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Similar to other sustainability transitions, the shift from landfilling to more sustainable 

waste treatment methods in municipal solid waste management (MSWM) is a complex 

process. In an interconnected and rapidly developing world with evolving conditions 

within and outside MSWM, along with increasing uncertainties, landfill diversion 

requires robust solutions and a broad systemic perspective. This dissertation addresses 

these challenges while exploring landfilling alternatives that support climate change 

mitigation and resource efficiency as sustainability goals. The work examined several 

aspects of the transition, namely, economic, environmental, transition speed, behavioural 

and governance, using a combination of methods. In particular, life cycle assessment and 

life cycle costing were used to evaluate the environmental and economic performance of 

MSWM transition pathways and the speed of greenhouse gas (GHG) emission reduction. 

Sensitivity and uncertainty analyses, including uncertainty decomposition, were applied 

to assess the robustness of different landfilling alternatives under variable conditions. A 

system-wide view of the transition is supported by applying the multi-level perspective
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1 Introduction 

1.1 Background and motivation 

In the Anthropocene epoch, humanity faces the pressing challenge of living sustainably 

and within planetary boundaries. The development patterns of humanity have led to a 

range of growing environmental and societal issues, including accelerated climate 

change, rapid biodiversity loss, resource depletion and social and economic inequalities 

(Folke et al., 2021). Due to the systemic nature of these challenges, some scholars refer 

to them as a 
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Uncertainties surrounding sustainability transitions may be present in various aspects. 

First, they can stem from shifting market conditions, fast-changing technologies and 

possibly changing economic conditions. Political changes can influence agenda and 

adopted strategies, as well as the overall stability of the system. Furthermore, the effects 

of climate change (e.g. more frequent extreme weather events), if not already contributing 

to uncertainties, are likely to become significant sources of them in the future. On a global 

scale, the world faces multiple interconnected challenges and risks, as illustrated in Figure 

1.1. Tavanti (2023) further argues that ambiguity is another factor that complicates 

sustainability transitions. Such ambiguity relates to the fact that sustainability challenges 

may have multiple, often conflicting interpretations and definitions, making it difficult to 

develop clear and actionable solutions. Ambiguity can also lead to conflicts of interest 

amongst various actors attempting to adopt specific strategies to achieve sustainable 

development. Finally, complexity can also arise from the need to balance several goals in 

sustainable development, particularly when measures targeting one goal may conflict 

with those aimed at another. 

Figure 1.1: Perceived global risks: an interconnections map. Reprinted from Global Risks Report 

2024 (World Economic Forum, 2024), licensed under CC BY-NC-ND 4.0. No changes were 

made. 

One of the areas with the potential to advance sustainability is waste management, 

specifically municipal solid waste management (MSWM). In many regions, MSWM still 

relies heavily on landfilling, which is commonly the most cost-efficient disposal method 
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(Kaza et al., 2018). However, it is also associated with a range of environmental issues. 

First, landfilling obstructs the more efficient use of resources and conflicts with the 

principles of the circular economy. If not properly managed, landfills may cause adverse 

environmental impacts through leaching and landfill fires (Vassiliadou et al., 2009). 

Furthermore, the decomposition of organic waste in landfills leads to the formation of 

greenhouse gases (GHGs). Landfill gas (LFG), as a product of waste decomposition, 

contains significant amounts of methane. Methane is a potent GHG that has been shown 

to have a global warming potential (GWP) 27/29.8 times (for non-fossil/fossil methane) 

higher than that of carbon dioxide over a 100-year timeframe (Forster et al., 2023). In 

recent decades, growing attention to resource efficiency and circularity, both within and 

beyond the European Union (EU) (Amanatidis and Lipcaneanu, 2023; Arthur et al., 2022; 

OECD, 2021), along with the increasing urgency of addressing climate change, has 

positioned landfill diversion (i.e. the shift away from landfilling in favour of alternative 

treatment methods) as a key strategy for improving waste management sustainability. 

Given that landfilling alternatives are often associated with lower climate impacts, as 

shown by numerous studies (Liikanen et al., 2018; Montejo et al., 2013; Schneider and 

Ragossnig, 2015), transitioning from landfills in MSWM can contribute to tackling 

resource efficiency and climate change
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the public. Engaging with the public can have its own set of challenges, such as addressing 

NIMBY (Not In My Backyard) attitudes (Lu, 2023) or poor waste separation practices. 

Moreover, transitions can follow different pathways, depending on national or local goals, 

priorities and external conditions. These pathways typically include enhancing recycling, 

recovering nutrients and energy and producing alternative fuels from waste. Each 

pathway brings specific technical, social and institutional challenges that must be 

addressed to ensure a successful transition. 

With climate change mitigation high on the agenda, two additional aspects may become 

relevant for MSWM transitions. First, as MSWM transitions require significant 

investment, the choice of transition pathway is inevitably influenced by economic 

considerations. While identifying the most cost-effective solution is important in itself, 

this issue may become more pressing with the expansion of prevailing carbon tax 

programs and emissions trading systems. In this context, MSWM transition pathways 

may be viewed as emission reduction strategies with varying costs, thereby influencing 

decision-making processes from a new perspective. Second, urgency of action might also 

influence the selection of a transition pathway. For example, waste incineration plants 

can typically be implemented within 5
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performance of MSWM (Bisinella et al., 2024). However, the success of the energy sector 

transition remains uncertain. 
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performance, speed of transition and behavioural and governance aspects. This 

investigation is informed by case studies representing different stages of MSWM 

transition, including early-stage cases and cases where significant landfill diversion has 

already been achieved. Specifically, this dissertation addresses the following research 

questions (RQs): 

1. Which landfill diversion pathways offer the most environmental benefits and 

cost-efficiency in terms of climate impact reduction in the case countries, and 

how can these preferences shift under different conditions? 

2. Which landfill diversion pathways may be more favourable from the perspective 

of the speed of climate impact reduction, and how can these preferences shift 

under different conditions? 

3. What factors may affect public participation in waste separation in early-stage 

and more mature systems? 

4. Which factors influencing the transition towards sustainable MSWM in the case 

countries are more manageable or controllable when viewed through the lens of 

the MLP framework? 

1.4 Scope and research methods 

The scope of this dissertation is limited to studying transitions in MSWM. Such 

transitions are examined in relation to two sustainability challenges, namely, resource 

depletion and climate change. The resource depletion issue is addressed by focusing on 

source separation and recycling as key components of resource circularity in waste 

management. However, waste-to-energy technologies, including incineration with energy 

recovery, and waste-to-fuel technologies are also considered in Publications I
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achieved significant reductions in landfilling in recent years, representing MSWM 

transitions that have achieved clear progress. In this dissertation, these cases were used in 

a more limited capacity: as benchmarks for assessing the transition speed for different 

transition pathways (Publication III) and for behavioural analysis (Publication IV). 

Given the complexity of the transition in waste management systems and the resulting 

need to approach the subject from multiple perspectives, a diverse set of methodologies 

was applied in this dissertation. These methodologies include the following: 

�x LCA in Publications I
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of the study and enumerates the research methods used. It also presents the overall 

structure of the dissertation. 

Section 2: State of the Art 
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2 State of the art 

2.1 Diverting MSW from landfills 

Diverting MSW from landfills is a widely studied topic
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potential and could lower climate impacts most efficiently, while having comparable 

financial outputs (maximum total savings) with MSW incineration from energy 

production. Using six MSWM treatment methods, Ayvaz-Cavdaroglu et al. (2019) 

applied multi-objective optimisation to determine an optimal solution for MSWM in 

Istanbul from cost and environmental perspectives. Their findings emphasised the 

importance of material recovery and incineration and suggested the expansion of material 

recovery facilities to bolster recycling outputs. Maçin et al. (2024) built and analysed an 

economic model for the anaerobic digestion of food waste, including its revenues, 

relevant municipality fees and operating costs. 

2.1.2 Factors influencing MSWM development 

Different factors affecting MSWM systems have been widely studied, with existing 

research revealing a plethora of factors influencing the development of MSWM systems. 

These factors include drivers, such as economic growth, population growth, resource 

value of waste, environmental protection, policy and so on (Calderón Márquez and 

Rutkowski, 2020; Contreras et al., 2010; Wilson, 2007). Numerous barriers, identified 

within the context of specific case studies, have often been categorised and often included 

financial, economic, regulatory, political, administrative, social or technological barriers, 

among others. Examples of economic and financial barriers include a lack of funding 

(Marshall and Farahbakhsh, 2013) and high investment costs (Aid et al., 2017). 

Regulatory instruments are also crucial in driving and shaping MSWM, and certain 

barriers, such as inadequate legislative support (Aid et al., 2017; Yukalang et al., 2017) 

and a lack of regulatory pressure (Zhang et al., 2019), can arise from the regulatory sector. 

At the same time, political factors can influence MSWM through the low prioritisation of 

waste management in administration and frequent changes in management positions and 

functions following elections (Vujic et al., 2017). Technological factors include 

insufficient infrastructure (Lazo and Gasparatos, 2019), reliability of data (Mrayyan and 

Hamdi, 2006), and technical skills of personnel responsible for MSW management 

(Hazra and Goel, 2009; Kurian et al., 2012). Social factors also come in to play through 

the prevalence of NIMBY attitudes (Karimi et al., 2022), poverty of population (Vujic et 

al., 2017), lack of awareness and education (Kurian et al., 2012) and attitudes towards 

recycling 
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willing to make to perform a specific action. In turn, this intention is influenced by three 

factors: 

1. Attitude towards the behaviour 
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depletion, require fundamental shifts to entirely new socio-technical systems. 

Consequently, a key goal of transition research is to understand and explain how these 

systemic changes can take place. 

Research on socio-technical transitions emerged in the early 2000s within the field of 

innovation studies and was initially developed and refined through historical case studies, 

often focusing on how transitions occurred in the electricity and mobility sectors (Geels, 

2019). Since then, and especially following the establishment of the Sustainability 

Transitions Research Network in 2009, research on sustainability transitions has 

developed rapidly. More recent research has expanded to areas such as food, water, heat, 

buildings, cities and waste management, as well as beyond the initial focus on Northern 

Europe (Köhler et al., 2019). 

Köhler et al. (2019) refer to four theoretical frameworks as fundamental in sustainability 

transition studies: the MLP framework, technological innovation systems (TIS), strategic 

niche management (SNM) and transition management (TM). All of these frameworks 

adopt a systemic perspective to address the complexities of transitions and to capture key 

dynamics and phenomena within transitioning socio-technical systems. 

This subsection further introduces the framework applied in this dissertation (Publication 

V)
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broader external context in which regimes and niches exist. Unlike the regime, this 

landscape includes slow-changing structural trends and exogenous pressures, such as 

demographic changes, macroeconomic shifts, climate change, geopolitical dynamics and 

cultural values (Kemp, 2010). While actors within the regime have limited influence over 

the landscape, changes at this level can exert pressure on regimes
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Figure 2.1: Multi-level perspective on transitions. Reprinted from Geels (2011), copyright 2011, 

with permission from Elsevier. 

 

2.2.2 Sustainability transition knowledge 

Over the years, sustainability transition research has covered a range of dimensions, focus 

areas and empirical cases. This subsection presents some key insights into transition 

processes on a general level, along with findings from a limited number of studies that 

have used the MLP to investigate waste management. 

A central issue in transition research is the relationship between stability and change 

(Köhler et al., 2019). While transitions often aim for radical shifts towards more 

sustainable systems, existing socio-technical regimes are characterised by strong stability. 

The important reasons for this stability are path dependency and lock-in mechanisms, 

which are closely related phenomena that have received considerable attention within 
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that increase their efficiency and convenience over time. Some examples of lock-ins 

include sunk investments, economies of scale and behavioural routines and norms 

(Arthur, 1994; Geels, 2010; Seto et al., 2016). Seto et al. (2016) addressed carbon lock-

ins
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Sustainability transitions are considered long-term processes that can take decades 

(Köhler et al., 2019), with their acceleration often recognised as a general aim. The speed 

of transition has recently emerged as a distinct topic in transition research, with two 

studies addressing the conceptualisation of temporal dynamics and the measurement of 

the duration of a specific transition phase in the energy sector (Bento & Wilson, 2016; 

Sovacool, 2016). 

In one of their papers, Geels and Kemp (2007) distinguished between different types of 

change processes in socio-technical systems: reproduction, transformations and 

transitions. Of these, transitions and transformations are the most relevant to this 

dissertation. In transitions, external actors introduce new innovations that eventually 

replace the existing system, with niche developments playing an important role in the 
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2.3 Uncertainty and robustness considerations in LCA 

In a study that assessed future waste systems in LCA, Bisinella et al. (2024) highlighted 

the need for robust solutions in waste LCA through quantification of uncertainties. They 
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other. According to Heijungs, OAT-SA and AAT-SA differ in whether the parameters 

are varied one at a time or simultaneously. The author also reported that the local and 

global SA differ in the range of variation considered for input parameters: the entire range 

or a small neighbourhood of the nominal value (e.g. ±10%). In some other papers, both 

in the LCA context and in other literature, the term GSA has been used to emphasise one 

of the two features: 1) the simultaneous variation of parameters (Lo Piano and Benini, 

2022; Saltelli et al., 2019), although possibly implying that the parameters are varied 

within the full range, or 
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where each parameter was assigned two or three discrete values reflecting, for instance, 

possible low, average and high magnitudes. They then visualised the multi-variable 

effects captured through GSA using scatterplots to identify the critical parameters and 

conditions for landfill mining. This approach was also applied to the case of plasma 

gasification as an emerging technology (Sauve et al., 2023).  

Advanced consideration of uncertainties can also be found in LCA studies beyond waste 

management. However, it appears to be mostly limited to the use of GSA combined with 

the simultaneous depiction of probability distributions for the different alternatives being 

compared, as recently proposed for LCA practitioners by Cucurachi et al. (2022) and 

demonstrated by Gauch et al. (2023). 

A recent development in UA applied to a small waste LCA model (Deviatkin et al., 2021) 

and to models beyond LCA is the simulation decomposition (SimDec) method (Kozlova, 

Moss, Yeomans, et al., 2024). SimDec first quantifies the uncertainty of the model outputs 

and identifies the most critical parameters using GSA. It further decomposes the output 

distribution by linking sections of the resulting probability distribution to different states 

of selected parameters
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In building LCA, robust renovation strategies under uncertainty were examined using 

multi-objective optimisation, which aimed to find an optimal solution that showed little 

sensitivity to the variability in the inputs (Galimshina et al., 2019, 2021, 2024). Their 

analysis also applied Sobol sensitivity indices (SIs) (i.e. GSA tools) to select the most 

important parameters in the model. When the optimal and robust solutions were identified 

by the optimisation algorithms, the probabilistic assessment of a more robust solution was 

performed. Hauschild et al. (2022) investigated the robustness of decision-making in 

contexts involving environmental and health risks by proposing the integration of LCA 

and risk assessment and by analysing several options for how these two methods can be 

combined. The abovementioned studies mostly addressed robustness in a specific (or 

more direct) manner, rather than developed sensitivity and uncertainty analysis in LCA. 

High uncertainty in LCA can also be found in the context of emerging technologies and 

future-oriented assessments. However, in these cases, epistemic uncertainty is more 

relevant, as a significant part of uncertainty in LCA results stems from the lack of mature 

data and the unpredictability of technological and societal developments. Nevertheless, a 

review on the use of LCA for assessing emerging technologies by Moni et al. (2020) 

emphasised the need for more advanced sensitivity analyses, the benefits of GSA and the 

need to properly communicate uncertainties to diverse stakeholders. However, limited 

existing studies on emerging technology have addressed uncertainty comprehensively or 

have used more advanced methods, such as conducting GSA (Blanco et al., 2020; 

Lacirignola et al., 2017; Sauve et al., 2023) and probabilistic uncertainty assessments 

(Blanco et al., 2020). Prospective LCA, which aims to assess the environmental impacts 

of future production systems, primarily addresses high uncertainty through scenario-

based approaches in which scenarios are used to represent a range of possible future 

developments. The combination of conventional SA and UA with scenario-based 

modelling in prospective LCA was stated to be a topic for future research (Langkau et al., 

2023). 
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3 Materials and methods 

3.1 Case study method 

Given the need to address the highly contextual nature of the MSWM transition, the case 

study method (Yin, 2009) emerges as a suitable research approach for the dissertation 

topic. Case studies are particularly valuable in exploring cotemporary phenomena in real-

life contexts (Yin, 2009); therefore, they are suitable for studying ongoing sustainability 

transitions. Additionally, the case study method has exploratory and explanatory power 

(Yin, 2009), which can be useful for understanding and navigating the MSWM transition. 

The following subsections provide an overview of the cases examined in this dissertation. 

First, Turkey and Russia are presented as examples of early-stage transitions. Then, 

Finland, Italy and Poland are briefly described as cases where MSWM transitions have 

made significant progress. 

3.1.1 Early-stage MSWM transition: Turkey and Russia 

Turkey and Russia are two countries where MSWM still relies predominantly on 

landfilling. Recent statistics revealed that in Turkey, 86% and 13% of MSW were 

landfilled and recovered, respectively 
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In Finland, MSWM succeeded in shifting from landfilling to a system largely based on 

municipal solid waste incineration (MSWI), supported by an expanding capacity for 

waste incineration and recycling. With only two mechanical
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The first stage, goal and scope definition, entails establishing the purpose of the study and 

its intended application, defining a functional unit (FU) and identifying system 

boundaries. In this stage, the scope is also outlined practically in terms of approaches, 

methods, data sources and data collection needs. The second stage, inventory analysis, 

involves compiling data on all inputs and outputs relevant for the functioning of the 

studied system, such as energy use, raw materials, emissions and mass flows associated 
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serves as the reference basis for all calculations in the LCI assessment phase and allows 

for an objective comparison of different systems that serve the same function. The data 

collected during the inventory phase are typically adjusted or allocated to correspond to 

the FU, thus ensuring that all calculations and comparisons are based on the same 

reference point.  

Inventory data in LCA can be categorised as background and foreground data, 

representing data related to background and foreground processes, respectively 

(Weidema, 1998). On the one hand, foreground data describe the specific processes 

directly related to the system under study or all production, use and disposal processes 

related to the product or service being assessed. Such data play an important role in 

accurately modelling the object of the study. On the other hand, background data 

encompasses the broader environmental, economic and technological context in which 

the studied system exists and becomes increasingly important for LCA results (Steubing 

and de Koning, 2021). 

3.2.1 Life cycle assessment of waste systems 

LCA is commonly used to assess environmental impacts in the field of waste management 

(Christensen et al., 2020), and waste-related LCAs have developed specific 

methodological approaches that are applied in modelling. LCA of a waste management 

system typically covers various stages of waste management from waste collection to 

final disposal or recovery. Waste is commonly considered to bear no environmental 

impact on upstream processes that include the production and use of what is to become 
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By incorporating the abovementioned aspects in a waste management system model, 

LCA enables a thorough assessment of waste management practices from an 

environmental perspective. In particular, it quantifies the environmental burdens 

associated with the direct emissions from waste management systems and the material 

and energy consumption in those systems, as well as the benefits (credits) resulting from 

using waste as a source of materials and energy. LCA of waste management systems can 

be used (i) to understand them, (ii) to improve existing systems, (iii) to compare 

alternative technologies or their performances, (iv) to develop relevant technologies, (v) 

to develop related policies and (vi) for reporting purposes (Christensen et al., 2020). 

3.2.2 Modelling approach: attributional and consequential LCA 

In any field and in waste management, LCA can take two modelling perspectives: 

attributional or consequential. Despite differences in how attributional and consequential 

LCAs have been defined (Ekvall, 2019; Zamagni et al., 2012), later definitions built on 

top of these and clarified the same concepts. For instance, attributional LCA (ALCA) can 

now be understood as one quantifying the environmental impacts directly associated with 

the life cycle of a product, service or a system. ALCA aims to provide a snapshot of the 

environmental burdens that can be attributed to a system in question at a certain given 

time. In turn, consequential LCA (CLCA) examines how changes in the production, use 

or disposal of a product or changes in a studied system can affect global environmental 

impacts (Ekvall, 2019).  

To compare them, ALCA is useful for understanding current environmental burdens, 

while CLCA examines the consequences of a decision and should be preferred when its 

results are intended for use in decision-making and policy development. Furthermore, 

CLCA can vary in terms of how extensively the consequences of a change are considered. 

Ekvall (2019), acknowledging variations in LCA methodologies, referred to ALCA and 

CLCA as groups of LCA to highlight the varying practices within both types. Despite 

this, two aspects that are addressed differently in ALCA and CLCA can be named: (i) the 

way multifunctionality is approached in the model and (ii) the type of LCI data used in 

modelling. 

When it comes to dealing with multifunctionality, system expansion is considered the 

most appropriate approach in CLCA, whereas allocation is recommended for ALCA 

(Ekvall and Weidema, 2004a; European Commission, 2010). However, this distinction is 

not absolute as the ILCD handbook (European Commission, 2010) recognises that 

substitution can be applied in ALCA, as also shown by practice (Guinée et al., 2021). 

Nevertheless, system expansions align well with the idea of CLCA because they account 

for the consequences originating from the studied system that occurs in surrounding 

systems. 

With regard to the type of data used in modelling, ALCA applies average input data and 

excludes the use of marginal data. Average data reflect the actual physical flows required 

for a product or a service to be produced and represent an average environmental burden 
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associated with input flows (Finnveden et al., 2009). Such data are less stable over time 

(Weidema et al., 1999). In comparison, CLCA should apply marginal data (Weidema et 

al., 1999), when relevant, to assess the consequences of a proposed change. Marginal 

data, according to Weidema et al. (1999), should be used when they need to represent 

small changes in demand, which are caused by the changes proposed in an LCA study. 

Weidema et al. (1999) implied that this step is relevant when changes are small compared 

to the production volume in society in general. The authors argued that marginal 

technologies, defined as the actual technologies affected by changes in a system, rely on 

market trends (if a market for this technology exists). When the market is growing or 

decreasing at a slower rate than the average capital replacement rate, the technologies 

used to meet the increasing demand are considered marginal. In a declining market, the 

technologies being phased out are also considered marginal. 

