can be used to inform policies and
decision-making regarding waste management, contributing to the development of more

sustainable practices.

4.3. Suggestions for Future Research

One of the most significant challenges encountered during this study was the lack of
available data to accurately measure the speed of the transition in each MSW fraction.
Additionally, some of the methods used to measure the available data were not introduced
in reports, which decreases their reliability. To improve the reliability of future studies, it is
recommended that countries conduct more detailed monitoring of MSW and publish its
detailed results within an integrated annual framework for a more comprehensive analysis

of all quantities, as well as predictions about the environmental impacts in each country.
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The author hopes that this study can serve as a reference for other researchers interested in
this topic, particularly in developing countries where such studies may incentivize the
expansion and progress of recycling in their waste management systems. Furthermore, the
analysis of the harmful effects of landfills can be an effective means of discouraging their
use, and countries can create obstacles such as landfill taxes to minimize their usage while
the study faced some challenges in data availability and reliability, its findings highlight
the importance of promoting recycling and reducing reliance on landfill as a waste
management option. The results of this study can be used to inform and improve policies
and decision-making processes regarding waste management, with the ultimate goal of

creating more sustainable and environmentally friendly waste management practices.
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5. Conclusions

In recent years, the transition from landfilling MSW toward recycling has emerged as a
significant trend. this change has arisen in response to the escalating amounts of waste
generated globally and the urgent need for adopting sustainable WM practices that
minimize adverse environmental impacts. Furthermore, the inherent drawbacks associated
with landfilling have impelled numerous nations to explore and adopt alternative WM
techniques that better align with the principles of sustainability and environmental
conservation. Among the alternatives available, recycling has garnered significant attention
and is widely considered one of the most favourable WM methods. This preference stems
from the fact that recycling not only reintegrates MSW into the consumption cycle, thereby
reducing the demand for raw materials and energy but also substantially mitigates the
environmental repercussions associated with other waste treatment approaches, such as

landfilling.

On the other hand, landfilling, as a traditional WM practice, has been associated with
several negative consequences, including the production of GHGs, groundwater
contamination, and the consumption of valuable land resources. As a result, the transition
towards recycling is not only motivated by the desire to conserve resources and energy but

also to minimize these adverse effects on the environment.

Recycling offers several advantages over landfilling, such as conserving natural resources
by reducing the need for virgin materials, reducing energy consumption in the production
process, and diminishing GHG emissions. Moreover, recycling contributes to the circular
economy by transforming waste into valuable resources, which can be reintroduced into
the production and consumption cycle. This closed-loop system not only reduces waste
generation but also promotes sustainable development by minimizing the depletion of non-

renewable resources and curbing the environmental impact of waste disposal.

The current study focuses on seven European countries (Croatia, Italy, Latvia, Lithuania,
Poland, Slovakia, and Slovenia) that have made impressive progress in transitioning from
landfill to recycling within a relatively short period of time. To evaluate the speed of this
transition, the study introduces several key metrics to analyse the changes and its speed
during the transition period. It was calculated the annual speed of transition towards
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recycling based on total MSW generated (STR), as well as the annual speed of landfill
reduction (SLR). Based on the results obtained in the seven case countries, the STR ranges
between 2.2 %-points/a, and 4 %-points/a. On the other hand, the results obtained from the
speed of landfill reduction (SLR) indicated a regress speed between 2.6 %-points/a, and 7
%-points/a. the total amount of recycling development (RD) and landfill reduction (LR) in
the transition period were in the range of 61 and 892 % for RD, and 10 and 88 % for LR.

During this study, the environmental impact in terms of GHG emissions was examined for
MSW and PW only in Italy and Poland because the required data was only available for
these two countries among all cases. Then, the amount of change in GHG emissions and
speed of change in GHG emissions has been analysed it was found out the total percentage
of GHG emission changes (EC) for Italy and Poland was -31.4 and -37.4 % and the speed
of GHG emission changes (SEC) in the transition period were -3.9 and -3.7 %-points/a
respectively. Also, the p index has been calculated which depicts the amount of GHG
emissions caused by landfill and recycling based on the amount of each ton of MSW. the
results of Ap depict that the total GHG emissions emitted from recycling and landfilling
have decreased during the transition period of both countries which is caused by the
remarkable development of recycling and the reduction of landfilling. The results of Ap

were -0.15 and -0.32 (kt CO2eq/Kt recycling + 1anafin) for Italy and Poland respectively.

The findings of this study highlight the critical role that recycling can play in promoting
sustainable waste management practices and reducing the environmental impact of waste
treatment methods. Furthermore, the study emphasizes that the speed of this transition is
increasing thanks to restrictive legislation and the European Union's sustainability goals.
The development of recycling and the reduction of landfill usage can have a significant
positive effect on the environment, as evidenced by the results of the research conducted in

seven countries.

The study identifies six key reasons that have impressive contributions to the speed of

transition towards recycling in the examined case countries, including:

1. Legislative framework: The presence of strong waste management policies
and regulations, including waste reduction targets, source separation
requirements, and extended producer responsibility schemes, can create a

favourable environment for MSW recycling.
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Infrastructure: The availability of waste treatment facilities, such as sorting
and processing plants, composting facilities, and MBT plants, can facilitate

the efficient and effective management of MSW.

Funding and investment: Adequate financial resources, both public and
private, are necessary to support the development and maintenance of waste

management infrastructure.

Public awareness and participation: Educating the public on the importance
of waste reduction and recycling and encouraging citizen participation in
waste management can increase the amount of recyclable materials and

reduce contamination.

Collaboration and cooperation: Cooperation among different stakeholders,
including government agencies, Private sectors, waste management
companies, and local communities, can facilitate the adoption of effective

waste management practices and the achievement of waste reduction targets.

Economic viability: The economic feasibility of waste management
activities, including the collection, transportation, and processing of waste,

can influence the adoption of recycling practices.

There may be other important considerations specific to each country that is not listed here.
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