The use of marginal data is common in modelling energy in LCA. In waste LCAs, energy 

data play an important role, especially when it comes to the environmental impacts of 

energy recovery. Furthermore, the type of energy data used (average or marginal) can be 

critical for the resulting climate change impact (Fruergaard et al., 2009). However, the 

average energy data are country-specific and less stable over time. Identifying marginal 

energy sources can also be challenging and is typically associated with higher uncertainty. 

Fruergaard et al. (2009) recommend the use of marginal data to assess climate impacts in 

waste LCAs while testing two extremes to estimate the associated uncertainty: most fossil 

and least fossil marginal energy sources. 

All LCA models included in this dissertation applied the zero-burden approach and used 

substitution to address the multifunctionality of waste systems, although they differed in 

the energy data used. In particular, Publication I used average energy data, Publication II 

applied average and marginal data, and Publication III relied solely on marginal energy 

data. 

 

3.3 Speed of transition and emission reduction 

In Publication II, speed of transition indicators were used to compare the selected cases 

to other top performers in terms of their speed of transitioning from MSW landfilling to 

MSW recycling and MSWI (in the context of Publication II, MSWI refers specifically to 

MSW incineration with energy recovery) (Amirmehrab Falsafi, 2023; Amirsohrab 

Falsafi, 2023). Specifically, the speed of transition to recycling was calculated as the 

difference between the percentage of recycled MSW (relative to the total MSW 

generated) at the end and the beginning of the transition period divided by the duration of 

the transition period (Equation 2.1). The speed of transition to incineration and the speed 

of landfill reduction were calculated in a similar manner (Equations 2.2 and 2.3, 

respectively): 
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where MG1 and MG2 are the mass of MSW generated at the start (�: �5) and end (�: �6) points 

of the transition period, respectively, (tonne/year); MI1 and MI2 are the mass of MSW 

incinerated at the start (�: �5) and end (�: �6) points of the transition period (tonne/year), 

respectively; MR1 and MR2 are the mass of recycled MSW at the start (�: �5) and end (�: �6) 

points of the transition period (tonne/year), respectively; and ML1 and ML2 are the mass 

of landfilled MSW at the start (�: �5) and end (�: �6) points of the transition period 

(tonne/year). 

The speed of GHG emission reduction as a result of landfill diversion was further 

calculated based on GHG emissions in the MSWM systems at the start and end points of 

the transition period, denoted as �' �5 and �' �6, respectively, based on the LCA results: 
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3.4 Life cycle costing and abatement cost calculation 

LCC emerged as a financial evaluation method significantly earlier than LCA (Hunkeler 

et al., 2008). Although its development followed specific application targets (ISO 15663, 

2021; ISO 15686-5, 2017), to date, no standard has been proposed to describe the general 

methodology of LCC. The absence of a standardised methodology has led to some 

ambiguity in the literature regarding its definition and application. For instance, Hunkeler 

et al. (2008) has categorised LCC into conventional, environmental and societal. 

Conventional LCC is the historic version of LCC that focuses on direct financial costs 
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method that follows life-cycle thinking can bring advantages compared to other methods 

(Reich, 2005). Today, LCC has been well used in the waste management field (De Menna 

et al., 2018; Martinez-Sanchez et al., 2016; Massarutto, 2024; Sharma and Chandel, 

2021).  

In Publication IV, LCC was applied following guidelines for the LCC of waste 

management systems provided by Martinez-Sanchez et al. (2015). In their work, 

Martinez-Sanchez et al. (2015) followed the terminology of Hunkeler et al. (2008) in 

naming different types of LCC (conventional, environmental and societal) and presented 

a model for the economic assessment of a waste management system. In this model, LCC 

is calculated by summing the costs associated with all activities within a waste 

management scenario. Conventional LCC includes budget costs and financial transfers, 

such as taxes, subsidies, fees and duties, which do not represent resource reallocation 

within the system. Capital costs associated with each technology are distributed over the 

total volume of waste processed by a specific technology throughout its economic 

lifetime. For this, capital costs are calculated in the form of annuities, which are divided 

by the annual usage rate of technology. Annuities are calculated as follows: 
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where �2 is the sum of the present value of all capital expenditures, �E�N is the interest rate, 

and �J is the economic lifetime of a technology in years. The annual usage rate of each 

technology is its annual capacity or its fraction in cases when the plant operates below its 

design capacity. The specific approach to establishing the usage rate varies depending on 

the technology deployed. Operating costs are categorised by Martinez-Sanchez et al. 

(2015) as fixed and variable. To determine the annual cost per tonne of waste treated, 
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3.5 Sensitivity and uncertainty analyses 

Publications I and II employed OAT-SA following the guidelines from Clavreul et al. 

(2012). In contrast, Publication III applied a more comprehensive approach, which 

involved GSA and decomposition of uncertainty, using the SimDec tool. The following 

subsections describe the methodologies used in both cases. 

3.5.1 One-at-a-time sensitivity analysis 

Clavreul et al. (2012) distinguished between perturbation analysis and scenario analysis 

as two ways to assess model output sensitivity to input parameters, both under OAT-SA. 

Perturbation analysis is applied to input parameter that can be varied, while scenario 

analysis tests how changes in specific modelling choices (e.g. the selection of an LCIA 

method or a unit process) affect the model output. In the perturbation analysis, after 

changing the initial value of the input parameter in the model (10% increment in 

Publication I) and deriving a new model output, the sensitivity ratios (SRs) are calculated 

using the following equation (Clavreul et al., 2012): 
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When SRs are calculated, in some cases, results in impact categories with smaller absolute 

impact scores tend to appear highly sensitive. To address this, following Starostina et al. 

(2014), SRs are normalised in each impact category over the largest SR score amongst 

the scenarios, resulting in NSRs ranging between 0 and 1. Normalised sensitivity ratios 

(NSRs) are calculated using the following equation: 
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where i is a parameter, and j is an impact category. Thus, in a specific scenario and impact 

category, NSR values close to 1 represent parameters to which the LCIA results are the 

most sensitive. Then, NSR values were further weighted and aggregated amongst impact 

categories to identify the parameters that affected the performance of the studied system 

the most. 

3.5.2 Global sensitivity analysis and uncertainty decomposition 

The analysis that used SimDec followed three steps: 1) screening to narrow down the 

analysis from a large initial set of parameters to a smaller set for further analysis, 2) 

uncertainty analysis combined with GSA to quantify model output uncertainty and the 

effects of input parameters on the resulting model output and 3) decomposition of the 

obtained output uncertainty to allow for a more detailed investigation of the model input
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3.5.2.1 Screening 

In the screening, 50,000 Monte Carlo runs were made while randomly varying all input 

parameters simultaneously within the same ±10% range from their nominal value. 

Following Kozlova et al. (2024), first-order SIs were calculated for each parameter and 

then ranked. The parameters with SIs higher than 3% were selected for the next analysis 

step. 

3.5.2.2 Uncertainty analysis 

Uncertainty was calculated based on the uncertainty ranges assigned to the parameters 

that were selected in the screening stage. A triangular probability distribution was 

assumed for all of them. The minimum and maximum values used to define uncertainty 

ranges were defined based on the related literature or justified otherwise. For prices, a 

50% variation around the nominal parameter value was assumed. At this stage, 10,000 

Monte Carlo runs were made for each alternative scenario, after which SIs were 

calculated again based on the new simulation data. 

3.5.2.3 Decomposition of output uncertainty 

The Monte Carlo simulation data generated in the uncertainty analysis, as described in 
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with significant progress in landfill reduction; and Publication III analysed the costs of 

GHG emission reduction and their uncertainties. 

3.6.1 Environmental impacts in the Russian case 

Publication I used Saint Petersburg and the Leningrad region in Russia as a case study 

representing an early-stage MSWM transition that is still primarily reliant on landfilling. 

The study assessed several landfill diversion pathways from an environmental 

perspective, as described below. 

3.6.1.1 Aim, functional unit and impact categories 

In Publication I, LCA aimed to evaluate the environmental impacts of the MSWM system 

in Saint Petersburg and the Leningrad region. LCA was conducted using LCA for Experts 

(former GaBi) software version 2020.2 (Sphera Solutions GmbH, Leinfelden-

Echterdingen, Germany) with the integrated ecoinvent database (version 3.7) based on 
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recovering metals from incineration. Instead of increased incineration, Scenarios 4.1 

(S4.1) and 4.2 (S4.2) model the MSWM, where source separation of recyclable materials 

(paper and cardboard, metal, plastic and glass) and biowaste is developed. In particular, 

S4.1 focuses on composting source-separated biowaste, while S4.2 assumes AD for the 

additional amount of separated biowaste to be applied. 

 

Figure 3.2: System boundary in Publication I.  

 

The LCI phase relied mainly on secondary data from the scientific literature and LCA 

databases, with limited use of primary data received through communication with 

companies involved in MSW management in the region. 

In Publication I, the transportation of MSW was modelled using regional waste 

management plans (Committee for the Improvement of Saint Petersburg, 2020; Waste 

Management Committee of the Leningrad Region, 2019). Waste sorting plants were 

modelled using data from regional waste management plans and regional registers 

(Rospotrebnadzor, 2020). The model included two cases of mixed MSW sorting. The first 

case involved manual sorting to recover recyclables, such as paper, cardboard, glass, 

plastic and aluminium, combined with the mechanical separation of ferrous metals and 

potentially organic waste. Recovery rates from manual sorting are low, at around 3% of 

the MSW input, according to primary data (Primary data, 2020). The second method used 
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mechanical sorting, complemented by additional manual sorting, to separate metals, 

plastics, paper, cardboard and organics. RDF production was included in this second case. 

The mass balance of the process is based on primary data (Primary data, 2020). 

Biowaste treatment in the BAU and alternative scenarios was modelled as follows: First, 

windrow composting was applied to rejects of screening (in all scenarios) and separately 

collect biowaste (only in S4). Screening reject composition is based on primary data 

(Primary data, 2020). The process parameters of composting were modelled using 

literature (Boldrin et al., 2009; Grzesik and Malinowski, 2017; Lima et al., 2018; 

LIPASTO, 2016) and primary data (Primary data, 2020). Leachate was assumed to be 

used to moisturise waste in the windrows, preventing its discharge to the environment. In 

one of the plants, composting is first done in a rotating drum before maturation in the 

windrows. Emissions from the biowaste treated in a rotating drum were assumed to be 

the same as those generated from windrow composting. Low-quality compost from the 

screening reject was assumed to be used as landfill cover, replacing soil. Higher-quality 

compost from separately collected biowaste was assumed to substitute for mineral 

fertilisers. In S4.2, emissions from AD correspond to a thermophilic single-stage 

digestion process based on data from the ecoinvent 3.7. Biogas combustion for power and 

heat production was then modelled using a gas engine, with efficiencies of 53% and 43% 

for heat and electricity, respectively. The AD process includes digestate dewatering for 

composting using windrow composting data for the dried fraction. 

In all scenarios, environmental impacts of recycling were modelled for HDPE, PET, steel, 

aluminium, glass and paper, mostly by using data from the ecoinvent 3.7 database. For 

PET, HDPE, aluminium, glass and paper, the model incorporated both recycled and virgin 

production processes. All secondary materials were assumed to substitute their respective 

virgin counterparts. Waste paper was assumed to substitute production of tissue paper 

from virgin fibres (tissue paper production is the second largest case of use of waste paper 

in Saint Petersburg after cardboard production, but inventory data on cardboard 

production was limited). Steel and aluminium recycling impacts were based on GaBi 

processes, while glass recycling was modelled using literature data on container glass 

processing (Gaines and Mintz, 1994; Landi et al., 2019). The impact of fossil fuel 

consumption was assessed using the cumulative energy demand (CED) impact category 

from the ecoinvent database. 

The incineration of mixed MSW was modelled using GaBi data for specific waste 

fractions, in which both electricity and heat recoveries were assumed. The RDF from 

Saint Petersburg was assumed to be used in a cement kiln to replace coal in a BAU 

scenario (S0). After the reforms (S1), additional RDF was assumed to be used in a mono-

combusting process for electricity production, with 22% efficiency corresponding to the 

average efficiency for RDF mono-combustion in Europe (Kourkoumpas et al., 2015). The 

lower heating value amounts to 15.9 MJ/kg of RDF as received (Bushikhin et al., 2015). 

In S4, the source separation of MSW is based on average EU-28 capture rates 

(BiPRO/CRI, 2015): 16% for biowaste, 44% for glass, 16% for metal, 12% for plastic 
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and 36% for paper and cardboard. Additionally, a 30% contamination rate was assumed 

for the source-separated waste. Negative manual sorting was assumed to be applied to 

remove contaminants from these streams (Pressley et al., 2015). 

Energy inputs in Publication I were modelled using the average electricity mix in Russia. 

Assumptions for heat production were based on local data: As heat production in Saint 

Petersburg and the Leningrad region mostly relied on natural gas (Government of Saint 

Petersburg, 2020), natural gas was used in the model for heat generation. 

Methane emissions from landfill waste decomposition were calculated using the IPCC 

default model (Jensen and Pipatti, 2000) for paper, wood, food and textiles, with 

parameters derived from Lee et al. (2017) and IPCC data. Due to limited site-specific 

data, leachate processes were modelled based on research by Liikanen et al. (2018) and 

Havukainen et al. (2017). Based on available site documentation, leachate was not treated 

at the landfills in the studied region; thus, leachate treatment was not modelled in this 

Publication. LFG collection efficiency was assumed to be 53% (Doka, 2003), with 

emissions from LFG combustion and flaring based on data from Bacchi et al. (2018). 

LFG was used to produce electricity, which was assumed to substitute for primary 

electricity production. 

3.6.1.3 Sensitivity analysis 

The sensitivity analysis in Publication I was conducted in three stages. First, a 

contribution analysis was performed to break down the overall results and identify the 

processes with the highest impact. Second, a perturbation analysis was applied to the key 

parameters, including the LFG collection rate, leachate generation, efficiency of 

electricity production in RDF combustion, LHV of RDF and recovery rates for source-

separated materials (metal, glass, plastic, paper and cardboard). Third, a scenario analysis 

was conducted to assess the impact of modelling choices and to test the robustness of the 

results with the following alternative assumptions: (i) the MSW composition in the model 

was changed to alternative data available for the case, (ii) source-separation efficiency 

was reduced twice to assess possible impacts from MSW management at earlier stages of 

recycling development and (iii) the source of heat used in energy generation was changed 

from natural gas to coal. 

3.6.2 Speed of GHG emission reduction in Finland, Italy and Poland 

Publication II aimed to assess the speed of GHG emission reduction and its variations 

under different modelling assumptions during the transition from landfilling to either 

MSWI or MSW recycling, reflecting the potential differences in the time needed for these 

two pathways, as noted in Subsection 1.1. To do this, the speed of transition was first 

calculated and analysed for 11 countries that had demonstrated the most significant 

reductions in landfilling over the past 20 years.  
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Transition speed indicators were calculated using Equations 2.1
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Figure 3.4: System boundary in Publication II. 

 

Recyclable materials were assumed to undergo mechanical sorting to remove 

contaminants prior to recycling. The LCA model included the recycling of plastic 

(represented by the PET recycling process), steel, aluminium, paper and glass, using data 

from ecoinvent 3.10 and studies by Gaines and Mintz (1994) and Landi et al. (2019). The 

collected biowaste in all cases was assumed to be used for biogas production in the dry 

AD process (Jensen et al., 2017), with electricity and heat production from the produced 

biogas. Digestates from AD were assumed to be composted using windrow processes 

(Jensen et al., 2017) and substitute mineral fertilisers, replacing nitrogen, phosphorus and 

potassium fertilisers based on emission factors from Hansen et al. (2006). 

MSWI processes were modelled using data from the processes for specific waste fractions 

available from LCA for Experts, adopted to energy recovery efficiencies specific to each 

country. In Italy, the energy recovery efficiencies for electricity and heat were 23% and 

17% (ISPRA, 2022), respectively, compared to the corresponding rates of 14% and 49% 

in Poland (Cyranka et al., 2016) and 11% and 73% in Finland (Dieter and Reimann, 

2012). Energy data in the nominal model were based on average electricity and heat mixes 

specific to each country and year. Average mixes were built using data on electricity and 

heat generation provided by the IEA (, 2024). Based on the data, in the electricity mixes, 
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the percentages of fossil fuels changed from 93% to 79% in Poland, from 74% to 58% in 

Italy and from 41% to 14% in Finland over the transition period. Similar trends are 

observed in the heat mixes.  

Landfilling emissions were modelled using the IPCC default model (Jensen and Pipatti, 

2000), estimating methane emissions from decomposition of paper, wood, biowaste and 

textiles. The LFG collection rates were assumed to be 37%, 48% and 12% in Finland, 

Italy and Poland, respectively, based on estimations for methane recovery on the national 

level from Oonk (2012) and expert evaluations. In the model, energy from LFG 

combustion was assumed to be used for electricity generation in all cases. 

3.6.2.3 Sensitivity analysis 

The scenario analysis in Publication II was performed first to estimate the variation in the 

model output caused by possible variation in energy data. For this, possible marginal data 

were identified for all cases following the approach presented by Weidema et al. (1999) 

and practical recommendations by CLCA (2020). However, the identification of marginal 

energy sources was complicated by two issues. First, during 2005
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- does not depend on whether the market 

increases or decreases to avoid uncertainty of 

fluctuating markets but captures the main trends 

Finland Electricity Wind 
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focus on sources that best represented the studied case and through direct communication 
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to replace manure as a common fertiliser in Turkey, but no emissions reduction was 

credited because manure was considered a zero-burden by-product. 

Next, the recycling of paper, cardboard, steel, aluminium, glass, PET and HDPE was 

modelled, with secondary materials assumed to replace alternative products based on 

virgin materials. Recycling processes were modelled following the literature, while 

energy inputs in recycling were based on marginal energy sources identified for Turkey. 

Marginal electricity and heat mixes were calculated using a forecast of the Turkish energy 

sector (Difiglio et al., 2020), following the principles outlined by Weidema et al. (1999). 

An MBT plant for separating organics, recyclables and RDF production was modelled 

using efficiencies from Nasrullah et al. (2015) and Sezer and Arikan (2011), yielding 

RDF with a lower heating value of 19.2 MJ/kg. The RDF was assumed to substitute coal 
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stage practice of waste source separation, and then compared them to behaviours observed 

in Finland, which served as a benchmark with its relatively mature practices of MSW 

source separation. 

3.7.1 Application of the theory of planned behaviour 

The TPB framework, which was introduced in Subsection 2.1.3, was applied in 

Publication IV because its constructs fit the context of waste separation behaviour well. 

Similarly to other studies which applied TPB in waste management research, the 

framework in Publication IV was extended and included additional factors, more specific 

to MSWM. So, the hypotheses included both the relationships between the core constructs 

of the TPB and between those and additional constructs introduced to expand the 

framework. These supplementary constructs were derived either from prior literature on 
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Figure 3.6: The theory of planned behaviour (TPB), extended with additional constructs for waste 

source separation in Publication IV. 

 

The investigation was further built on the collection of quantitative data and its analysis 

using structural equation modelling (SEM) to evaluate the relationships between the 

measured factors. Doing so facilitated a comparison of the most critical factors for 

effective waste source separation in both early-stage and mature systems. 

3.7.2 Data collection 

The questionnaire designed in Publication IV consisted of two main sections: (i) 

demographic information about respondents, including age, gender, education, income 

and other background details, such as living area and housing type, and (ii) the questions 

directly related to the research topic. Each factor examined in the study was assessed 

using 2
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Conducting a factor analysis requires a sample size that is at least five times larger than 

the number of variables being analysed (Hair et al., 2017). Therefore, each sample needed 

a minimum of 160 valid responses. With populations of approximately 5.4 million in 

Saint Petersburg and 4.7 million in urban Finland, the required sample size for 

representativeness in both cases was estimated at 385 responses. This estimate was based 

on a 50% population proportion to maximise sample size, a 5% margin of error and a 

95% confidence level, as recommended by Bartlett et al. (2001) and commonly applied 

in social sciences (Taherdoost, 2017). At this point, 593 responses were collected from 

Russia and 474 from Finland. After excluding responses with missing data and those from 

respondents outside the geographic scope
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a better model fit (Schumacker and Lomax, 2010). Once an adequate model fit was 

established, path coefficients were analysed to explore potential causal relationships 

between the investigated factors (Engelhart, 1936). 

 

3.8 Investigating governance aspects 

Publication V focused on identifying key factors influencing MSWM transitions in 

Turkey and Russia and analysing these factors through the lens of the MLP framework 

introduced in Subsection 2.2.1. A qualitative approach was adopted to enable an in-depth 

exploration of MSWM transition dynamics. 

3.8.1 Application of the multi-level perspective framework 

When MSWM is viewed through the lens of MLP, the socio-technical regime includes 

the established technologies and practices in the MSWM system in question, as well as 

the institutions involved in MSWM, relevant national and regional policies, regulations 

and established networks amongst actors. Meanwhile, landscape-level developments 

influencing MSWM encompass broader socio-economic trends, urbanisation, 

consumption habits, land use patterns, political dynamics, state
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4 Results and discussion 

4.1 Publication 1: LCA for the Russian case 

In Publication I, the environmental performances of several landfill diversion pathways 

were assessed for the case study of Saint Petersburg and the Leningrad region, Russia. 
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Figure 4.1: LCA results for GWP, ADPf, EP and AP of the MSWM system in Saint Petersburg 

and the Leningrad region, Russia: S0 
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4.1.2 Sensitivity analysis results 

The perturbation analysis performed in Publication I identified parameters to which the 

model is more sensitive. However, these results were only used to carefully guide the data 

collection. 

The scenario analysis results presented in Figure 4.2 reveal shifts in the rankings of the 

scenarios. Specifically, a decrease in capture rates by half applied to the source-separation 

scenarios (S4.1 and S4.2) led to a significant change: the incineration-focused scenario 

(S3) produced the best results in reducing the GWP of MSWM. Additionally, as the 

ranking of scenarios in terms of EP, AP and ADPf remain unchanged in this case, the 

performances of the recycling-focused scenarios (S4.1 and S4.2) are significantly affected 

by variations in capture rates. Altering the energy source displaced by waste-derived 

energy
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Figure 4.2: Scenario analysis results in Publication I. 
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4.2 Publication II: speed of GHG emission reduction 

The results obtained in Publication II demonstrate significant variations in the magnitude 

of GHG emission reduction achieved due to landfill diversion efforts in Finland, Italy and 

Poland between 2010 and 2020. These variations can be observed both across the three 

cases and with the changes in modelling assumptions within each case. 

4.2.1 Nominal results 

Figure 4.3 shows the GWP of MSWM at the start and end points of the transition period 

in Finland, Italy and Poland. In all three countries, GHG emissions declined, with reduced 

landfill emissions having a significant impact on these declines. The largest drop in 

landfill emissions occurred in Poland, where the LFG collection rate was assumed to be 

as low as 12%. The impacts of increased MSWI and recycling varied across cases. GHG 

emissions from MSWI reflected the changes in the energy sector during the transition 

period resulting from the use of average energy data in the nominal model. This effect is 

most clearly demonstrated by the change in GWP in Finland. Although Finland managed 

to divert additional 36%-points of MSW to incineration by 2020, the environmental 

benefit relevant to MSWI in 2010 shrank in 2020. However, due to a 9%-point increase 

in recycling by 2020 and the reduction of landfill emissions, the GWP of MSWM in 

Finland decreased considerably.  

The same changes are relevant to the GWP of the waste system in Italy, although the 

largest reduction in GWP is caused by increased recycling, mostly of plastics and metals. 

In Italy and Poland, glass recycling showed a positive net GWP, which can be explained 

by the difference in energy data applied in the recycling processes (country-specific 

average energy mixes) and in virgin glass production (average European energy mixes). 

In Poland, environmental savings from recycling were lower in 2020, despite the fact that 

recycling increased during the transition. Such an effect is a result of the interpretation of 

Polish recycling statistics in 2010, during which additional amounts of mixed MSW were 

assumed to have a considerable share of plastics. This, in turn, led to high environmental 

savings from plastic recycling. Furthermore, the increase in MSWI in Poland resulted in 

increased environmental savings from MSWI, as the Polish energy sector stayed mostly 

fossil-based in 2010 and 2020. These GWP results, in accordance with the ALCA 

perspective, are static representations of the climate impacts from MSWM systems in the 

first and last years of the transition period. 
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Figure 4.3: GWP of MSWM in the start and end years of the transition in Poland, Italy and 

Finland. 

 

4.2.2 Sensitivity analysis results 

The results of a sensitivity analysis in which three scenarios of marginal energy and a 

range of LFG collection rate values were tested can be found in Figure 4.4. Marginal data 

produced strikingly different results, especially in some of the modelled cases, due to a 

large impact from the energy data on GHG emissions from MSWI. The GWP of material 

recovery changed slightly due to the fact that only a minor share of biowaste treatment 

was included in the material recovery category in the results; thus, the energy data only 

had a minor influence. When energy sources that decreased their shares in electricity or 

heat mix (fossil energy sources, Case (c)) were used in the model, the net GWP of MSWI 

reached considerable negative values. In Finland, it accounts for the majority of emission 

savings in both 2010 and 2020, thereby creating a significant environmental benefit from 

the transition to MSWI.  

The results based on marginal mixes (Case (a)) and single marginal sources that increased 

in the mix (Case (b)) differed significantly from the results in Case (c). With these 

assumptions, the benefit of MSWI either considerably decreased or became a burden. 

Furthermore, while the difference in results for Cases (a) and (b) was negligible in 

Finland, in Italy and Poland, it reflected the difference between the carbon intensity of 

the marginal mixes, which included both renewables and natural gas, and those of single 

marginal energy sources, the capacity of which increased the most in all three countries.  
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Figure 4.4: Results of the scenario analysis: GWP of MSWM in the start and end years of the 

transition in Poland, Italy and Finland. In Case (a), energy in the system was modelled as a 

marginal mix (often moderately carbon-intensive mixes); in Case (b), energy was modelled as a 

single marginal energy source that had the most increased share in the energy mix (typically 

renewable sources); in Case (c), recovered energy substitutes a single-marginal energy source that 

had the most decreased share in the energy mix (fossil energy sources). Error bars show the effects 

of varying the LFG collection rates from 5% to 86%. 

 

With regard to GHG emissions from electricity production throughout the MSWM 

transition, the GWP results in Cases (a) and (b) may be considered closer to reality. This 

is because despite the fluctuations in electricity consumption during the transitions noted 

in Subsection 3.6.2.3, they correspond to generally growing electricity demands across 

the globe and in Europe. As the trends in heat demand showed greater differences between 

the selected countries in 2005



 76 

4.2.3 Speed of emission reduction results 

As shown in Table 3, the ranking of the speed of GHG emission reduction varied 

depending on the country-specific conditions in MSWM and the tested changes in 

modelling choices. For example, Finland exhibited the fastest reduction in GHG 

emissions amongst the three countries when the energy generated from MSWI was 

assumed to replace phased-out fossil-based technologies. In the two remaining cases, 

Poland showed the highest emission reduction speed, which can be attributed to its 

notably low LFG collection rate, resulting in landfill diversion having a greater overall 

impact. In comparison, Italy consistently showed the slowest GHG emission reduction 

across all scenarios. This result is likely due to a smaller reduction in landfill use 

compared to Finland and Poland, along with a more limited effect from MSWI (either a 

lower burden or a smaller savings). Overall, the findings suggest that the speed of GHG 

emission reduction can be overridden by other factors in GHG modelling, including 

country-specific landfilling practices, energy systems and its transition trends. 

Table 3: Speed of GHG emission reduction during the transition period in Finland, Italy and 

Poland, kg CO2-eq./ (tonne MSW treated ×year) 

Country Finland Italy Poland 

Transition period 2010
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Table 4: Indicators of speed of transition in some landfill diversion frontrunners in recent years, 

based on Equations 2.1
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Figure 4.5: Results of the LCA, LCC and abatement cost calculation. 

 

4.3.2 Sensitivity and uncertainty decomposition results 

Parameters with SIs exceeding 3% were selected for the uncertainty analysis. Some 

parameters, despite having significant SIs, were excluded for two reasons. First, there 

were insufficient data to define their uncertainty ranges reliably, and second, their 

expected impact on the output was small, combined with the fact that they fell outside the 

controllable aspects in the waste management system (e.g. GHG intensity of coal replaced 

by RDF in cement kilns). The uncertainty ranges of the final nine parameters chosen for 

the uncertainty analysis are presented in Table 5. 



 79 

Table 5: Parameters selected for the uncertainty analysis and the assigned uncertainty ranges. 
Parameters Scenario Unit Min 

value 

Nominal 

value 

Max 

value 

References for min and max 

Share of biowaste1 All share 0.4 0.51 0.6 Expert evaluation (Primary 

data, 2023) 

LFG collection 

rate 

All share 0.54 0.67 0.95 Evaluated based on primary 

data and (Amini et al., 2012; 

SCS Engineers, 2009; US 

EPA, 2008) 

Capture rate for 

paper 

A1 share 0.1 0.36 0.84 Assumed based on 

BiPRO/CRI (2015) 

Capture rate for 

plastics 

A1 share 0.05 0.11 0.43 Assumed based on 

BiPRO/CRI (2015) 

Capture rate for 

glass 

A1 share 0.1 0.49 1 Assumed based on 

BiPRO/CRI (2015) 

Capture rate for 

biowaste 

A2, A3 share 0.1 0.35 0.7 Assumed based on 

BiPRO/CRI (2015) 

Capital costs of 

MBT plant 

A4 EUR/tonne 32 35 79 Assumed based on a report 

by the Ahiler Development 

Agency (2020) 

CBG price A3 EUR/kg 0.27 0.54 0.81 Assumed to vary by 50% 

Interest rate All share 0.09 0.16 0.19 Approximated based on 

variation in 2017
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Figure 4.6: Uncertainty ranges of the costs of GHG emission reduction in Publication III. 

 

The uncertainty decomposition of A2 shows that the extreme values of the abatement cost 

are caused mainly by the high LFG collection rate, while the low LFG collection rate 

creates the smallest uncertainty range for the abatement cost. Furthermore, two distinct 

situations are shown on the histogram for A2. On the right side, lower biowaste capture 

rates (low/medium states) lead to a higher cost of MSW management. As the LFG 

collection rate increases simultaneously, decreasing GHG emission reduction leads to 

higher abatement costs. However, on the left side of the histogram, a high capture rate 

can lead to reduced costs of MSW management compared to BAU. At the same time, a 

high LFG collection rate, which corresponds to decreased emission reduction, generates 

negative abatement costs with larger absolute values. The distinct light yellow and pink 

areas on the left correspond to cases with low and medium biowaste capture rates and high 

LFG collection rates, respectively. The simulation data also show that these cases 

generate the negative denominators of Equation 2.6. Thus, the uncertainty decomposition 

of A2 points to certain conditions when A2 does not lead to emission reduction. 

Furthermore, the trends described earlier in this paragraph suggest that high LFG 

collection efficiency in A2 entails the maximisation of biowaste collection efficiency to 

avoid extremely high abatement costs. Thus, considering the abovementioned findings, 

A2 can be considered a high-risk scenario. 

The uncertainty decomposition of other scenarios highlights their relative robustness. A4, 

however, looks less attractive than A1 and A3, as its uncertainty range is fully within 

positive abatement cost values, while A1 and A3 have a certain potential for lower 

abatement costs. The uncertainty of A1 is the smallest and is caused almost entirely by 

the capture rates of paper and plastics. In certain conditions (low biowaste capture rate 

and low CBG price), A3 has a higher abatement cost than A1; however, it also shows 

significant potential to reduce abatement costs if higher efficiency of biowaste collection 

is achieved. 
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Figure 4.7: Uncertainty decomposition of the GHG emission reduction costs (abatement costs) in 

Publication III.  
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4.4 Publication IV: factors affecting recycling behaviour  

Items measuring perceived behavioural control were excluded from the model following 
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Figure 4.8: The estimated structural equation model: (a) Russian case, (b) Finnish case. 

Coefficients are standardised regression weights (path coefficients). *Significant at p < 0.1; **p 

< 0.01;***p < 0.001. Solid and dotted arrows represent supported and unsupported hypotheses, 

respectively. 

 

4.5 Publication V: factors in MSWM transitions 

Table 6 presents the barriers to the MSWM transitions identified in Turkey and Russia. 

These barriers, along with the drivers identified from the collected data, were mapped 

onto the landscape and regime levels following the MLP framework. The results are 

shown in Figure 4.9. 

Table 6: Barriers identified in MSWM transitions in Turkey and Russia. 
Turkey Russia 

Barrier Description Barrier Description 

Economic and Financial 

Insufficient 

financial 

support 

Lack of financial instruments to 

finance new projects. 

Insufficient 

financial 

support 

Lack of affordable financial instruments 

for businesses. 
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Economically 

unfeasible 

operations 

Composting is not feasible 

without source separation; sorting 

is often unfeasible due to the high 

transportation costs and low 

prices on recyclables. 

Economically 

unfeasible 

operations 

 

The cost efficiency of alternative waste 

treatment methods is often low, partly 

due to the need to consolidate waste 

streams and address contamination 

issues. 

Limited 

budget in 

municipalities 

Waste fee is unable to cover the 

expenditures, and the system must 

be changed at the national level to 

open up the possibility of 

adjusting waste fees locally. 

Limited budget 

of regional 

waste 

management 

operators 

Limited funding collected through 

waste fee. The magnitude of the service 

tariffs of regional operators is restricted 

by the regional administration and is not 

sufficient to cover related expenditures. 

High cost of 

waste 

collection  

 

Waste collection is too costly due 

to high fuel price and the required 

frequency of waste collection in a 

warm climate. 

Investment 

risks 

 

Private investors are reluctant to invest 

in new projects due to frequently 

changing regulations and corruption in 

the waste sector. 

Economic 

situation 

The economic situation limits the 

increase of waste fee and new 

investments. 

  

Regulatory 

Insufficient 

monitoring 

and 

enforcement of 

EPR 

The monitoring and enforcement 

of the EPR implementation is not 

strong enough to ensure 

compliance. 

Insufficient 

monitoring 

over EPR 

The monitoring of EPR implementation 

is not strong enough to ensure full 

compliance. 

  Deficiencies in 

legislation 

 

Legislation is abundant and contains 

unclear and inconsistent statements that 

not only cause difficulties in 

implementation, but also create 

loopholes. 

  Lack of 

coordination 

and support 

Mostly refers to the implementation of 

new practices; the support and 

coordination of lower-level 

administration and businesses are 

lacking, especially as MSWM 

undergoes restructuring. 

  Inadequacy of 

the reform 

targets  

The reform targets are considered 

unrealistic and inefficient.  

Administrative- and Business-related 

Insufficient 

expertise in 

municipalities  

Mostly relevant for provincial 

municipalities and can be coupled 

with the low motivation of 

municipal workers. 

Insufficient 

expertise in 

administration 

Insufficient expertise of administration 

at the regional and federal levels. 

Changes in 

management 

Postelection management changes 

in administration and frequent 

personnel changes may disrupt 

the development process. 

Changes in 

management 

 

Changes in management cause setbacks 

in a working process, although they can 

result in better performance in some 

cases. 

Corruption in 

the sector 

Corruption is evident, for 

example, in the creation of false 

reports on the amounts of 

separately collected waste. 

Corruption in 

the sector 

Corruption is present in different forms 

and may also occur at different levels.  

Political 

conflicts 

 

New projects can face challenges 

or cancellations when 

administrative bodies led by 

different political parties are 

involved in their financing and 

implementation. 

Lack of 

communication 

to public 

The communication of government-led 

changes to the public is lacking and can 

cause distrust towards the 

administration. 

Political 

interests 

 

For administrations, interest in 

retaining/gaining votes limits 

Problems in 

implementation 

Implementation of new legislation and 

projects meets practical barriers, which 

may include challenges in cooperating 
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their will to introduce or enforce 

new laws.  

with other agencies, licensing, and so 

on. 

  Negative 

administrative 

attitude 

towards the 

business sector 

 

Businesses may continue to face a lack 

of support and respect from 

administrative bodies as a result of the 

lingering anticapitalist culture. 

  Inadequate 

control over 

business 

activities 

Control over business activities are 

considered excessive and lacking 

clarity. 

  Limited 

timeframe for 

business 

planning 

Especially for new businesses entering 

the sector, changes in legislation and in 

the overall system caused by the reform 

limits the timeframe for planning. 

Technical 

Inadequate 

waste data 

Waste data may be unreliable and 

insufficient for planning new 

investments. 

Inadequate 

waste data 

 

Insufficient, unreliable and 

contradictory data used for planning 

waste management operations; 

ineffective information systems need 

further development. 

Availability of 

landfilling 

Landfilling remains the cheapest 

waste treatment method and is 

readily available. 

  

Social 

Interference in 

the informal 

sector 

 

The activities of scavengers affect 

not only the efficiency of formal 

practices but also public attitudes 

towards recycling. 

Interference of 

the informal 

sector 

The informal collection of recyclable 

waste affects the cost-efficiency of 

formal collection in some cases. 

Waste sorting 

behaviour 

 

The engagement of people in 

source separation is low.  

  

Awareness and 

attitude to 

waste sorting 

Public awareness may be 

insufficient despite the progress 

made. Attitudes are influenced by 

the presence of waste pickers. 

  

 

Figure 4.9 shows that a significant portion of the identified barriers to MSWM transition 

in Turkey and Russia belongs to the landscape level. For example, political conflicts, 

political interests and changes in management originate from broader political dynamics 

and structures, which are beyond the control of MSWM transition managers. The 

influence of political factors on MSWM transitions has also been reported by other 

researchers (Vujic et al., 2015). While the transition literature highlights the political 

nature of socio-technical transitions (Geels et al., 2017; Köhler et al., 2019; Meadowcroft, 

2011), the political dimension may play a lesser role in MSWM transitions compared to 

transitions in other sectors like energy. Barriers such as corruption and negative attitudes 

within public administration towards businesses were also assigned to the landscape level, 

as they reflect broader cultural and systemic tendencies. Economic and financial 

challenges, although often situated at the regime level, also demonstrate strong landscape-

level influences. Issues such as the high cost of waste collection, insufficient financial 

support and economically unfeasible operations are tightly linked to external factors, such 
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as fuel prices, the economic situation in the country and the volatility of recycling 

markets. The budget for separate waste collection
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framework. They emphasised that closer interactions between regimes are important 

when transitions in one regime affect another. Nonetheless, as noted by Markard et al. 

(2020), policies in different regimes are normally compartmentalised, and achieving 

alignment between them can be challenging. 

In the transition literature and within the MLP framework, lock-in mechanisms are 

typically discussed as factors that reinforce the dominance of existing systems and hinder 

progress towards sustainability transitions. In the cases of Turkey and Russia, the 

identified barriers do not contain barriers that would clearly be considered lock-in 

mechanisms. One exception may be waste-separation behaviour in Turkey. However, 

given that strategies to promote source separation are widely studied and implemented in 

MSWM 
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lack of communication to the public and inadequacy of the reform targets. Although these 

barriers may also face other deeper barriers, such as limited budgets, human resources, 

and so on, they can potentially be more accessible and manageable for transition 

managers. 

 

Figure 4.9: Influential factors in the MSWM transitions in Turkey and Russia, as seen through 

the MLP framework. 

 

4.6 Discussion 

This section begins by acknowledging the limitations of the research within this 

dissertation. The following subsections provide broader discussions of the findings, 

which are organised around two key themes: the selection of robust MSWM transition 

pathways (based on Publications I
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conducted at varying levels of detail across Publications I
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change under different conditions, these were excluded from the uncertainty analysis, 

even though they showed significant SIs in some scenarios.  

Publication IV, which examined factors influencing waste-separation behaviours, focused 

on urban areas in Russia and Finland, omitting rural areas from the scope of the analyses. 

Thus, the reliability of the obtained results may be partially limited in terms of the 

representativeness of the sampled population. In the Finnish and Russian datasets, 

individuals over the age of 60 were underrepresented. Additionally, the survey 

participants tended to include a higher proportion of female respondents, those with 

higher educational levels and individuals with higher income levels compared to the 

general population, potentially biasing the observed relationships between factors. 

Furthermore, the analysis was restricted to a specific set of parameters that could have 

been expanded to include, for instance, cultural aspects. 

In Publication V, which used the MLP framework to analyse the factors influencing 

MSWM transitions, several limitations are also present. First, the collected data were 

richer in the Russian case compared to the Turkish case, leading to the identification of 

more specific factors and generally more detailed data available for analysis. Although 

data were gathered from various actors in MSWM and from different regions in Russia 

and Turkey, the large sizes of these countries mean that data from other specific regions 

might have revealed different situations. Consequently, the reliability of the findings 

regarding the identified factors may be limited by the potentially broad range of 

conditions in each country. Furthermore, the analysis conducted through MLP focused 

on the main factors currently present in the MSWM transition process. However, it could 

have been expanded or shifted, for instance, to investigating the interrelations between 

MSWM and other regimes or potential lock-in mechanisms. 

4.6.2 On the selection of transition pathways  

The results of the research on the choice of transition pathways offer insights into the 

Turkish and Russian cases by assessing the performance of different landfill diversion 

strategies, as presented in Subsections 4.1 and 4.3, respectively. While these findings may 

be useful for other locations with similar conditions, it is important to acknowledge that 

their generalisability is limited as differences in conditions can affect the performance of 

waste treatment technologies greatly. 

The analysis of the speed of MSWM transitions, which focused on recycling and 

incineration, aimed to assess the potential of these strategies by assessing the effects of 

their implementation in some of the best performers in landfill diversion in the past. The 

analysis concluded that MSWI has the potential to reduce GHG emissions faster under 

certain conditions. A key requirement is that the energy displaced by waste-derived 

energy on the market, based on the marginal energy concept proposed by Weidema et al. 

(1999), must be carbon-intensive, and with a carbon intensity comparable to that of coal 

rather than natural gas. As outlined in Subsection 3.2.2, marginal technologies (i.e. those 

technologies that are actually affected by changes in the system) differ depending on the 
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trends in the relevant markets. In growing energy markets (or those decreasing more 

slowly than the average capital replacement rate), marginal energy is represented by 

technologies that increase their capacities. In decreasing markets, marginal technology is 

the one being phased out. Following this logic, the performance of waste incineration 

depends critically on trends regarding future electricity and thermal energy markets. 

To date, many EU countries have already committed to reducing fossil fuel use in energy 

production (European Commission, 2019) and have achieved progress in their 

decarbonization efforts. However, some countries are expected to continue relying 

heavily on fossil fuels due to abundant reserves, economic dependence on fossil fuel 

industries or limited renewable energy potential. The U.S. Energy Information 

Administration (EIA, 2023) projects that by 2050, the majority of growing electricity 

demand globally will be met by non-fossil sources, with natural gas fulfilling most of the 

remaining demand. Furthermore, energy consumption in the industrial and residential 

sectors is projected to increase through 2050, although forecasts specifically for heat 

demand remain uncertain. For heat generation, the EIA anticipates a shift towards 

renewables by 2030, which would reduce the benefit of MSWI as a landfill diversion 

pathway.  

The most urgent need for landfill diversion may be in highly populated developing 

countries where energy demand can grow rapidly. Based on the condition that these 

countries will meet growing energy demands with fossil energy (e.g., coal, oil), waste 

incineration with energy recovery may reduce GHG emissions faster than recycling. 

However, another important factor in the high speed of emission reduction
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allowed to analyse the performance of different MSWM transition pathways in relation 

to possible changes in conditions within and around the MSWM system. 

Similar to results of Publications I
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instance, the uncertainty related to marginal energy sources is known to be significant 

(Fruergaard et al., 2009) as it relates to a range between specific energy sources with 

varying carbon intensities. As shown in Subsection 3.6.2.3, the identification of marginal 

energy sources involves uncertainties, even when following the suggested procedure for 

their identification. In Publication III, in the screening step of uncertainty assessment, 

when the model was tested by changing all parameters with the same increment, the 

marginal energy of the small default value (due to relatively non-fossil content) produced 

a small SI. Consequently, it was excluded from further uncertainty analysis, despite its 

uncertainty and potential importance in the model. To ensure that all important 

uncertainties are accounted for, an additional step could be incorporated into the 

sensitivity
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In particular, Publication V investigated the factors influencing MSWM in Turkey and 

Russia from different aspects, such as technology, regulations and administrative, mostly 

focusing on barriers to the transition. Some identified barriers appeared to be common 

for both countries, while others were country-specific. The common barriers are financing 

issues, limited available budget for actors implementing separate waste collection, 

economic unfeasibility of more advanced waste treatment methods, insufficient expertise 

of regional administration, insufficient monitoring of EPR, negative impact of 

management changes, corruption, inadequacy of waste data and the interference of 

scavengers. Although these factors are common in both countries, in some cases, they 

differ in terms of how pronounced they are, the underlying barriers or the ways in which 

they are reflected in practice. For instance, while issues related to the involvement of 

scavengers were identified in the collected data from both countries, the nature of this 

barrier differs between Turkey and Russia. In Turkey, the issue is widespread and 

significant, intensified by the migrant crisis, although some integration programs have 

already been attempted. In Russia, the issue is mentioned only in relation to specific cases 

or waste fractions and is perceived with less concern. This difference illustrates the 

importance of understanding local contexts in sufficient depth and the potential variation 

in contexts across regions, especially when aiming to devise tailored solutions. However, 

analysing the identified factors from a broader perspective, and upon applying transition 

theory and the MLP framework, additional insights into the navigation of MSWM 

transitions can be obtained. 

In Figure 4.9, the barriers, drivers and other factors shaping MSWM transitions in Turkey 

and Russia are mapped within the regime and landscape levels, in accordance with the 

MLP framework. Approximately half of the identified barriers were assigned to the 

landscape level or to regimes external to the MSWM system, highlighting the difficulty 

of addressing them directly through MSWM efforts. Moreover, despite being classified 

at the regime level, several barriers were also influenced by landscape-level dynamics, 

further constraining the ability to resolve them. The prevalence of factors originating 

outside the MSWM system may explain, or predict, a slower transition process. 

Building on this analysis, MSWM transition management involves addressing challenges 

that vary in terms of how manageable or controllable they are. Approximately one-third 

of the identified barriers (across Turkey and Russia) appeared more manageable from 
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and regimes. Addressing these barriers may not be possible through direct intervention 

but would have to be limited to the process of recognising these barriers and seeking 

adaptive strategies within the MSWM system. Additionally, policymakers aiming to steer 

MSWM transitions must ensure the presence of sufficient and effective pressure to drive 

change. In the cases of Turkey and Russia, this may involve improving already adopted 

measures, namely, EPR and regulations diverting waste from landfills. 

In Subsection 4.5, attitudes and behaviours related to waste separation are discussed as 

potential lock-in mechanisms. To reiterate, these are deeply embedded features that 

reinforce the dominance of the current socio-technical regime and must be addressed to 

advance the transition. In Publication IV, this topic was analysed in detail through a case 

study of Saint Petersburg, Russia, which was compared to Finland and its well-established 

waste source separation practices. Similar studies using TPB and SEM 
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MSWM, cooperation, general awareness and data accuracy as key factors in advancing 

recycling (Salmenperä, 2021). In contrast, less developed countries may be mostly 
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perform well under a range of possible conditions. A way to identify such solutions was 

demonstrated in Publication III. 

The analysis of the speed of GHG emission reduction achieved in the selected best 

performers in landfill diversion (Finland, Italy and Poland), where the performance of 

MSW incineration was compared to recycling, has several important conclusions. First, 

it showed that the speed at which landfilling alternatives are adopted has less impact on 

the speed of GHG emission reduction compared to other factors within and around 

MSWM. In particular, the effectiveness of LFG collection and the energy sources 

replaced by waste-derived energy, with the latter in turn being influenced by transitions 

in the energy sector, play a more significant role. LFG collection efficiency proved critical 

to both GHG emission reduction and its speed, as diverting waste from landfills with low 

LFG collection efficiencies can lead to significantly larger emission reductions despite 

the lower amounts of waste diverted. The replaced energy sources showed critical 

importance due to the wide range of impacts they can have when different possible 

marginal energy sources are used in LCA modelling. Due to uncertainty about which 

energy sources are actually replaced by waste-derived energy, the effects of shifting 

toward MSW incineration can range from minimal climate benefits, where incineration 

itself results in a net climate burden, to the largest and fastest emission reductions. For 

MSW incineration as a pathway in the MSWM transition, the replaced energy sources are 

utterly critical for its performance. Thus, another important conclusion is the significance 

of these conditions on both the speed of GHG emission reduction and the GHG emissions 

in the MSWM system in general, as well as the need to account for their uncertainty when 

reliable data is not available. The importance of using the consequential approach in LCA 

to achieve a more accurate representation of the effects of changes in the MSWM system 

can also be highlighted. Finally, as the fastest emission reduction was observed in 

Finland, given that waste-derived energy replaced fossil energy sources in the national 

energy mix, it can be pointed out that MSW incineration can potentially be a faster 

solution to reduce climate impacts in certain cases. However, it is critical to ensure that 

the electricity and heat produced from waste can be generated with high efficiency and 

that their production would replace energy from carbon-intensive sources such as coal or 

oil. 

A comprehensive accounting of uncertainties, including its decomposition by mapping 

the effects of critical input parameters on the resulting probability distribution of the 

model output, demonstrated the potential for providing more informed recommendations 

and ultimately facilitating the identification of robust solutions for MSWM transitions. 

Such an analysis, conducted for the cost of GHG emission reduction in the MSWM 
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collection, this pathway can be deemed unreliable for achieving GHG emission reduction. 

For the other MSWM transition pathways, which all achieved GHG emission reductions 

under the tested variations in conditions, the obtained ranges of their GHG emission 

reduction costs were assessed in relation to underlying changes in conditions, and more 

robust MSWM transition pathways were identified. The results of this analysis pointed 

out that identifying robust solutions also requires evaluating how realistic the extreme 

values of input parameters are, highlighting the importance of carefully defining 

uncertainty ranges and the probability distributions of input parameters. 

Importantly, the uncertainty decomposition applied in this dissertation builds on GSA, 

which advances the commonly used one-at-a-time approach for SA in LCA by accounting 

for interactions between parameters. However, the results of applying the more advanced 

uncertainty
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Abstract: A waste reform was recently introduced in Russia to divert waste from land�lls. To help

advance the reform, this paper presents a life cycle assessment of the municipal solid waste man-

agement system in Russia's second largest city—Saint Petersburg—and its neighboring Leningrad

region. Five scenarios were evaluated: the current state of the system (S0), its expected post-reform

state in 2024 (S1), and its state improved by increased land�ll gas collection (S2), by increased waste

incineration (S3), and by separate collection of waste (S4). The environmental impact was assessed in

terms of climate change, acidi�cation, eutrophication, and abiotic resource depletion (fossil fuels).

The results showed an overall reduction in the environmental impact of the waste management

system across all impact categories and all scenarios studied. The largest reduction in all impact

categories (except abiotic resource depletion) was achieved through source separation of municipal

solid waste. Particularly, global warming potential was reduced from 0.328 kg CO 2-eq./kg waste

generated in S0 to 0.010 kg CO2-eq./kg waste in S4. Regarding abiotic resource depletion potential

(fossil fuels), the incineration scenario is the most bene�cial, since it reduces the impact by 573%.

Keywords: waste management system; life cycle assessment; environmental impact; land�lling;

incineration; source separation

1. Introduction

As the global population grows and increases its consumption of resources, munic-
ipal solid waste (MSW) management poses a challenge worldwide. The main goal of
MSW management is the disposal of waste under techno-economic constraints in order
to avoid harmful effects to humans and the environment. Additionally, present-day chal-
lenges in MSW management are not limited to preserving public health and protecting
the environment, but also include ef�cient resource management and further reduction of
environmental impact. The MSW management sector is associated with 3% of global green-
house gas emissions [1]. It is also a sink of secondary resources that can be recovered [2].
Therefore, there is signi�cant potential to improve MSW management towards achieving
sustainability and circularity [1,3].

While some countries have already made signi�cant progress in tackling waste man-
agement issues, others are only starting their development towards sustainable waste
management. The latter situation applies to Russia, where the current state of waste man-
agement is in pressing need of improvement. The existing MSW management system in
Russia fails to effectively handle rapidly growing amounts of waste. Land�lling remains
the primary means of MSW treatment in Russia [ 4], available land�ll capacities are ap-
proaching their limits in many regions [ 5], and the extent of unauthorized land�lling has
become alarming.
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An especially demanding situation has emerged in Saint Petersburg, the second-largest
city in Russia, and in the surrounding Leningrad region. Most of the MSW generated in
Saint Petersburg is transported to the Leningrad region for disposal. In 2018, the cumulative
annual generation of MSW in the city and surrounding region reached 3076 Gg [ 6,7]; this
was for a combined population of 7.1 million permanent residents [ 8,9]. However, ongoing
waste management reform in the area aims to build a more sustainable waste management
system for the city and surrounding region.

Reduction of environmental impact from waste management system is one of the
most important goals in waste system development. From previous studies [ 10–14], it
is evident that the application of a life cycle assessment (LCA) helps to identify local
solutions for waste management, which can reduce the environmental impact. Generally,
LCA has several applications in the waste sector, which include understanding existing
waste management and how it can be improved [ 15]. In essence, the LCA method allows
environmental impact to be examined for different impact categories, taking into account
all stages of the waste life cycle. The effects of various waste treatment methods can be
assessed and compared through the building of scenarios. Since the 1990s, LCA studies
on waste management have been conducted in many parts of the world, with the most
intensive use of this methodology being in Western Europe and the USA [16].

A considerable number of LCA studies have been dedicated to the MSW management
systems of an entire city or region from the perspective of system improvement [ 17–20].
In 2020, Banias et al. [10] compared several MSW management options in the region
of Central Macedonia, Greece. Here, the researchers analyzed the MSW system with
regards to global warming potential (GWP), acidi�cation (AP), eutrophication (EP), and
abiotic depletion potential (ADP), among other impact categories. The environmental
performances of land�lling, incineration, and recycling processes were compared to identify
an optimal solution for the region. Similarly, the MSW management system of the Cluj
County of Romania was studied to assess its impact on GWP, AP, EP, energy net, and
other indicators [ 21]. The study in Cluj County aimed to identify which waste treatment
scenarios are the most favorable for the environment, and the land�lling-based scenario
was improved by adding composting, recycling, and incineration processes step-by-step.
In this case, the last and most improved waste management scenario showed the best
performance and proved the bene�t of an integrated waste management system from
an environmental perspective. In another study, the MSW management system in Delhi,
India, was analyzed concerning GWP only [ 22]. The authors compared the baseline
scenario to various alternatives in which waste was diverted from land�lls via composting,
biomethanation, pelletization, mass incineration, and combustion of refuse-derived fuel.
They found that the scenario of maximum diversion from land�lls showed the largest
bene�t for the environment.

Thus far, the environmental assessment of the MSW management system in Saint
Petersburg and the surrounding Leningrad region has been limited. For example, the math-
ematical modeling of the MSW management system in Saint Petersburg and the Leningrad
region was used by Shmelev [23] to optimize waste management from environmental and
economic perspectives. In their study, the overall impact of the system was described
through equivalents of CO 2 emissions following the methodology for determining pre-
vented environmental damage developed by Vershkova et al. [ 24]. Based on the obtained
results, Shmelev [23] made recommendations for the system reform. In another article,
the environmental performance of the waste management system in Saint Petersburg,
alongside economical and energy performance, was studied by Rodionov and Nakata [ 25]
using mathematical modeling. Only CO 2 emissions were considered in their analysis of
environmental performance. Both Schmelev's and Rodionov and Nakata's studies use life
cycle thinking in their environmental evaluation. However, no LCA has been conducted
for Saint Petersburg and the Leningrad region. Given the sparse use of LCA methodology
in Russia in general, LCA studies on waste management systems are rather limited. Never-



Recycling2022, 7, 19 3 of 21

theless, a few LCAs have been published for other Russian cities [26–29] including a recent
LCA study on Moscow [30].

Thus, until recently, there has been little quantitative analysis of the environmental
impact of waste management in Russia, particularly in Saint Petersburg and the Leningrad
region, where research has been limited to consideration of CO2 emissions and energy
generation in the waste management system. To close this gap, this paper seeks to provide
a thorough analysis of the MSW management system in Saint Petersburg and the Leningrad
region from an environmental perspective using LCA.

First, this paper aims to assess the environmental impact of MSW management in
Saint Petersburg and the Leningrad region. This paper also analyzes the ef�ciency of waste
treatment practices in reducing the environmental burden of MSW management in the
studied area. Furthermore, this study identi�es waste fractions for which treatment should
be prioritized to minimize the environmental impact of waste management. Finally, it
provides important insights for further development of the system and may support the
process of building a more sustainable MSW management system in the studied area. The
results of this study can provide the insights to MSW management development options
for other regions in Russia and abroad, where similar waste characteristics and MSW
management practices are relevant.

2. Materials and Methods
2.1. Life Cycle Assessment

This study employs LCA to estimate the environmental impact of the waste manage-
ment system in Saint Petersburg and the Leningrad region. The LCA method is widely used
for such purposes [16]. This study follows ISO 14040 [31] and ISO 14044 [32] standards.
The modeling was performed in GaBi software (database version 2020.2) (Sphera Solutions
GmbH, Leinfelden-Echterdingen, Germany) with the integrated ecoinvent database (ver-
sion 3.7) using the “allocation, cut-off by classi�cation” system model provided by default
with the software. The analysis is mostly based on secondary data obtained from scienti�c
literature and life cycle inventory (LCI) databases; the use of primary data is limited. Where
relevant, the treatment of inventory data is reported in Supplementary Materials. MSW
generated in the area is regarded as zero-burden. To deal with the multifunctionality of the
studied system (i.e., its multiple product outputs), the avoided burden approach is applied.
However, this study cannot be regarded as being a fully consequential LCA study, as it is
limited to consideration of average effects rather than marginal effects.

2.2. Goal and Scope

The functional unit used in this study is the mass of MSW generated in Saint Pe-
tersburg and the Leningrad region annually, which was 3076 Gg of MSW in 2018 [ 6,7].
Geographically, the analysis covers the MSW management of two federal subjects of Rus-
sia: the Leningrad region and the federal city of Saint Petersburg. The studied system
boundaries include processes which re�ect the situation in the studied area, however, the
infrastructure can be different depending on various factors, such as the level of investment
available. Regarding the period covered, unless stated otherwise, the data used to represent
the current state of the system relates to the year 2018, which was chosen because it is the
year for which the most detailed statistics were available. The �rst alternative scenario
considers changes planned for 2024, while the other scenarios are assumed to take place in
the more distant future. The MSW management system is assessed in terms of GWP over a
100-year time horizon (also referred to as “Climate change” as a midpoint impact category),
AP, EP, and abiotic resource depletion potential (fossil fuels) (ADP f). CML 2001 [33] is used
as an impact assessment method.

2.3. System Boundary

This study's analysis covers the entire life cycle of waste, i.e., bin-to-grave. Therefore,
the system boundary includes processes for waste handling (i.e., collection and transporta-







Recycling2022, 7, 19 6 of 21

2.4.3. Scenario 2 (S2)—Extended Land�ll Gas Collection

Scenario 2 doubles the amount of waste land�lled with LFG collection (to 1800 Gg of
MSW) compared to the baseline scenario (S0) and Scenario 1 (S1). No other changes to the
studied system were modeled.

2.4.4. Scenario 3 (S3)—Increased Incineration

Mass incineration of MSW is modelled in addition to the increased LFG collection.
The additional amount of MSW sent to incineration is 850 Gg/year (200 Gg/year generated
in the Leningrad region and 650 Gg/year generated in Saint Petersburg). Using these
values, the total amount of incinerated MSW approaches the 2015 European average [39],
which is equal to 27% of MSW. Incineration is applied to the MSW stream, which, in other
scenarios, is sent directly to land�lls; it includes all waste that does not undergo LFG
recovery and part of the waste that does. In S3, recycling of metals is also increased due to
metals recovery from incineration.

2.4.5. Scenarios 4.1 (S4.1) and 4.2 (S4.2)—Source Separation Scenarios

In Scenarios 4.1 and 4.2, increased waste incineration is replaced by source separation
of paper and cardboard, metal, plastic, glass, and biowaste. Certain shares of the source-
separated materials end up in land�lls (Figure 2), as additional separation at sorting
plants is considered to remove contaminants. In S4.1, all separated biowaste is composted.
However, in S4.2, AD is used to treat a part of the biowaste instead of composting it. AD is
only applied to organic waste that is separated at new sorting plants introduces in S1 and
to separately collected biowaste, leaving the baseline state of biowaste treatment intact.

2.5. Inventory Data
2.5.1. Waste Data

The MSW generation values used in the study are 2235 Gg/year in Saint Peterburg
and 841 Gg/year in the Leningrad region, as reported for the two areas in 2018 [ 6,7]. The
latest available MSW composition data from Saint Petersburg and the Leningrad region
(Table 1) were used [34,40]. Changes in waste generation and composition over time are
not considered in the study.

Table 1. MSW composition in Saint Petersburg and the Leningrad region.

Waste Fraction
Composition (%)

Saint Petersburg Leningrad Region

Biowaste 31.1 15.5
Plastics 13.7 10.0
Paper and cardboard 11.6 8.0
Glass 11.1 16.0
Textile 6.1 2.0
Inert materials 3.7 1.5
Wood 3.2 0.5
Ferrous metals 1.3 8.0
Leather and rubber 0.8 8.0
Non-ferrous metals 0.2 0.7
Other materials 17.2 29.8

Total 100.0 100.0
Source: [34,40].

In this study, the non-ferrous metal fraction is assumed to be comprised of aluminum,
while the ferrous metal fraction is comprised of steel. It is assumed that the stream of
recovered plastic waste is composed of polyethylene terephthalate (PET) and high-density
polyethylene (HDPE). Based on the content of PET and HDPE in the waste composition
of Saint Petersburg [34], PET is assumed to constitute 75% of the �ow, with the rest
being HDPE.
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2.5.2. Waste Collection and Transportation

Waste collection and transportation are modeled based on information from regional
waste management plans [35,41]. Since regional waste management plans do not contain
information on transfer stations, reloading of MSW onto larger vehicles is assumed to be
done next to sorting facilities. Approximate distances are calculated based on location
of waste treatment and disposal sites operating in 2018 and planned for 2024. It was
assumed that AD plants (S4.2) are located next to sorting facilities. Incineration of additional
amounts of MSW (S3) is assumed to happen at the same site where waste is incinerated
in the baseline scenario (S0). MSW collection in Saint Petersburg is modeled using trucks
with a small payload capacity, while larger trucks are assumed to be used for further
waste transportation from transfer stations in the city as well as waste collection and
transportation in the Leningrad region. More detailed information on processes used in
modeling and distances can be seen from the Supplementary Materials, Section 2.1.

2.5.3. Land�lling

To assess the impact of waste decomposition in land�lls on climate change, methane
emissions are calculated. Methane generation potential is calculated based on the IPCC
default model [ 42] for paper, wood, food, and textile fractions. The parameters of the LFG
generation model are assumed based on data from Lee et al. [43] and IPCC [42]. Diesel
uses for land�ll operations and emissions from diesel combustion are also considered. The
estimation of leaching process parameters is challenging mainly due to limited site-speci�c
data. Therefore, leaching is modeled based on studies conducted by Liikanen et al. [44]
and Havukainen et al. [ 45]. According to the available design documentation for land�lls
in the studied region, no treatment of leachate takes place [46,47]. LFG collection occurs
for a part of the disposed MSW, which is de�ned by the scenarios. In this study, the LFG
collection rate is assumed to reach 53% [48], while emissions from LFG combustion and
�aring are assumed to be identical to those presented by Bacchi et al. [ 49]. According to
data from the Novyy Svet EKO land�ll in the Leningrad region, energy recovered from
LFG combustion displaces primary electricity production. The land�lling processes were
modeled by authors because the existing databases unit processes were not available for
the speci�c waste composition and the land�ll technology. A detailed inventory of the
land�lling process can be found in the Supplementary Materials, Section 2.2.

2.5.4. Mixed Waste Sorting

Waste sorting plants are modeled using data from regional waste management plans
and Rospotrebnadzor databases [35,41,50]. In the model, the sorting of mixed MSW is
performed in two ways. The �rst option for the sorting process is the use of manual sorting
to recover paper and cardboard, glass, plastic, and aluminum, which is combined with
mechanical separation of ferrous metals and, possibly, the sorting of organic waste via a
screen. Recovery rates for manual sorting of recyclables are adopted from data gathered by
Il'inykh et al. [ 51]. The overall recovery rate for recyclables, excluding separated organics,
is estimated to be as low as 3% of MSW input �ow. This low value is dictated by the
generally low recovery rates found in manual sorting [ 52] and is particularly relevant for
manual separation in the MPBO-2 plant [ 53]. The second option for the sorting of mixed
MSW is mechanical sorting (with some additional manual sorting), which is implemented
to separate ferrous metal, aluminum, plastic, paper and cardboard, and the organic fraction.
RDF is produced after recyclables are recovered. The mass balance of this process is based
on data presented in the design documentation of a mechanical sorting plant in Saint
Petersburg [46]. Based on information from OOO “KOSMOS” [ 46], the glass fraction is
rejected in this case. Sorting facilities, their capacities, and recovered fractions are listed in
detail in the Supplementary Materials, Section 2.3, while the inventory of sorting processes
is given in Supplementary Materials, Section 2.4.
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2.5.5. Composting of the Organic Fraction

Windrow composting is applied to screening reject (in all scenarios) and separately
collected biowaste (only in S4). The composition of the screening reject is based on data
from design documentation of a mechanical sorting plant in Saint Petersburg [ 46]. Process
parameters are modeled based on data from Boldrin et al. [ 54], Grzesik and Malinowski [ 55],
Lima et al. [ 56], AO “DAR/VODGEO” [ 40], and LIPASTO [57]. Leachate is assumed to be
collected for moisturizing the waste in windrows so no leachate enters the environment.
Additionally, for the MPBO-2 sorting plant in Saint Petersburg, composting in a rotating
drum is modeled prior to further maturation in windrows. Direct emissions from waste
treated in this way are assumed to be identical to those used for windrow composting. Due
to the low quality of the compost produced from screening reject, it is used as a land�ll
cover, and it is therefore assumed to substitute soil. Soil excavation is modeled via the
GaBi unit process “EU-28: Excavated soil with digger (EN15804 A5)”. Compost which
is produced from separately collected biowaste is assumed to be of good quality and to
substitute mineral fertilizers on the market. Detailed data on modeling can be found in the
Supplementary Materials, Section 2.5.

2.5.6. Anaerobic Digestion of Organic Fraction

Emissions from AD are modeled based on the data for thermophile single stage
digestion process from the ecoinvent database (3.7). The unit process applied in modeling
is “RoW: treatment of biowaste by anaerobic digestion”. Power and heat production
are modeled as a result of biogas combustion using unit process “RoW: heat and power
co-generation, biogas, gas engine”, from ecoinvent. Ef�ciencies of heat and electricity
production used in this process are 53% and 43%, respectively. The AD process used in the
model includes dewatering of digestate for subsequent composting of the dried fraction.
The composting of dewatered digestate is modeled by authors using the data for windrow
composting from Section 2.5 in the Supplementary Materials. More details about modeling
of AD are given in the Supplementary Materials, Section 2.6.

2.5.7. Recycling Processes

In all scenarios, recycling processes for HDPE, PET, steel, aluminum, glass, and paper
and cardboard waste are modeled. For PET, HDPE, and paper, unit processes from the
ecoinvent 3.7 database are used in the modeling of recycled and virgin production. It is
assumed that the most probable use of waste paper is the production of tissue paper [ 58].
The impact of steel and aluminum recycling is estimated using processes from the GaBi
database (version 2020.2). The glass recycling process is modeled based on the data for
container glass obtained from Greene [59] and Landi et al. [ 60], while avoided production
is based on data from ecoinvent 3.7. All data taken from the ecoinvent database refer
to the “allocation, cut-off by classi�cation” system model. The impact of fossil fuel con-
sumption was modeled using the cumulative energy demand (CED) impact category for
processes, which was retrieved from ecoinvent. Substitution ratios and other more detailed
information on modeling are given in the Supplementary Materials, Section 2.7.

2.5.8. Incineration of Mixed MSW and RDF

Incineration is modeled using unit processes from the GaBi database that correspond
to speci�c waste fractions. In all scenarios, incineration is assumed to occur with both
electricity and heat recovery. Additionally, according to Bushikhin et al. [ 61], RDF produced
in Saint Petersburg (S0) is utilized in a cement kiln and replaces the use of coal. It is assumed
that additional RDF produced after the reform (S1) is combusted via a mono-combustion
process in a boiler, resulting in electricity production. In this case, the ef�ciency of electricity
production equals 22%, which is the average ef�ciency for mono-combustion of RDF in
Europe [62]. No heat is recovered. The lower heating value of RDF amounts to 15.9 MJ/kg
of RDF as received [61]. Detailed data on the modeling of mixed waste and RDF incineration
is given in the Supplementary Materials, Sections 2.8 and 2.9.
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2.5.9. Source Separation of MSW

In S4, the average EU-28 capture rates are used for source separation of MSW (i.e., 16%
for biowaste, 44% for glass, 16% for metal, 12% for plastic, and 36% for paper and card-
board) [63]. The contamination rate is assumed to reach 30% of the source-separated waste
�ow. As described by Pressley et al. [ 64], negative manual sorting is applied to source-
separated waste streams to remove contaminants. The inventory of this process is given in
the Supplementary Materials, Section 2.4.

2.5.10. Energy Generation

In this study, current average data is used to model energy supply. Russian electricity
generation is largely based on the use of natural gas as an energy source, with some
electricity supplied by nuclear, hydro, and coal-�red units. In 2018, the share of natural gas
in electricity generation amounted to 47%, while the total share of fossil energy sources
equaled 64% [65]. Heat production in Saint Petersburg and the Leningrad region mostly
relies on natural gas [66]. Natural gas is therefore assumed to be the source of thermal
energy. GaBi unit processes “RU: Electricity grid mix 1 kV–60 kV” and “RU: Process steam
from natural gas 90%” are applied to model the energy supply for processes and to avoid
energy production. Diesel supplies for processes are modeled using the unit process “RU:
Diesel mix at �lling station (100% fossil)”.

2.6. Sensitivity Analysis

Sensitivity analysis is performed in three parts. The �rst step is a contribution analysis
in which the overall result is subdivided into processes to identify those that have the
greatest impact. Then, process parameters are studied in a perturbation analysis to �nd
parameters, changes of which in�uence the results of this study the most. The impact of
modeling choices is also studied to test the robustness of the results of the choices made.

In the perturbation analysis, sensitivity ratios ( SR) are calculated according to
Clavreul et al. [ 67]. The value of each parameter is changed by 10%, andSRis derived
using the equation:

SR=
D result

initial result
D parameter

initial parameter

(1)

When an SRvalue equals 2, the result is increased by 20% due to a 10% change in the
parameter value. To avoid situations where the changes in a result with small absolute
values produce high SRscores (due to large relative changes in the result), normalization
of SRs is applied. Further details on perturbation analysis are found in the Supplementary
Materials, Section 3.1.

3. Results

Figure 3 presents the impact assessment results for GWP, EP, AP, and ADPf of the
studied scenarios. All impact categories show an overall decrease across the scenarios.
GWP is reduced from 0.334 kg CO2-eq./kg MSW generated in S0 to � 0.002 kg CO2-eq./kg
MSW in S4.2. Meanwhile, ADP f is negative across all scenarios (demonstrating that impact
has been avoided), which was achieved through the substitution of conventional products
and energy. Similarly, due to the emissions avoided by the utilization of RDF, the AP of the
studied system in the baseline scenario, S0, is negative (� 0.01 g SO2 eq./kg MSW). EP of
MSW management system equals 0.01 g PO43� eq./kg MSW in S0.
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According to the results of this study, the increase of mixed waste sorting with
RDF production that is planned to be achieved by 2024 (S1) can reduce GWP by 22%
(to 0.261 kg CO2-eq./kg MSW generated) and ADPf by 213% (from � 0.285 MJ/kg MSW
generated to � 0.892 MJ/kg MSW), while also slightly increasing EP and AP due to in-
creased composting. Doubling of the amount of waste disposed of in land�lls with LFG
collection (S2) is estimated to cut GWP by 43% (to 0.189 kg CO2-eq./kg MSW generated)
compared to the baseline scenario; other impact categories do not change signi�cantly with
this advancement. When mixed MSW incineration is added (S3), GWP can be expected
to drop by 76% (to 0.082 kg CO2-eq./kg MSW) compared to S0. In this scenario, a sharp
reduction of ADP f occurs due to the substitution of conventional energy production (by
768% (or to � 2.476 MJ/kg MSW generated) from S0), and AP declines substantially. Waste
separation at source (S4.1) is estimated to approach nearly zero GWP and to reduce EP and
AP sharply, though a smaller reduction of ADP f is achieved (by only 584% (to � 1.953 MJ/kg
MSW generated) from S0). In this scenario, GWP could be further reduced if biowaste were
treated in AD (S4.2); the overall reduction of GWP would then reach 101% instead of 95%
(to � 0.002 kg CO2-eq. instead of 0.018 kg CO2-eq. per each kg of generated MSW).

3.1. Contribution Analysis

Figure 3 also shows the environmental impact of individual processes of the MSW
management system for each impact category. The categories in the results represent the
processes as described in the LCI section of this study in the corresponding amounts of
waste, as reported in Figure 2. The impact from steel recycling is the only one shown
without subdivision into direct and avoided impacts; this is due to the use of a single unit
process in the modeling of steel recycling, which includes avoided impacts. The graph
shows that land�lling, paper and cardboard recycling, and incineration of mixed MSW
and RDF make the largest contribution to direct and avoided environmental impact of the
system. To further explore these results, speci�c net impact potentials were calculated for
the studied processes. For of the baseline scenario (S0), the results are given in Table 2
(GWP and ADP f). Speci�c net impact potentials of the processes in each scenario and all
impact categories can be found from the Supplementary Materials, Section 4.3.

Table 2. Speci�c net GWP and ADP f of different processes in the baseline scenario S0 (a sum of
direct and, if relevant, avoided emissions divided by the amount of waste handled or treated in a
referenced process).

Processes GWP, kg CO2-eq/ kg Waste Treated ADP f , MJ/ kg Waste Treated

Collection, transportation 0.01 0.09
Waste sorting 0.01 0.21
Land�lling 0.37 � 0.07
Steel recycling � 1.62 � 15.5
Aluminum recycling � 10.4 � 97.1
Plastic recycling � 1.69 � 35.0
Glass recycling � 0.42 � 2.00
Paper and cardboard recycling � 1.14 � 9.46
Composting 0.06 0.31
Anaerobic digestion - -
RDF combustion � 0.92 � 20.7
Incineration � 0.09 � 6.71

Land�ll disposal makes a considerable contribution to GWP when applied to a corre-
sponding amount of MSW. In the baseline scenario, land�lling results in 0.37 kg CO 2-eq
emitted per kg of MSW land�lled. Then, when all waste is land�lled with LFG collection
(S3), 0.19 kg CO2-eq are emitted per kg of MSW (see the Supplementary Materials, Section
4.3). In other studies, land�lling with the collection of LFG has been found to emit from
� 0.07 to 0.16 kg of CO2-eq/kg [ 68] and 0.25–0.45 kg CO2-eq/kg [ 56]. The differences
in the results are explained by variations in the parameters of LFG collection used in
modeling and the different shares of organic waste in disposed MSW. Particularly, the
LFG collection rate ranges from 50% to 80% in the study by Manfredi et al. [ 68] and 45%
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to 95% in the study by Lima et al. [ 56], while it reaches only 53% in this LCA for Saint
Petersburg and the Leningrad region. Additionally, the share of biowaste was almost twice
in the study conducted by Lima et al. [ 56] compared to this LCA; it constituted 55% and
27%, respectively.

The recycling of paper and cardboard makes a rather large contribution to both direct
and avoided impacts in all impact categories, but especially in GWP. In this study, the
emission factor of the paper recycling process equals 1.90 kg CO2-eq/kg recycled paper
produced. In turn, virgin paper production has a GWP of 3.90 kg CO 2-eq/kg paper
produced. Both values are signi�cantly larger than those reported in other studies on
tissue paper production. For example, Gemechu et al. [69] report that the GWP of tissue
paper production in Spain is 1.31 and 1.88 kg CO2-eq per kg of recycled and virgin paper,
respectively. Ta Thi and Thi Anh [ 70] estimated that the GWP of recycled and virgin
tissue paper in Vietnam is 0.75 and 1.06 kg CO2-eq per kg of tissue paper [70]. Several
environmental product declarations (EPD) [ 71–75] indicate that the GWP of virgin tissue
production is at the level of 1.28–1.86 kg CO2-eq/kg. However, the technology and energy
sources used for paper production were found to be crucial to LCA results [ 76]. As global
and rest-of-world data on paper production were used in this study to model production
in Russia, high emission factors are at least partly caused by higher energy consumption
and a more greenhouse gas-intensive energy mix. Merrild et al. [ 76] estimated that the
GWP of paper recycling ranges from 0.5 to 1.5 kg CO2-eq per kg of waste paper when
the substitution of virgin paper is not considered and from � 1.3 to 0.4 kg CO2-eq per kg
of waste paper with virgin replacement. In this study, the net emission factor of paper
recycling amounts to � 1.14 kg CO2-eq/kg of wastepaper. Furthermore, tissue paper
production processes contribute crucially to EP and AP. In the case of primary production,
the net emission factors used in this study are 0.03 kg SO2-eq and 0.01 kg PO4

3� -eq per kg
of paper. The values are close to or are in the range of values reported in EPDs on tissue
paper of 0.1–0.2 kg SO2-eq and 0.002–0.011 kg PO43-eq [71–75].

Incineration of mixed MSW has a signi�cant impact on the total result in S3. Replace-
ment of electricity from the national grid and natural gas-based heat results in considerable
savings in the ADP f impact category: each kilogram of waste incinerated results in avoided
extraction of 5.56 MJ of fossil fuels in S3 (see the Supplementary Materials, Section 4.3).
The total ADP f reduction is substantially larger in the incineration scenario compared
to the recycling-focused scenario (S4). Firstly, this is because there is almost no energy
consumption during incineration, unlike in recycling processes. Secondly, this is because
the ADP f category only accounts for fuels and not resources, so the bene�ts of recycling are
not fully represented. Due to the higher energy content of RDF, even higher net speci�c
savings of fossil resources are obtained by RDF incineration. When RDF is utilized in a
cement kiln only (S0), the savings are 20.7 MJ/kg of RDF (Table 2). In other scenarios, the
additional RDF combustion in boilers results in resource savings in overall RDF utilization
that are roughly half of those found in S0. This is because a major part of the RDF is used to
produce electricity, which has 22% energy conversion ef�ciency. Similar to ADP f , the GWP
drops when RDF utilization in boilers is added. Calculated for each speci�c technology, the
GWP of 1 kg of RDF equals � 0.92 kg CO2-eq when RDF is used instead of coal in cement
kilns, and 0.36 kg CO2-eq when it is incinerated in boilers. Incineration of both mixed MSW
and RDF also contributes signi�cantly to the reduction of AP. RDF utilization causes low
AP primarily due to the avoided combustion of coal, while the considerable reduction in
AP is explained by the large quantity of MSW in mass incineration.

3.2. Enviromental Impact of Recycling of Different Waste Fractions

Among the different waste fractions, the recycling of paper and cardboard waste
achieves the most signi�cant reduction in environmental impact, particularly in GWP, EP,
and AP; this can be seen from Figure 4, which shows normalized values (0–1 range) of
impact scores for recycling and biowaste treatment processes in each impact category. An
important reason for this signi�cant reduction in environmental impact is the relatively
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8% to 20% for paper and cardboard. Generally, changes originating from MSW composition
can be multidirectional, as the share of recyclable materials also in�uences total results
through the impact of recycling. Even though the direction of these changes is largely
uncertain, the results are quite sensitive to waste composition. However, the ranking of
scenarios does not change when the alternative MSW composition is used.

3.3.2. Ef�ciency of Source Separation

Capture rates in source separation can be expected to be lower during the �rst years
of the separate collection of recyclable material. To assess the environmental impact of
the MSW management system on the earlier stages of source separation implementation,
capture rates two times lower are assumed: 8% for organic fraction, 8% for metals, 6% for
plastics, 18% for paper and cardboard, and 22% for glass. The performance of the MSW
management system changes signi�cantly as EP, AP, and ADPf increases by 56%, 49%, and
25%, respectively (S4.1). The ranking of the scenarios for GWP changes, and the waste
incineration scenario (S3) becomes the most favorable.

3.3.3. Choice of the Source of Heat Production

Instead of natural gas, heat produced from MSW can displace coal-based heat, as coal
is a minor energy source that is currently being superseded. This assumption is tested
using the GaBi unit process “RU: Process steam from hard coal 90%”. The change is applied
to the heat supply in glass recycling, heat substitution by mixed MSW incineration, and
biogas combustion. The largest changes are observed in S3, in which GWP and AP change
drastically. Due to the difference in the sulfur content of the fuels, the AP of the MSW
management system drops by 423%. When coal-based thermal energy is displaced, S3
becomes the most bene�cial in terms of AP.

4. Discussion

The results of this study generally indicate that diverting waste from land�lls to be
recycled and incinerated decreases the environmental impact of MSW management. At
�rst, the reduction is achieved due to avoided impact from land�lling; this is seen by the
large reduction in the direct emissions of greenhouse gases when moving away from S0.
Second, the reduction is achieved through substitution of production of primary materials
and energy by utilization of waste; this is mostly seen in the ADP f category, which has a
negative value across all scenarios, and the bene�ts increase further as more waste is sent
to incineration and recycling. A similar trend is also seen for the EP and AP.

This study further supports the claim that the diversion of waste from land�lls bene-
�ts the environment, which is a �nding similar to the results of other studies, e.g., Bohra
et al. [22], Kaazke et al. [28], and Starostina et al. [27]. Furthermore, this study indicates
that systematic changes aimed at the implementation of MSW source separation (including
their consequent recycling) and incineration have greater potential for the reduction of
environmental impact compared to incremental improvements of existing MSW manage-
ment systems through increased sorting of mixed waste and introduction of LFG collection.
As shown by Song et al. [79], source separation and incineration of MSW are also consid-
ered more environmentally benign than other treatment methods. Furthermore, scenarios
focused on source separation are seen as an optimal way to improve the environmental per-
formance of the MSW sector, which is shown in case studies conducted by Özeler et al. [80],
Zhao et al. [81], and Banias et al. [10]. In general, when compared to the incineration of
MSW with energy recovery, the recycling of source-separated waste has smaller impacts
on GWP, EP, AP, and other impact categories [82]. Yet, in some studies, increased MSW
incineration has shown better results than recycling focused MSW management systems.
Emery et al. [18] found that total incineration of MSW causes a larger reduction of GWP
and EP than a scenario of increased recycling. Finally, the literature suggests that hybrid
scenarios in which signi�cant waste amounts are sent to both recycling and incineration
facilities are the most favorable for the environment [ 12,21]. It should also be noted that,
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due to the various approaches to scenario building and different underlying data in other
LCAs, an accurate comparison of our results with other cases is challenging.

As the results of this study reveal, in the case of Saint Petersburg and the Leningrad
region, source separation of MSW could provide the largest reduction in the environmental
impact if capture rates reach the average EU levels. In this scenario, all four impact
categories considered in this study exhibit a signi�cant reduction. When compared to
the recycling-focused scenario, the bene�ts of waste incineration appear to be smaller in
magnitude for GWP, EP, and AP. However, one advantage that the incineration of mixed
waste has over the recycling of source-separated waste is that it can be implanted relatively
quickly; it can take approximately 5–8 years from planning to operation of the plant.
Due to the substitution of fossil-based energy production in the studied area, this option
can still substantially reduce GWP, EP, AP, and ADP f—even in a short-term perspective.
However, due to the signi�cant cost of incineration plants, their construction leads to a
lock-in in which MSW would need to be supplied there for several decades to ensure
the plants' economic pro�tability. This will, however, undermine the development of the
MSW system towards recycling. On the other hand, though it takes longer to implement
than incineration, the recycling of source-separated waste can be more favorable in the
long term. For example, despite being well-known for a rapid increase in recycling rates,
the Slovenian city of Ljubljana only managed to collect 16% of biowaste after 9 years of
system development [63]. If the MSW management situation requires a quick response, a
combination of source separation and thermal treatment can be used in ways similar to
many cases in Europe. However, there is debate over the coexistence of waste incineration
and recycling in the development of MSW management [ 83,84]. Because of this, the path to
more environmentally sustainable MSW management should be planned carefully.

5. Conclusions

This LCA study contributes to research on the most environmentally sustainable di-
version of MSW from land�ll using the case of Saint Petersburg and the Leningrad region,
Russia, where this challenge is currently being addressed. The results of the study show
that the current MSW management system has signi�cant potential to improve and even
fully compensate for its environmental impact. The land�lling of MSW is especially detri-
mental to climate change. However, each of the modeled scenarios results in a substantial
reduction in GWP. At the baseline situation (S0), MSW management is estimated to produce
a little over 1 Tg (1 � 109 kg) of CO2-eq (or 0.334 kg CO2-eq per 1 kg of MSW generated),
while AP and ADP f are negative. If the average EU capture rates of recyclables are achieved,
enhanced recycling practices provide the largest potential for reduction in overall envi-
ronmental impact. MSW incineration can also reduce environmental impact signi�cantly,
especially if coal is replaced as an energy source. Among the waste fractions, paper and
cardboard recycling is estimated to have the largest potential to decrease environmental
impact. However, it is important to remember that the separation ef�ciencies (including
capture rates) used in this LCA may in�uence the results signi�cantly.

Although detailed data on local waste �ows were applied to the model, the limitations
of this study include the use of secondary data for modeling the disposal, recycling, and
incineration processes. More accurate results could be obtained through the application of
data speci�c to local technologies wherever possible. Besides, since the model built in GaBi
software had to be complemented by ecoinvent data, the study would bene�t from higher
consistency of LCI data. The sensitivity analysis identi�ed changes in scenario ranking for
certain impact categories only, which do not change the conclusion drawn from the results.
The results give a clear direction for future actions to reduce the environmental impact of
MSW management in Saint Petersburg and the Leningrad region. With due caution, some
of the results can be useful for regions with similar waste composition, MSW management
practices, and energy mix, including other regions of Russia and countries in the east and
south-east of Europe.
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Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/recycling7020019/s1. Table S1: LCI data on waste collection
and transportation in Saint Petersburg, Table S2: LCI data on waste collection and transportation
in the Leningrad region, Table S3: LCI data on transportation of recyclable materials, Table S4:
LCI data on land�lling, Table S5: Initial data for calculation of the methane generation potential,
Table S6: Additional LCI data on land�lling with LFG collection, Table S7: Sorting facilities/processes
modelled, Table S8: LCI data on mechanical sorting of mixed waste, Table S9: LCI data on a sorting
line with manual separation of recyclable materials from mixed waste, Table S10: LCI data on a
sorting line for source-separated waste fractions, Table S11: LCI data on windrow composting,
Table S12: Composition of screening reject subject to composting, Table S13: Data used in modelling
of recycling processes, Table S14: Processes from GaBi (version 2020.2) used in modelling of mixed
MSW incineration, Table S15: Composition of RDF and characteristics of RDF fractions, Table S16: LCI
data on RDF incineration, Table S17: LCI data on �ue gases treatment process, Table S18: Weighting
rules for NSR in perturbation analysis, Table S19: Parameters checked in perturbation analysis,
Table S20: Alternative data on MSW composition in Leningrad region, Table S21: Sensitivity ratios
of parameters in each scenario, GWP impact category, Table S22: Sensitivity ratios of parameters
in each scenario, EP impact category, Table S23: Sensitivity ratios of parameters in each scenario,
AP impact category, Table S24: Sensitivity ratios of parameters in each scenario, ADPf impact
category, Table S25: Normalized sensitivity ratios of parameters in each scenario, GWP impact
category, Table S26: Normalized sensitivity ratios of parameters in each scenario, EP impact category,
Table S27: Normalized sensitivity ratios of parameters in each scenario, AP impact category, Table S28:
Normalized sensitivity ratios of parameters in each scenario, ADPf impact category, Table S29:
Aggregated weighted results of perturbation analysis over all impact categories [85–101].
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Introduction

Many countries promote diverting municipal solid waste (MSW) 
from landfills to more efficient waste management practices, 
such as material recovery and waste incineration. Despite the 
progress in landfill reduction in Europe, global waste manage-
ment practices lag, with a significant reliance on landfilling due 
to its cost efficiency (Kaza et al., 2018). Landfills continue to 
produce emissions through leaching and possible landfill fires 
(Vassiliadou et al., 2009) as well as formation of greenhouse 
gases (GHGs; Siddiqua et al., 2022). Landfill gas (LFG) that is 
formed as a result of decomposition of organic waste contains 
significant amounts of methane, a potent GHG. Global warming 
potential (GWP) of methane is 28–36 times higher compared to 
carbon dioxide when considering its impact over a 100-year 
period (IPCC, 2006). Reduction of methane emissions is an 
important objective in combatting climate change, with a target 
set for 2030 (European Commission, 2020). The IPCC (2022) 
emphasized the urgent need for reduction of GHG emissions in 
general.

Reduction of methane emissions from landfilling is typically 
addressed by recycling and municipal solid waste incineration 

(MSWI) – in this article, the latter refers specifically to incinera-
tion with energy recovery. Both recycling and MSWI are gener-
ally considered to have a lower environmental impact than 
landfilling and contribute to GHG emission reduction, as shown 
by various case studies (e.g. Calabrò, 2009; Chen et al., 2022; 
Malinauskaite et al., 2017; Richard et al., 2021; Schneider et al., 
2012; Verma and Borongan, 2022). In recycling, the GHG emis-
sion reduction can result from lower amount of energy required 
to produce secondary materials, when compared to primary 
material production, with recycling of aluminium being a prime 
example (Al-Alimi et al., 2024). Energy recovered in MSWI 
reduces the need for conventional energy sources and thus allows 
to avoid GHG emissions associated with conventional energy 
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production. Moreover, when MSW is recycled or incinerated 
instead of landfilling, methane emissions are not generated, as 
waste decomposition does not occur.

A transition from landfilling to MSWI or recycling requires 
significant changes in the waste management infrastructure and 
operations. Building MSWI plants requires large capital invest-
ments (Xin-Gang et al., 2016), but can be implemented relatively 
quickly, taking approximately 5–8 years from planning phase to 
operation of an MSWI plant. Meanwhile, developing a recycling 
system and reaching sufficient level of recycling can take longer 
time, as recycling performance is dependent on many external 
factors such as involvement of citizens, the quality of collected 
recyclables, market of secondary materials, etc. (Gundupalli et 
al., 2017; Stoeva and Alriksson, 2017; Zhang et al., 2017). 
Therefore, the transition to MSWI and recycling may lead to dif-
ferent speeds of GHG emission reduction, which is critical given 
the urgent need to mitigate climate impacts. However, existing 
research has not examined potential emission reduction when 
transitioning to recycling and MSWI in relation to the time 
required for the transition. This study addresses that gap by ana-
lysing the experiences of European frontrunners in landfill 
reduction.

Given the urgent need to drastically reduce GHG emissions 
and varying time required for transitions, this study aimed to 
assess whether MSWI or recycling offers a faster and more robust 
solution for GHG reduction in MSW management. To achieve 
this, the study evaluated the speed of transition from landfilling 
to MSWI and recycling in countries that have rapidly reduced 
landfilling in recent years. Using life cycle assessment (LCA), 
the speed of GHG emission reduction was calculated in selected 
cases, and the robustness of the results was tested through sce-
nario analysis. The study findings demonstrated the inherent 
uncertainty in assessing the consequences of landfill diversion on 
GHG emissions of MSW management, emphasizing the need for 
rigorous uncertainty assessment and the identification of robust 
solutions for emission reduction. The study pointed to potential 
scenarios where transitioning to MSWI could reduce GHG emis-
sions more rapidly than transitioning to recycling.

Methodology

No previously published studies have retrospectively examined 
the performance of different GHG emission reduction strategies 
in relation to the time required for emission reductions to occur. 
Thus, the following methodology was developed. Firstly, MSW 
statistics of 13 countries – Lithuania, Latvia, Slovenia, Slovakia, 
Croatia, Ireland, Austria, Norway, United Kingdom, Finland, 

Poland, Italy and China – that performed well in the transition 
from MSW landfilling to recycling and/or MSWI in a short 
period of time were analysed. The speed of transition was quan-
titatively assessed using mathematical equations that consider 
the percentage changes in waste incineration, recycling and 
landfilling relative to the period of time in which the shift from 
landfilling to recycling or MSWI happened (hereinafter referred 
to as the transition period). The equations are defined in subsec-
tion ‘Speed of transition indicators’. Calculated indicators 
allowed evaluation and comparison of the progress of each 
country in diverting waste from landfills. To assess GHG emis-
sion reduction resulting from landfill diversion, LCA was con-
ducted for MSW management in three cases: Finland, Italy and 
Poland, all at the start and end point of their transition periods. 
These three cases were chosen based on availability of waste 
data, particularly data on amounts of source separated waste 
for different fractions of MSW. Transition periods were also 
corrected where necessary based on availability of data. The 
cases of Finland, Italy and Poland may exemplify different 
directions taken in landfill diversion, as Finland mostly devel-
oped MSWI, Italy focused on recycling, whereas Poland devel-
oped MSWI and recycling in similar proportions. Goal and 
scope of LCA and its inventory are provided in subsection 
‘Life cycle assessment’. Then, the speed of GHG emission 
reduction was defined as an indicator to compare selected 
cases with regard to the speed of reducing emissions in MSW 
management (subsection ‘Speed of GHG emission reduction’). 
Lastly, scenario analysis was done to investigate how the 
results are affected by modelling choices (subsection ‘Scenario 
analysis’). Summary of the steps, methods and outcomes of 
this study is shown in Figure 1.

Speed of transition indicators

To calculate and compare the speed of transition to recycling and 
MSWI in 13 selected countries, the following equations were 
applied. Equation (1) was used to quantify the speed of transition 
from landfilling to incineration of MSW with energy recovery 
(speed of transition to incineration) by measuring the change in 
the percentage of incinerated MSW over the transition period 
relative to the duration of the transition period (%-point year−1). 
In a similar manner, equation (2) was used to quantify the speed 
of transition from MSW landfilling to recycling – speed of transi-
tion to recycling, %-point year−1. Equation (3) quantified the 
speed of landfill reduction as it measures the change in the per-
centage of landfilled MSW over the transition period relative to 
the duration of the transition period (%-point year−1).
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where MG1 and MG2 – mass of MSW generated at the start (X1) 
and end (X 2) point of transition period, respectively, (Mg year−1); 
MI1 and MI2 – mass of MSW incinerated at the start ( X1) and end 
( X 2) point of transition period (Mg year−1); MR1 and MR2 – mass 
of recycled MSW at the start ( X1) and end ( X 2 ) point of transi-
tion period (Mg year−1); ML1 and ML2 – mass of landfilled MSW 
at the start ( X1) and end ( X 2) point of transition period 
(Mg year−1).

Speed of transition indicators from equations (1) to (3) 
were calculated using data from national reports on waste 
management of respective countries. The used values and ref-
erences to data sources are given in Supplemental Material, 
Section A.

Life cycle assessment

Goal and scope.  The aim of LCA in this study was to compare 
GHG emissions associated with MSW management in selected 
countries in the beginning and end of the respective transition 
periods. The functional unit employed in this LCA was one Mg 
of treated MSW. The LCA followed ISO 14040 (2006) and ISO 
14044 (2006) standards. Modelling was performed using LCA 
for Experts (former GaBi) software from Sphera Solutions 
GmbH in Leinfelden-Echterdingen, Germany (database version 
10.7.1.28), whereas some data inputs were sourced from the eco-
invent database (version 3.10) for the ‘allocation, cut-off by clas-
sification’ system model. GWP was calculated using CML2001 
– August 2016 method over a 100-year period, excluding bio-
genic carbon. Multifunctionality of waste management system 
was addressed by substitution.

System boundary.  The system boundary of MSW management 
system in this study was limited to include the main waste treat-
ment processes: recycling processes, anaerobic digestion, com-
posting, MSWI and landfilling as well as avoided production of 
energy and materials. Figure 2 provides a visual representation of 
the system boundary used. The same system boundary was used 
for Finland, Italy and Poland to model GHG emissions from 
MSW management systems at the start and end of transition 
period.

Inventory data on material flows and waste composition.  
Table 1 provides the amounts of MSW sent to different types of 
waste treatment which in total amount to one Mg of MSW. Table 
1 also reports on textile, wood and bulky waste that were reported 
in national waste statistics to be sent to recycling, but recycling 
processes for those fractions were not modelled in this study due 
to uncertainty in required modelling assumptions and relatively 
small amount of those waste fractions in total amount of waste 
treated. LCA model of MSW management was built for 2010 and 
2020 in Finland and Poland, and 2012 and 2020 in Italy due to 
lack of source separation statistics for Italy in 2010. The compo-
sition of mixed MSW used in the model at the beginning and end 
of the transition period in each country is given in Supplemental 
Material, Section B.

Inventory for energy use and energy recovery.  In the initial 
LCA model, electricity and heat substitution and consumption 
was modelled using average data specific to each country and 
year. Average mixes were built using data on electricity and heat 
generation in all cases. Assumed energy mixes were reported in 
detail in Supplemental Material, Section C. In electricity mixes, 
the percentage of fossil energy sources change from 93% to 79% 
in Poland, from 74% to 58% in Italy and from 41% to 14% in 
Finland over the transition period. Generally, similar trends occur 

Figure 1.  Summary of the steps, methods and outcomes of the study.
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Figure 2.  System boundary of LCA study for Finland, Italy and Poland at the start and end points of transition period.
LCA: life cycle assessment.

Table 1.  Material flows in Finland, Italy and Poland used in LCA model. The values were recalculated for one Mg of MSW based 
on data from referenced data sources.

Waste stream Finland 2010 
(Statistics 
Finland, 2021)

Finland 2020 
(Statistics 
Finland, 2021)

Italy 2012 
(ISPRA, 2015)

Italy 2020 
(ISPRA, 2021)

Poland 2010 
(GUS, 2011)

Poland 2020 
(GUS, 2021)

Separately collected waste sent to material recovery
  Biowaste 0.098 0.135 0.167 0.260 0.019 0.155
  Paper and cardboard 0.111 0.132 0.105 0.127 0.017 0.048
  Plastic 0.004 0.025 0.031 0.057 0.012 0.047
  Glass 0.025 0.022 0.055 0.081 0.021 0.070
  Metalsa 0.005 0.035 0.009 0.013 0.002 0.005
  Textilea 0.003 0.005 0.004 0.003
  Woodb 0.008 0.028 0.021 0.032  
  Bulky wasteb 0.075 0.039 0.010 0.010 0.010 0.068
Waste separated from mixed MSW and sent to material recoveryc

  Biowaste – – – – 0.061 –
  Other fractionsd – – 0.110 –
To material recovery, total 0.326 0.419 0.401 0.585 0.256 0.387
To MSWI 0.221 0.579 0.192 0.204 0.010 0.215
To landfill 0.453 0.005 0.407 0.211 0.734 0.398

LCA: life cycle assessment; MSW: municipal solid waste; MSWI: municipal solid waste incineration.
aShares of metal in the composition of mixed waste was further specified using data from (KIVO, 2021) and (Andreasi Bassi et al., 2017).
bRecycling of these waste fractions was not modelled due to uncertainty in required modelling assumptions.
cThis category was specified only in Polish statistics.
dBecause data on specific waste fractions were not provided, the amount was assumed to contain 57% of plastics, 40% of paper and 3% of 
metals based on Den Boer (2017).
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couple with the simultaneous decrease in fossil energy use and the 
increase in renewable energy use. One example of these issues is 
electricity generation in Finland (see IEA, 2023b). Between 2000 
and 2020, the electricity market was relatively stable, thus, accord-
ing to Weidema et al. (1999), the energy sources which increased 
their shares in the mix (mostly wind) would be used as marginal. 
But between 2010 and 2020, the electricity market decreased, and 
thus, energy sources that decreased their shares (mostly coal) 
would be marginal energy technologies. Additionally, phasing out 
of coal and natural gas in the electricity mix was happening at the 
same time as wind energy was expanding. To address these uncer-
tainties, three cases for marginal energy data were tested in the 
scenario analysis: (a) marginal mix, which was identified fully fol-
lowing principles from Weidema et al. (1999) and Consequential 
LCA (2021), (b) single marginal energy sources that decreased 
their shares in the national energy mixes the most and (c) single 
marginal energy sources that increased their shares in the national 
energy mixes the most. For this study, marginal energy data were 
identified based on the heat and electricity generation statistics 
provided by IEA for 2005–2020 for each country and were 
assumed to be the same at the beginning and the end of the transi-
tion periods. The resulting marginal data and more detail on what 
cases (a), (b) and (c) represent are given in Table 2.

Furthermore, LFG collection rate is an important parameter in 
waste LCAs that can bring significant uncertainty. In the scenario 
analysis, because country-specific uncertainty ranges were chal-
lenging to estimate, 5%–86% range for LFG collection rate was 
tested in addition to selected country-specific values based on 
Duan et al. (2022) and Oonk (2012).

Results

Speed of transition indicators’ results

Table 3 presents the results of quantifying the speed of transition 
to recycling, incineration and landfill reduction for 13 countries 
that excelled in diverting MSW from landfills. Lithuania, Ireland, 
Slovenia and Finland performed the best in overall landfill diver-
sion. Lithuania, Slovenia and Slovakia showed the fastest transi-
tion to recycling, with annual increases of 4.02, 3.70 and 
3.31 percentage points, respectively. Ireland, Finland, Norway 
and China were the quickest to develop MSWI, with annual 
increases of 5.26, 3.60, 3.70 and 3.56 percentage points, respec-
tively. Among the countries selected for further investigation – 
Finland, Italy and Poland – only Finland showed notable results. 
Italy’s speed of transition to recycling was moderate compared to 
other top performers.

Table 2.  Marginal energy sources identified for Finland, Italy and Poland based on IEA (IEA, 2023a, 2023b, 2023c) for the 
scenario analysis. 

Energy type 
modelled

Case (a): Energy sources identified 
as marginal following Weidema et al. 
(1999) and Consequential LCA (2021) 
fully, marginal mix

Case (b): Energy source that 
increased their presence 
in the energy mix the most, 
single marginal

Case (c): Energy source that 
decreased their presence 
in the energy mix the most, 
single marginal

– represents moderate conditions
– �depends on whether the market 

increases or decreases strictly

– �represents more specific and, in most cases, also rather 
extreme conditions (the most fossil/fossil-free energy)

– �does not depend on whether the market increases or 
decreases to avoid uncertainty of fluctuating markets but 
captures the main trends

Finland
  Electricity Wind – 40%

Solar PV – 5%
Natural gas – 37%
Biofuels – 18%

Wind Coal

  Heat Biofuels – 100% Biofuels Coal
Italy
  Electricity Wind – 16%

Solar PV – 21%
Natural gas – 50%
Biofuels – 13%

Natural gas Oil

  Heat Natural gas – 73%
Biofuels – 27%

Natural gas Oil

Poland
  Electricity Wind – 36%

Hydro – 18%
Nuclear – 25%
Biofuels – 21%

Wind Coal

  Heat Coal – 100% Natural gas Coal

LCA: life cycle assessment.
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LCA results

Figure 3 illustrates the GWP of MSW management at the start 
and end of the transition period in Finland, Italy and Poland. In 
all three countries, GHG emissions decreased, with a reduction in 

methane emissions from landfills playing an important role. The 
impact of increased MSWI and recycling had varying results. 
Climate impacts of MSWI was heavily affected by GHG inten-
sity of the replaced energy mixes and their changes over the tran-
sition period, while also being a function of country-specific 

Table 3.  Speed of transition indicators in countries that performed well in diverting MSW from landfills, based on equations 
(1)–(3).

Country Speed of transition to 
incineration

Speed of transition to 
recycling

Speed of landfill 
reduction

[%-points year−1] [%-points year−1] [%-points year−1]

Poland 2.12 2.24 –2.70
Finland 3.60 0.93 –4.40
Italy 0.34 2.50 –2.37
Lithuania 2.67 4.02 –6.98
Ireland 5.26 1.03 –6.61
Austria 0.53 0.27 –0.63
Norway 3.70 –0.16a –2.31
UK 2.51 1.34 –3.79
China 3.56 – –0.69
Croatia 0.02 3.03 –3.39
Latvia 0.26 3.02 –3.79
Slovenia 1.22 3.70 –5.01
Slovakia –0.33a 3.31 –3.16

Green colour indicates higher speed of transition, and red indicates a slower transition, with darker shades representing more extreme values 
and lighter shades indicating values closer to the average.
MSW: municipal solid waste.
aNegative value resulted from the increase in MSW generation.

Figure 3.  GWP of MSW management over 100-year timespan in the start and end years of the transition in Poland, Italy and Finland.
GWP: global warming potential; MSW: municipal solid waste.
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energy recovery efficiencies. Recycling generally showed nega-
tive GWP, with plastic and metal recycling contributing to emis-
sion savings the most. Glass recycling in Italy and Poland led to 
an environmental burden because virgin glass production was 
modelled with European average data, while energy use in recy-
cling was based on country-specific mixes. Biowaste treatment 
had a negligible impact on emission reduction. Direct and 
avoided emissions associated with all modelled processes can be 
found in Table 8 of Supplemental Material, Section G.

In Finland, GHG emissions dropped from 64 kg CO2-eq. Mg 
of treated MSW−1 in 2010 to −181 kg CO2-eq. Mg of treated 
MSW−1 in 2020 due to a near elimination of emissions from land-
fill, and, interestingly, a significant increase in recycling, mainly 
metals. Despite a substantial increase in MSWI in Finland from 
2010 to 2020, the benefit of MSWI decreased following a shift in 
the Finnish energy profile towards non-fossil sources.

In Italy, total net GWP shifted from 56 kg CO2-eq. Mg of 
treated MSW−1 in 2012 to −43 kg CO2-eq. Mg of treated MSW−1 
in 2020. Besides a reduction in emissions from landfills, increased 
plastic and metal recycling contributed to GHG savings. Emission 
savings from MSWI in 2012 turned to a slight environmental 
burden in 2020 (see Supplemental Material, Section G) due to 
defossilization of Italian energy mix, while the amount of incin-
erated MSW remained almost unchanged.

Polish MSW management in 2010 had high emissions from 
landfills and only minor compensation from recycling benefits, 
resulting in a net GWP of 375 kg CO2-eq.  per Mg of treated 
MSW. In 2020, net GWP dropped to 89 kg CO2-eq. Mg of treated 
MSW−1. Despite increased recycling, emission savings from 
recycling dropped in 2020, largely due to the high amount of 
plastic recycling modelled in 2010 based on waste statistics and 
assumptions (see subsections ‘Inventory data on material flows 
and waste composition’ and ‘Inventory for material recovery pro-
cesses’). The impact of MSWI in Poland shifted from slight envi-
ronmental savings in 2010 to significant savings in 2020, mainly 
due to increased MSWI capacity, whereas Polish energy mix 
remained largely fossil-based.

Scenario analysis results

The results of the scenario analysis are presented in Figure 4 and 
detailed in Supplemental Material, Section G. Figure 4 shows 
that the choice of background energy data affected LCA results 
greatly. If marginal data were based on single marginal energy 
sources decreasing in the energy mix (case (c), fossil energy 
sources), increased waste incineration contributed to GHG emis-
sion reduction and MSWI-focused transition in Finland showed 
the largest decrease in GWP across all countries and cases mod-
elled, from −22 kg CO2-eq. Mg MSW treated to −556 kg CO2-eq.  
per Mg MSW treated. In case of single marginal energy sources 
increasing in the energy mix (case (b), often non-fossil), GHG 
emissions from MSWI mostly had positive net values, meaning 
that increased MSWI did not provide environmental benefits. 
The exception was Italy, where MSWI led to small emission 

savings since natural gas was the energy source that increased in 
the Italian energy mix the most. Despite this, GWP of MSW man-
agement systems decreased over the transition period, owing to 
the increased environmental savings from recycling and the 
reduction of methane emissions at landfills. The results of using 
marginal mixes (case (a)) differed from those of case (b) only 
slightly. The differences are noticeable in Italy and Poland, where 
marginal mixes (case (a)) included both renewables and natural 
gas, whereas the single marginal energy sources (case (b)) were 
either natural gas or a renewable, low-carbon energy source. 
Variations in GWP due to possible uncertainty in the LFG collec-
tion rate, shown in Figure 4 with error bars, were significant in all 
cases where landfilling is present, and illustrate how GWP reduc-
tion could vary with different practices in landfilling.

Speed of GHG emission reduction

The ranking of the speed of GHG emission reduction differed 
depending on the energy data assumptions used in the LCA 
model, as shown in Table 4. For instance, Finland demonstrated 
the highest speed of GHG emission reduction among the three 
countries if energy produced from MSWI replaced phased-out 
fossil-based technologies. Poland had the fastest emission reduc-
tion in the remaining cases, which can be attributed to its signifi-
cantly lower efficiency in LFG collection (12%) compared to the 
other countries, resulting in a greater impact from diverting waste 
from landfills. Italy had the slowest speed of GHG emission 
reduction in all cases, which can be explained by a smaller 
decrease in landfill use compared to the other two countries and 
smaller impact from MSWI (either a smaller burden or smaller 
savings). This is because in Italy energy recovered in MSWI 
replaced energy sources with more moderate carbon intensity in 
nearly all cases (see subsection ‘Inventory for energy use and 
energy recovery’ and Table 2). Overall, the results for the speed 
of GHG emission reduction and their analysis show that the 
speed of emission reduction cannot be attributed solely to a spe-
cific emission reduction strategy (recycling vs MSWI). 
Additionally, assumptions about avoided energy production can 
be critical for determining both the magnitude and speed of GHG 
emission reduction.

Discussion

Evaluation and comparison of emission reduction speed brought 
by transitioning to recycling and incineration faced challenges 
and limitations. Firstly, reliability of results may be challenged 
by current inaccuracy in waste statistics. Although the European 
Union (EU) adopted stricter criteria for calculation and reporting 
recycling rates (Official Journal of the European Union, 2019), 
2010 and 2020 data followed the previous approach, likely over-
estimating actual recycling. Furthermore, a number of assump-
tions were made in the LCA model: paper, steel, aluminium, PET 
and glass were used to represent a more diverse profile of the 
recycled materials that exists in reality; assumptions had to be 
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done to model recycling of waste separated from mixed MSW in 
Poland, 2010. Recycling and virgin material production was 
mostly modelled using data embodied in respective processes in 
LCA databases, consequently, the effect of different assumptions 
on energy in scenario analysis was not captured by the model 
fully. Additionally, in the scenario analysis, the assessment of 
marginal data effects was limited by using the same marginal 
data for both the beginning and end of the transition, whereas in 
reality, these could differ.

The specific results of this study are not directly generalizable 
to other countries, as they could differ due to variations in land-
filling practices, waste composition, recycling systems, energy 
recovery efficiencies as well as national energy mixes and energy 
system transition trends. For instance, in this study, a sharp drop 
in GHG emissions in Finland, if fossil energy is replaced, is 

partly caused by high efficiency of heat recovery in MSWI, 
which may not be in demand in other countries. Therefore, con-
clusions should be drawn on a case-by-case basis, as different 
combinations of conditions are possible. Nevertheless, this paper 
also provides insights relevant for decision-making in MSW 
planning globally, which are discussed further.

LCA modelling in this study applied both consequential and 
attributional approaches by incorporating average and marginal 
energy data. The results obtained using average data illustrate 
how the environmental impacts of MSW management systems 
evolved over the transition period, providing static snapshots of 
impacts at specific points in time. The results based on marginal 
data attempt to represent the environmental consequences of the 
transitions that occurred. The latter approach thus is more appro-
priate to study transitions and usually recommended to support 

Figure 4.  Results of scenario analysis: GWP of MSW management in the start and end years of the transition in Poland, Italy 
and Finland. In case (a), energy in the system was modelled as a marginal mix (often moderately carbon-intensive mixes); in 
case (b), energy was modelled as a single marginal energy source that increased its share in the energy mix the most (often 
renewable sources) and in case (c), recovered energy substitutes a single marginal energy source that decreased its share in 
the energy mix the most (fossil energy sources). Error bars show the effect of varying LFG collection rate from 5% to 86%.
GWP: global warming potential; MSW: municipal solid waste; LFG: landfill gas.

Table 4.  Speed of GHG emissions reduction during the transition period in Finland, Italy and Poland, kg CO2-eq. (Mg MSW 
treated·year)−1, based on GWP over 100-year timespan.

Country Finland Italy Poland

Transition period 2010–2020 2012–2020 2010–2020

Based on average energy data 25 12 29
Based on marginal energy data
  Case (a) – marginal mix 16 14 26
  Case (b) – single marginal increasing in the mix 16 14 22
  Case (c) – single marginal decreasing in the mix 53 15 31

GHG: greenhouse gas; GWP: global warming potential; MSW: municipal solid waste.
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decision-making. However, this study showed how energy sys-
tem transitions create uncertainties critical for identifying effec-
tive emission reduction pathways. An optimal approach to 
support decision-making for future MSW management then 
requires testing a range of marginal data, as recommended by 
Fruergaard et al. (2009). However, since factors beyond back-
ground energy data – LFG collection rates and likely other fac-
tors – can also significantly influence the results, efficient and 
robust solutions for GHG emission reduction are likely to be con-
strained by specific conditions. Identifying such solutions 
requires a comprehensive uncertainty analysis of GHG emissions 
that considers multiple influencing parameters and their 
interplay.

In the future, MSW management may involve changing waste 
compositions, increased energy recovery efficiencies and possi-
bilities for recycling, but Bisinella et al. (2024) stated that defos-
silization of energy system may be ‘the single-most important 
future change affecting waste LCAs from a climate change pro-
spective’. Many EU countries committed to reduce fossil fuels 
use in energy production (European Commission, 2019) and 
have already made progress in decarbonization. Some nations are 
expected to continue relying heavily on fossil fuels due to vast 
reserves, economic dependence on fossil fuel industries and lack 
of renewable energy potential. Globally, the U.S. Energy 
Information Administration (EIA, 2023) projects that by 2050, 
the majority of growing electricity demand will be met by non-
fossil sources, with natural gas filling most of the remaining 
demand. Energy consumption in both industrial and residential 
sectors is projected to increase through 2050, though detailed 
forecasts for heat demand remain uncertain. In heat sources, the 
EIA also anticipates a shift to renewables by 2030, which could 
result in smaller emission savings from heat production in MSWI 
as well.

Conclusions

This article raises discussion on the speed of landfill diversion 
and the potential reduction in GHG emissions, as landfilling 
remains the primary method for MSW treatment globally and a 
major source of human-related methane emissions. The speed of 
GHG emission reduction was assessed retrospectively in three of 
the top landfill-diverting countries: Finland, which primarily 
transitioned to incineration; Italy, which focused on recycling; 
and Poland, which balanced incineration and recycling. The 
results did not show a clear link between the speed of emission 
reduction and a specific landfill diversion strategy. Instead, it was 
influenced by landfilling practices – making Poland the fastest in 
emission reduction in several cases tested – and changes in the 
national energy sector and their reflection in LCA. Nevertheless, 
the results allow to suggest that in countries where growing 
energy demand is unlikely to be met primarily with fossil-free 
sources, waste incineration with energy recovery may accelerate 
GHG emission reductions more effectively than recycling. It 

should be noted, however, that while this study focused on the 
urgency of climate action, other factors may influence the choice 
of landfill diversion strategy.

Additionally, the findings of this study highlight key consid-
erations for providing policymakers with reliable data. Firstly, a 
consequential approach should be applied when selecting landfill 
diversion strategies. Secondly, current transitions in the energy 
system introduce uncertainties that are critical for identifying the 
most effective emission reduction pathways. Addressing these 
uncertainties, alongside other influencing factors, may require 
comprehensive uncertainty analysis and identification of robust 
solutions.
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Abstract: This paper investigates the factors in�uencing the behavior of individuals in source-

separation of municipal solid waste in an immature system for collection of recyclable waste (Saint

Petersburg, Russia) and a more mature waste system (selected urban areas, Finland). Online question-

naires were applied to collect data from citizens of Saint Petersburg and the Finnish urban population.

The data were examined within an extended theory of planned behavior using structural equation

modeling for the identi�cation of factors affecting waste source-separation behavior. The �ndings

indicate that the factors differed signi�cantly in the two waste systems. In Russia, the inconvenience

of waste collection limited waste source-separation behavior, while intentions of individuals and

information availability had an almost equal positive effect. In Finland, waste source-separation

behavior was mostly affected by people's intentions. Based on the �ndings, recommendations for

the development of recycling practices were made for practitioners in Russia and possibly other

early-stage systems for the collection of recyclable waste. Limitations of the study pinpointed the

possibilities for future research.

Keywords: waste source separation; municipal solid waste; theory of planned behavior; structural

equation modeling

1. Introduction

A pathway towards a circular economy and a more sustainable municipal solid waste
(MSW) management is now being pursued by many countries. In developed countries and,
particularly, in Europe, the efforts to develop MSW management have been performed for
years and decades and led to notable progress. According to the policy of the European
Union, the current agenda of the EU member states includes increasing the level of MSW
for reuse and recycling to 65% by 2035 [1]. While some EU member states have reached
recycling rates higher than others, there are countries with waste management systems
at development stages considerably earlier than the European front-runners. Among the
EU members, in 2019, the lowest recycling rates were recorded in Greece (21%), Cyprus
(15%), Romania (11.5%), and Malta (8.9%) [2]. Outside the EU, countries of Southeast and
East Europe often rely on land�lling to a much larger extent and have lower recycling rates
as well. Particularly, low recycling performance is attributed to post-soviet states such as
Russia (7% of MSW recycled), Belarus (19% of MSW recycled), Ukraine (less than 3% of
MSW recycled), Moldova, and Georgia [ 3]. Similar to many other countries in the world,
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these Eastern European countries either have already started or will likely increase attention
towards the diversion of MSW from land�lls in favor of recycling. A clear understanding
of the factors limiting a transition towards a circular economy in such less-developed waste
management systems may remove barriers and ultimately enhance the transition.

Due to the speci�c history as well as current economic, political, cultural, and geo-
graphical backgrounds of countries, development pathways for MSW management may
differ. A great number of factors may affect the chosen strategy and the process of de-
veloping waste management and recycling. For instance, available investment funds,
institutional structures, allocation of responsibilities in MSW collection and recycling, the
ef�ciency of involved organizations, and so on. In addition, the waste management system
itself, as well as the transition towards a circular economy, is extremely complex, involving
a wide range of stakeholders and incentives. A crucial part in the transition is played by
households as they have to adjust to new daily routines in waste handling and collection.
The engagement of households in waste separation activities is also affected by a set of
factors, including beliefs and values of individuals, the way waste collection is arranged,
its equipment and convenience, incentives provided for source-separation of waste, etc.
Factors affecting the behavior of people with regard to source-separation of MSW may
vary between countries and regions, as well as the initiatives that are needed to improve
waste management.

Within the scope of Europe, there is a considerable amount of research performed on
factors in�uencing participation in source-separation of waste for mature waste manage-
ment systems. Among other countries, the factors related to source-separation of waste
were studied in Sweden [ 4], Finland [ 5,6], Germany [7], the United Kingdom [ 8,9], and
Italy [ 10,11]. However, source-separation behavior and critical factors affecting it have been
investigated scarcely in Eastern Europe, where waste separation and recycling practices
are less common. In this context, waste handling behavior was studied in Belarus [ 12] at a
time when the separate collection of household waste was only starting to be implemented.
Factors affecting waste separation behavior were also researched in Turkey [13], whose
MSW recycling performance could be compared to that in Eastern Europe. Comparisons
between waste separation behavior representing early-stage and more mature systems for
the collection of recyclable waste are also rare. Two studies were found to compare waste
source-separation behavior at different development stages in Europe: between Lithuania
and Sweden [14] and between Bulgaria and Sweden [15]. Their results showed that the
same factors could affect waste source-separation behavior in a different manner, although
some factors have a similar effect at different stages of MSW system development. For
example, satisfaction with local facilities for waste collection negatively affected waste
source-separation behavior in Bulgaria and had no in�uence on the behavior of respondents
in Sweden [15]. By contrast, attitudes toward source-separation of waste and recognized
moral obligation to recycle waste were signi�cant factors regardless of the maturity of the
system for collection of recyclable waste [14,15]. While Sweden, Lithuania, and Bulgaria
are EU members, little is known about waste source-separation behavior of people in less
developed waste systems outside direct in�uence of waste strategies and regulation in
EU. The former Soviet states, and in particular Russia, are thus prominent examples of
European countries with less developed waste collection and management systems.

In order to increase recycling and support the transition toward more circular waste
management systems, an improved understanding of the key motivators and barriers for
households and individuals in waste source-separation behavior is needed. This study
aims to identify and evaluate critical factors in�uencing the behavior of people in source-
separation of MSW in the context of an early-stage system for collection of recyclable
waste and a developed system. For that, the case of Russia is studied to represent an
underdeveloped waste collection scheme, and the case of Finland is used as a benchmark
for a more developed EU waste system. The study compares the identi�ed factors for
the two cases and, on this basis, provides recommendations for how to improve waste
separation at the source and, consequently, boost the transition towards a circular economy.
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2. Materials and Methods
2.1. Case Selection and Description

System for separate collection of MSW in Finland serves as a case of a well-established
system, while Russian case is an example of an underdeveloped system. In order to draw
a comparison with regard to waste source-separation behavior, urban population was
studied in both cases. Saint Petersburg was chosen to represent the Russian case, and
multiple towns in Finland were involved in the study as a Finnish case.

In Finland, separate collection of waste has been implemented for over 30 years. Nowa-
days, municipal waste management system is predominantly based on source separation of
waste, and only two mechanical-biological treatment facilities operate in the country [ 16].
An approach to the waste collection service can vary in different areas and for different
housing types in Finland. In urban areas, blocks of �ats are provided with separate bins for
biowaste, paper, cardboard, glass, metal, and mixed waste within a door-to-door system
(meaning that waste bins are provided nearby residential buildings). Separate collection of
plastics is optional by law. Remote and sparsely populated areas are often provided with
a mixed waste bin only on a door-to-door basis. Additionally to a door-to-door scheme,
regional collection points for various waste fractions are available for residents in Finland.
Regional collection points and municipal waste management centers are organized by
the Finnish producer responsibility organization RINKI and municipalities. Collection of
plastic and glass bottles and metal cans is organized also using reverse vending machines.
Hazardous household waste is collected separately at domestic hazardous waste collection
points, municipal waste management centers, and touring collection vehicles. When it
comes to pricing of MSW collection services, waste fee usually includes �xed and variable
parts; the variable part depends on waste bin volume and collection interval [ 16]. Accord-
ing to Finnish waste legislation, the pricing must promote separate collection of waste;
however, as stated by Ukkonen and Sahimaa [16], provision of an additional waste bin often
increases the total waste fee paid by households. The waste collection system developed in
Finland allowed recycling 42% of municipal solid waste in 2020 [ 17], while the recycling
rate is aimed to reach 65% by 2035. In order to reach recycling targets, Finnish waste
collection system is being further improved. Source-separation is planned to be extended
so that all residential buildings with at least �ve apartments will be obliged to separate
biowaste, plastic, paper, cardboard, metal, glass, and mixed waste, while source-separation
of biowaste will become obligatory for all real estates by 2024 [ 18]. The regulation covers
all settlements with a population over 10,000 inhabitants. Moreover, source-separation of
textile will be introduced by 2023 [ 18]. To reach better recycling performance, attempts
to engage more Finns into MSW source-separation are being made using, e.g., gami�ca-
tion [ 19]. At the same time, convenience of waste collection is also improved in some places,
e.g., by organizing self-service waste reception points with full guidance provided via a
mobile application [20].

In Russia, waste separation practices were lost after the Soviet Union's collapse in 1991
and, at present, are only starting to reappear. Saint Petersburg, being the second largest city
and the cultural capital of Russia, may be considered one of the leaders in the development
of waste source separation. Source-separation of waste is not yet a common practice in the
city but is rather sporadic. Before January 2022, when a single organization—a regional
waste management operator—was put in charge of MSW management in the city, MSW
collection was run by private companies independently. Similarly to the present time, a
one-bin collection system was predominant, although containers for separate collection are
provided for a very limited number of households (by some waste management companies).
Some bins for separate collection of waste may be installed in public places by small
businesses which collect and stock speci�c waste fractions before selling them to recyclers.
Moreover, waste collection events run by activists exist. Separate collection of hazardous
household waste is handled by the city administration and is free of charge for residents.
Price for MSW collection is de�ned by the apartment area or number of residents in
a household and, therefore, does not promote waste reduction and waste separation.
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For a long time, source separation of waste has not been clearly targeted by the city
administration; instead, the increase in mixed waste sorting capacity was primarily planned
within the currently ongoing waste management reform [ 21]. In the present days, as the
national policy in waste management promotes the development of source-separation of
MSW, its implementation is expected during the waste reform [22].

2.2. Conceptual Framework

Waste separation behavior has been researched using several theoretical frameworks.
According to Raghu and Rodrigues [ 23], the most widely used theoretical approaches are
the norm activation theory [ 24] and particularly the theory of planned behavior (TPB) [ 25].
Developed as an extension of the theory of reasoned action [26], the theory of planned
behavior was designed to explain human behavior in speci�c contexts. It provides a
framework for a systematic investigation of factors in�uencing behavior of individuals.
The concept has been successfully applied not only to the investigation of waste separation
behavior [27–31] but to various other matters as well, e.g., adoption of new technologies [ 32],
entrepreneurial behavior [ 33], etc. The original TPB states that behavior of an individual
is affected by behavioral intention, which in turn depends jointly on attitude towards
the behavior, subjective norms, and perceived behavioral control. This framework was
also extended in a number of studies to account for other factors speci�c to waste source
separation. Modi�ed theoretical models examined the impact of motivation, self-identity,
past experience, environmental awareness, situational and other factors on intentions and
behavior of individuals [34–36].

According to TPB, individual behavior is in�uenced by behavioral intention, which
indicates how much effort people are willing to make to perform the behavior [ 25]. Attitude
towards the behavior is the extent of having a favorable or unfavorable assessment of the
behavior in question, and subjective norms are understood as the perception of social
pressure related to performing the behavior [ 25]. Thus, the person's evaluation of waste
source-separation and the perception of social pressure towards separating waste are
studied in this paper. Perceived behavioral control is another factor included in TPB,
which captures the perception of a person's dif�culty or ease in performing the behavior.
Hypotheses about the interconnection of these factors in the context of waste source-
separation are formulated as follows.

Hypothesis 1 (H1). Intention to waste source-separation positively affects the individual behavior
in waste source-separation.

Hypothesis 2 (H2). Attitude towards waste source-separation positively affects behavioral intentions.

Hypothesis 3 (H3). Subjective norms positively affect behavioral intentions.

Hypothesis 4 (H4). Perceived behavioral control positively affects behavioral intentions.

A number of TPB-based studies adopted additional factors relevant to waste source-
separation behavior. Among them, the factor which re�ects constraints to perform the
behavior (lack of time, resources, the convenience of waste collection, etc.) While perceived
behavioral control is meant to re�ect the perception of these factors, it is often an insigni�-
cant factor in recycling-related studies [ 37]. As a consequence, more speci�c factors which
can limit waste source-separation behavior are commonly used in such studies [ 28,38,39].
In this paper, a speci�c factor, “inconvenience of waste collection system”, was designed
to measure the presence and ease of accessing waste containers as well as the time and
space needed for waste separation in households. The effect of the factor is relevant to
behavior of individuals rather than their intentions since waste collection system is not yet
fully in place in Saint Petersburg. Therefore, the following hypothesis is tested for both
studied cases:
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Hypothesis 5 (H5). Inconvenience of waste collection system negatively affects waste separa-
tion behavior.

Similarly, this study investigates the effect of the availability of information provided
to promote waste source-separation practices. The knowledge needed to perform waste
separation can affect both intentions and behavior of a person, thus, the relevant hypothe-
ses are:

Hypothesis 6 (H6). Availability of information positively affects waste separation behavior.

Hypothesis 7 (H7). Availability of information positively affects behavioral intentions.

Economic incentives are expected to predict individual intention to waste sorting
and are measured similarly to [ 40,41]. The factor is meant to capture the importance of
monetary bene�ts for an individual in performing waste sorting.

Hypothesis 8 (H8). Economic incentives to waste sorting positively affect behavioral intentions.

Several studies found distrust of waste collection system to be another factor that
in�uenced waste separation behavior [ 14,42] and investigated it within TPB-based studies,
e.g., [11,43]. Distrust of the system captures a lack of the person's belief that separated
waste is handled properly and ultimately recycled but not disposed of at a land�ll. It is
generally expected that people are less likely to be intended to engage in waste separation
behavior if the distrust of the system is present. Therefore, the relevant hypothesis studied
in this paper is:

Hypothesis 9 (H9). Distrust of waste collection system negatively affects behavioral intentions.

The theoretical framework created for this study is given in Figure 1.

Figure 1. Extended theory of planned behavior.

2.3. Survey Design and Data Collection

The questionnaire was designed so that the �rst section contained demographic char-
acteristics of respondents (age, gender, education, and income) and other background data
(living area, type of housing, etc.); the second section provided questions related to the core
topic of the research. Each factor considered by this study was measured using 2 to 5 survey
items; all items used are reported in Supplementary Materials. For each item, respondents
gave their answers on a �ve-point Likert scale (e.g., I disagree (1)–I agree (5)), which allows
measuring unobservable constructs [44]. The survey was carefully translated into Russian
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and Finnish languages with the help of experts in waste management. Two pilot tests were
conducted using sample sizes of 15 and 35 respondents. Based on the results, the wording
of some of the items was modi�ed to ensure clarity and readability. The anonymity and
con�dentiality of the responses were ensured to avoid social desirability bias.

In order to access the population in Saint Petersburg and Finnish urban population,
an online method of data collection was used. Online data collection was preferred as
a more cost-ef�cient and less time-consuming option and due to restrictions on travel
and social gathering related to the ongoing COVID-19 pandemic. In both Russia and
Finland, the links to online questionnaires were distributed using multiple local groups on
social media (communities of cities, districts, or neighborhood areas), webpages, and social
media pro�les of waste collection companies in those locations, as well as the webpage of
research-related AWERE project which initiated this study [ 45]. The data collection period
started in July 2021 and ended in October 2021.

Conducting a factor analysis requires the sample size to exceed the number of analyzed
variables at least �ve times [ 46]. Accordingly, each of the two samples should contain at
least 160 valid responses. Population of Saint Petersburg and urban population of Finland
constitute approximately 5.4 million and 4.7 million, respectively. Based on these numbers,
sample sizes required to reach representativeness of samples were estimated to amount
to 385 in both cases. This number was derived assuming that for both samples, the
population proportion equals 50% to produce the maximum sample size, as suggested
by Bartlett et al. [47], while the margin of error equals 5% and the con�dence level equals
95%, as common in social sciences [48]. Therefore, the sample size of 385 in each of the
two cases was determined to be suf�cient to represent the populations and to conduct
factor analysis. A total of 593 responses from Russia and 474 responses from Finland were
collected. The responses which contained missing data or did not �t the geographical
scope of the study (meaning those coming from rural areas in Finland and outside Saint
Petersburg in Russia) were removed from the datasets. Settlements with a population of
fewer than 15,000 inhabitants were considered rural according to Statistics Finland [ 49].
After that, 490 and 410 observations from Russia and Finland, respectively, were eventually
available for data analysis.

Table 1 represents the results of the descriptive statistical analysis for the study after
missing data and responses falling outside of the scope were eliminated. In Table 1, the
demographic characteristics of obtained samples are compared to the most recent data on
the population of Saint Petersburg and the population of Finland. Because the questionnaire
was aimed at the population aged over 18 and the data for current population pro�le is
only available for 0–19 age group, it is not possible to estimate the representativeness of
18–19 age group in samples. The population aged over 60 is underrepresented in both
Russia (6.4%) and Finland (11.1%). In both cases, females appeared to be more active in
answering the survey constituting over 70% of respondents. Moreover, the respondents
of the questionnaire appear to be more educated and have a higher income than the
actual population. These are the limitations of the study, which are also highlighted in the
conclusion section.

Table 1. Descriptive statistical analysis of obtained samples.

Descriptive
Characteristic

Russia Finland

Survey Result
(n = 490)

Population
Pro�le

Survey Result
(n = 410)

Population
Pro�le

Age

� 19 2.4% 18.9% 1.2% 20.9%
20–29 22.8% 12.5% 22.1% 12.0%
30–39 35.4% 18.2% 24.0% 13.0%
40–49 22.2% 14.1% 23.3% 12.0%
50–59 10.8% 13.2% 18.3% 12.9%
� 60 6.4% 23.1% 11.1% 29.2%



Recycling2022, 7, 52 7 of 15

Table 1. Cont.

Descriptive
Characteristic

Russia Finland

Survey Result
(n = 490)

Population
Pro�le

Survey Result
(n = 410)

Population
Pro�le

Gender

Male 22.4% 55.0% 26.4% 51.0%
Female 77.6% 45.0% 71.2% 49.0%
Not reported 0.0% 2.4%

Education

School 1.2% 19.9% 1.2% 26.2%
College 9.2% 30.5% 32.2% 32.3%
Higher education 89.6% 49.4% 65.6% 41.7%
Other 0.0% 0.2% 1.0%

Income (1000 RUB per month/1000 EUR per year)

0–14/0–9.9 8.4%1 9.4% 11.3% 31.2%
14–27/10–29.9 11.8%1 24.1% 27.2% 36.9%
27–45/30–49.9 15.0%1 27.1% 37.7% 21.5%
45–60/50–69.9 11.0%1 13.9% 13.5% 6.2%
� 60/ � 70 18.8%1 25.5% 10.3% 4.2%

1 Percentage does not add up to 100% because the policy of some companies distributing the questionnaire link
did not allow to collect income data.

2.4. Data Analysis

In order to prove the adequacy of the collected data for further analysis, the data were
�rst examined via validity and reliability tests. Russian and Finnish datasets were analyzed
separately. Negatively worded items were recoded so that high scores on Likert scale
indicate the same type of response on all items. Cronbach's alpha [50] is commonly used
as a measure of scale reliability in behavioral sciences and tests the internal consistency of
items within a group. Lower scores of Cronbach's alpha indicate lower internal consistency.
Additionally, composite reliability (CR) was used to measure the reliability of the scales.
For both indicators, values equal to and above 0.7 were considered acceptable [51,52].
Construct validity was tested to ensure that the scores on the measure used are indicative of
the theoretical construct, or in other words, that the constructs measure what they are meant
to measure. Validity of the constructs was considered acceptable when average variance
extracted (AVE) was not less than 0.5 [53] and factor loadings for each item were greater
than 0.4 [54]. Cronbach's alpha was calculated using IBM SPSS Statistics version 26.0
(IBM Corp., Armonk, NY, USA). Values for factor loadings of items were extracted as
standardized regression weights using IBM SPSS Amos version 26.0 (IBM Corp., Chicago,
IL, USA); CR and AVE were calculated using factor loadings.

The theoretical model, which was suggested by the study and re�ned during reliability
and validity tests, was further assessed through structural equation modeling (SEM). As
a statistical analysis technique, SEM combines factor analysis and regression or path
analysis; SEM has been used extensively in behavioral research [55]. In this study, SEM
was performed in IBM SPSS Amos (version 26.0) software using the maximum likelihood
estimation method. In order to assess whether the collected data �t the proposed theoretical
model, the following model �t criteria were used: relative chi-square (CMIN/df), the
goodness-of-�t index (GFI), the comparative �t index (CFI), the adjusted goodness-of-�t
index (AGFI), the incremental �t index (IFI), the normed �t index (NFI), and root-mean-
square error of approximation (RMSEA). Relative chi-square can be considered acceptable
when it falls within a range of 2–5 according to Paswan [ 56] or less than 3 according to
Kline [ 57]. GFI, CFI, AGFI, IFI, and NFI values close to 0.9 and larger indicate a good �t
between the hypothetical model and the sample data [ 58–60]. RMSEA value demonstrates
a close �t of the data when it ranges from 0.05 to 0.08 [ 58], and model �t improves as
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RMSEA decreases. When suf�cient model �t was ensured, path coef�cients [ 61] were used
to examine the possible causal relationship between factors in SEM.

3. Results

The results for Cronbach's alpha calculated for each studied construct are given in
Table 2. The results are acceptable for all constructs except perceived behavioral control
(PCB). To ensure that a lower alpha score was not caused by short scales used to measure
PCB, the Spearman–Brown coef�cient was calculated as the most appropriate reliability
index for a two-item scale [ 62]. However, in this case, PCB showed poor reliability of scales
as well (0.46) and, therefore, had to be excluded from the measurement model.

Table 2. Cronbach's alpha for Russian and Finnish datasets.

Factor Factor Code Russia Finland

Waste source-separation behavior BEH 0.75 0.70
Waste source-separation intentions INT 0.95 0.76

Attitude towards waste source-separation ATT 0.89 0.83
Subjective norms SN 0.77 0.75

Perceived behavioral control PCB 0.60 0.46
Inconvenience of waste collection system SYST 0.82 0.86

Availability of information INF 0.90 0.78
Economic incentives ECON 0.82 0.72

Distrust of waste collection system DISTR 0.72 0.80

Factor loadings, CR, and AVE scores were �rst calculated for the measurement model
that includes all items used in the questionnaire (see Supplementary Materials). Due to low
factor loadings of items SYST4 and SYST5 (items related to time and space needed for waste
source separation) coupled with the low AVE of a construct in the Russian dataset, SYST4
and SYST5 were deleted from the model for both datasets in order to keep measurement
models identical for the studied cases. Factor loadings, CR, and AVE scores of the �nal
measurement model are presented in Table 3. Nearly all loadings exceed 0.6, indicating an
adequate contribution to measuring the constructs. Factor loadings of items ATT4 (in the
Finnish dataset) and DISTR3 (in the Russian dataset) are only approaching the threshold
value of 0.4; however, they are kept in the model, providing that other testing criteria
are met. Lastly, the AVE of a construct measuring economic incentives (ECON) in the
Finnish dataset falls slightly below 0.5, yet, according to Fornell and Larcker [ 54], it can be
considered acceptable as the CR value of the construct is satisfactory.

Table 3. Descriptive statistics and the results of the measurement model assessment (items corre-
sponding to items' codes are given in Supplementary Materials).

Item Code
Russia Finland

Mean St. Dev. Factor Loading CR AVE Mean St. Dev. Factor Loading CR AVE

BEH1 3.85 1.37 0.69
0.76 0.62

4.62 0.69 0.66
0.71 0.55BEH2 4.33 1.19 0.88 4.81 0.61 0.82

INT1 4.73 0.79 0.97
0.95 0.90

4.70 0.64 0.80
0.77 0.63INT2 4.73 0.81 0.93 4.84 0.52 0.79

ATT1 4.76 0.59 0.75

0.87 0.64

4.73 0.55 0.81

0.81 0.54
ATT2 4.79 0.64 0.95 4.75 0.54 0.89
ATT3 4.77 0.69 0.89 4.70 0.62 0.75
ATT4 4.82 0.69 0.55 4.85 0.60 0.38

SN1 2.82 1.44 0.69
0.79 0.55

3.98 1.11 0.61
0.76 0.52SN2 2.26 1.15 0.86 3.58 1.17 0.82

SN3 2.81 1.31 0.67 3.97 0.95 0.73

SYST1 3.77 1.11 0.80
0.83 0.63

3.66 1.49 0.79
0.87 0.69SYST2 3.75 1.10 0.90 3.76 1.36 0.96

SYST3 3.62 1.25 0.66 3.34 1.45 0.73
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Table 3. Cont.

Item Code
Russia Finland

Mean St. Dev. Factor Loading CR AVE Mean St. Dev. Factor Loading CR AVE

INF1 3.58 1.45 0.87

0.90 0.70

4.54 0.78 0.85

0.80 0.51
INF2 3.71 1.41 0.92 4.61 0.73 0.76
INF3 4.04 1.23 0.75 4.70 0.59 0.71
INF4 3.78 1.39 0.80 4.49 0.89 0.50

ECON1 2.02 1.17 0.73
0.82 0.61

2.70 1.24 0.58
0.73 0.48ECON2 3.05 1.30 0.76 3.65 1.15 0.84

ECON3 2.82 1.35 0.85 4.08 0.98 0.64

DISTR1 3.50 1.28 0.71
0.74 0.51

2.85 1.32 0.79
0.80 0.58DISTR2 3.20 1.36 0.94 2.32 1.26 0.86

DISTR3 4.62 0.89 0.39 3.89 1.28 0.61

Model �t indices obtained for the two datasets are reported in Table 4. It can be stated
that sample data �t the model well, even though few indices are slightly lower than the
recommended cut-off values.

Table 4. The model �t results for Russian and Finnish datasets.

Dataset CMIN/df GFI CFI RMSEA AGFI IFI NFI

Russia 2.246 0.920 0.956 0.050 0.895 0.957 0.924
Finland 2.093 0.914 0.934 0.052 0.887 0.935 0.882

Estimation results for both datasets are presented in Figure 2. First, it is evident that
not all hypotheses are supported by the collected data, and the results differ for Russia
and Finland. In the case of Russia, only six hypothesized relationships between factors are
statistically signi�cant. Waste sorting intention of Russian people is found to be positively
in�uenced by their attitude to waste separation, availability of information, and subjective
norms; hence, hypotheses H2, H3, and H7 are supported. In turn, waste separation behavior
is shown to be positively in�uenced by the waste separation intention and availability
of information while negatively in�uenced by the inconvenience of the waste collection
system, as predicted by hypotheses H1, H5, and H6.

Analysis of the Finnish dataset resulted in only four hypotheses supported (Figure 2).
Within the proposed theoretical model, only attitude to waste separation and availability
of information has an effect on waste separation intentions for Finns. Furthermore, waste
separation behavior is shown to be in�uenced by Finn's intention to sort waste and the
availability of information but not by the inconvenience of the waste collection system.
Even though the relevance of economic incentives and distrust of the waste collection
system with regard to waste separation intention is not supported by the data in both
studied cases, the signs of obtained path coef�cients correspond to hypothesized directions
of relationships between factors.

The ranking of path coef�cients given in Figure 2 can pinpoint those factors which
have the most considerable in�uence over the dependent variables. For example, the
ultimate result—source-separation of waste—appears to be closely tied with waste source-
separation intention, especially for Finns, as the path coef�cient is the highest for the
intention-behavior path. For Russians, waste separation behavior is in�uenced most
considerably by both the intentions and availability of information, as corresponding path
coef�cients are the highest. Behavioral intentions, in turn, are mostly dependent on attitude
towards waste source-separation in Russia and on the availability of information in Finland,
meaning that these factors play the biggest role in determining waste source-separation
intentions and, therefore, can leverage people's intentions most ef�ciently.
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Figure 2. The estimated structural equation model: ( a) Russian case, (b) Finnish case. Coef�cients are
standardized regression weights (path coef�cients). * Signi�cant at p < 0.1; ** Signi�cant at p < 0.01;
*** Signi�cant at p < 0.001. Solid arrows represent supported hypotheses; dotted arrows represent
unsupported hypotheses.

4. Discussion

The extended TPB framework used in this study allowed us to identify factors affecting
waste source-separation behavior for an early-stage system for collection of recyclable waste
in Saint Petersburg, Russia, and a mature system in Finland. Relationships between the
behavior and in�uencing factors, however, differed in the two cases. The differences in
in�uencing factors and possible reasons for that are discussed further.

4.1. Inconvenience of Waste Collection System

The ubiquity and convenience of the waste collection system is a factor that makes a
key distinction between the studied cases. The results of SEM proved that the inconvenience
of waste collection is a barrier for individuals to separate waste in Saint Petersburg, where
the system for separate collection of waste is underdeveloped and scattered. In Finland,
where different waste containers are provided in close vicinity to residential buildings
and some public spaces, waste separation behavior is not predicted by the inconvenience
of the system. Mean scores for items used to measure the inconvenience of the waste
collection are relatively close in Russia and Finland, meaning that Finnish and Russian
respondents would be affected by the obstacle in a similar manner. However, in reality, the
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waste separation behavior of Finns scored high. Thus, the absence of a causal relationship
between behavior and system inconvenience in Finland stems from the fact that a well-
established provision of waste containers is always in place. In other studies, a signi�cant
in�uence on the inconvenience of waste collection is found for immature waste collection
systems [14,43,63] as well as for mature ones [38].

4.2. Availability of Information

Regardless of the maturity of the system for recyclable waste collection, the availability
of information is found to be an important predictor of waste source-separation intention
and behavior. Information support was proven to in�uence both waste separation intention
and behavior also by Zhang et al. [ 64] in the context of underdeveloped waste source-
separation practices. In the present study, mean scores for items relevant to the availability
of information (Table 3) clearly show that in Finland, the information is communicated
substantially better than in Russia. Indeed, in Finland, the needed information is provided
for residents next to each waste container, and detailed guidance and support can be
reached from the websites of waste management companies. Furthermore, the possibilities
for disposal of recyclable waste are well communicated by parties responsible for waste
collection. The extent of information availability in a mature waste collection system can be
seen as a benchmark and an exemplar for developing waste source separation in Russia.

4.3. Intention to Collect Waste Separately

The intention to separate waste appeared to be central for waste source-separation
behavior in both studied cases. It is, in fact, the only factor affecting the behavior in
the original TPB. In the extended theoretical frameworks, which include other factors
affecting the behavior, the intention of an individual was a key predictor of waste separation
behavior as well [ 38]. The results of SEM reveal that intention to separate waste affects
the behavior of Finns almost solely. This may be explained by the fact that the waste
source-separation practice was established for a long time in Finland. By now, the widely
known and successful practice of waste source separation has reached the point in which
the intention is the only thing needed to perform the behavior. Therefore, waste separation
should be promoted mainly by improving the intention to separate MSW, which, in turn, is
determined by other factors.

4.4. Attitude to Waste Source Separation

Attitude to waste separation is a considerable predictor of the intention, as shown
in the estimation results. The results are consistent with the results by Zhang et al. [ 31]
and Ma et al. [65]. The positive effect of attitude is signi�cantly larger in Russia (0.673)
than in Finland (0.292). Thus, improving attitudes of people in Russia, e.g., via public
educational campaigns, is expected to increase the intentions more ef�ciently compared to
Finland. Mean scores for items measuring the attitude to waste source-separation show
that respondents in Finland and Russia favor source-separation of waste equally, and both
populations recognize waste source-separation and recycling as bene�cial practices. The
impact of such an attitude may be higher in Russia due to this reason: more Russian
respondents who engage in waste source-separation are mainly motivated by their beliefs
about recycling rather than the convenience of waste collection, as proper collection facilities
are scarce. Meanwhile, in Finland, source-separation of waste is a common practice that
does not require extra motivation.

4.5. Subjective Norms

The in�uence of subjective norms, or public opinion, may seem to be ambiguous if
estimation results are examined in contrast to the items' mean scores. For the Russian
dataset, SEM results suggest that subjective norms determine waste source-separation
intention to some extent: H3 is supported, and the path coef�cient equals 0.102. At the
same time, mean scores indicate that Russians tend to disagree that they are expected by
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their family, neighbors, and society to engage in source-separation of waste. The results
for Finland are the opposite of those from Saint Petersburg. According to mean scores
for the relevant items, Finns mostly agree that they are expected to separate waste, but
the relationship between this belief and waste source-separation intention is not statis-
tically signi�cant. Such results can be interpreted as follows: in Saint Petersburg, there
is a potential to improve waste source-separation intention to some extent by increasing
subjective norms. In Finland, other factors may interfere with the formation of waste
source-separation intention so that subjective norms do not cause the intention to appear.

4.6. Economic Incentives and Distrust of Waste Collection System

Economic incentives were not found to in�uence waste source-separation intention in
both cases. In Russia, this may be because the respondents had suf�cient motivation for
the separation of MSW regardless of the possible economic incentives. This can be further
justi�ed by the fact that pay-as-you-throw systems are not implemented in Russia, and
deposit-refund systems are not common. In Finland, no effect of economic incentives may
be connected to high standards of living, which allow people to be more concerned with
their environmental issues rather than economic stability. Moreover, the results might have
been affected by a larger share of Finnish respondents with higher income. The importance
of economic incentives was not established also by Miliute-Plepiene et al. [ 14], who com-
pared the situation of a developing system for the collection of recyclable waste in Lithuania
and a mature one in Sweden. Likewise, no statistically signi�cant relationship was ob-
served between distrust of the waste collection system and the intention to separate waste
at the source. Mean scores, however, suggest that the distrust of the waste collection system
exists in Saint Petersburg but not in Finnish urban areas covered by the survey. Therefore,
there is an indication that the collection of recyclable waste in Saint Petersburg should be
more transparent, and the fate of collected recyclables should be communicated to people
better to eliminate the distrust. However, from the estimation results in this study, it cannot
be claimed that earned trust should strengthen the intention to separate waste. In other
studies on waste source-separation behavior, distrust is usually measured from a more gen-
eral perspective. In the study conducted by Vassanadumrongdee and Kittipongvises [ 43],
which used similar items to capture the distrust of the waste collection system in Bangkok,
Thailand, the in�uence of distrust on behavioral intention was signi�cant.

5. Conclusions

This study, for the �rst time, applied an extended theory of planned behavior and
structural equation modeling to analyze factors affecting waste source-separation behavior
in a less-developed system for collection of recyclable MSW in Saint Petersburg, Russia,
and in a waste management system with well-established source-separation practices in
Finland. At the same time, the study contributed to very limited research comparing two
cases within the same structural model. The results revealed that the in�uencing factors
of waste source-separation behavior were distinctly different in the two cases. In a more
mature waste system in Finland, the analysis showed that the main factor in�uencing peo-
ple's behavior was their intention to separate waste, provided that the information needed
to perform the behavior was suf�cient. Although the Russian households demonstrated
similarly high intentions to separate waste as in Finland, the lack of information and proper
collection facilities limited waste source-separation. The intentions of Russians to engage
in source-separation of MSW were strongly affected by their attitude towards waste source-
separation and less affected by subjective norms. Regardless of the waste system's maturity,
economic incentives and distrust of the waste collection system appeared to be insigni�cant
in predicting waste source-separation behavior. Based on these �ndings, developing a
convenient system for separate collection of recyclable waste and providing guidance on
waste source-separation are key measures to improve waste source-separation in Saint Pe-
tersburg. Furthermore, extensive educational campaigns covering wider audiences are
expected to be effective in engaging more residents in waste source-separation. These
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recommendations can be useful for local governments and businesses involved in the waste
collection also in other cities in Russia and possibly other post-soviet countries, although
further generalization across early-stage waste systems is limited due to differences in the
educational and cultural background of the population.

The study has several limitations that must be noted when drawing conclusions. First,
the analysis was made based on self-reported behavior, so some level of bias in favor of
better performance is possible. Moreover, online data collection eliminates certain socio-
demographic groups from the sample, as only those with internet access can be potential
respondents. The demographic pro�le of respondents showed that the middle-aged, female,
and well-educated parts of the population were somewhat overrepresented. Additionally,
as answering an online questionnaire is voluntary, an online method of data collection could
also cause more pro-environmental individuals to answer the questionnaire, especially in
Russia, where the waste management is a recognized problem in society and is currently
being addressed by the waste reform. This also makes the results prone to bias. The above-
mentioned limitations of the study can be addressed in future research. Furthermore, this
paper mostly focused on factors that can be in�uenced by actors in the MSW management
system and omitted possible cultural differences between respondents in the two countries.
As the �ndings indicate, a certain distinction in factors affecting MSW source-separation
behavior at different levels of maturity of the system for collection of recyclable waste,
further research could investigate the matter for identical or comparable cultures but still
contrasting MSW source-separation practices. Regardless of all limitations, the �ndings
clearly suggested measures that would engage more individuals in MSW source separation
and support a transition toward a more mature system for the collection of recyclable waste.
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//www.mdpi.com/article/10.3390/recycling7040052/s1, Table S1: Items and latent factors measured.
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