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Abstract

Life Cycle Assessment (LCA) is extensively employed to support sustainability evaluation in waste
management and manufacturing systems; however, outcomes are highly sensitive to methodological
decisions, particularly end-of-life (EoL) allocation approaches. This study examines how different
allocation methods—primarily cut-off and substitution approaches—affect the interpretation of
energy performance and decarbonisation potential in plastic waste management and injection
moulding systems. The analysis applies cut-off logic to open-loop scenarios to establish a baseline
impact, while substitution-based modelling is utilised for semi-closed and fully closed-loop
configurations to quantify environmental credits and avoided burdens. A dual framework is
adopted: first, a literature review examines methodological sensitivities in EoL modelling, focusing
on allocation logic and system boundaries; second, a quantitative case study assesses open-loop,
semi-closed, and fully closed-loop injection moulding scenarios for polyethylene (PE) products using
LCA and hot-spot analysis. The results demonstrate that allocation choices can significantly influence
calculated energy savings and greenhouse gas reduction potentials, sometimes reversing the relative
ranking of configurations. Substitution-based approaches tend to report higher decarbonisation
benefits by crediting avoided primary production, whereas cut-off approaches provide more
conservative estimates. In the case study, increased internal material and water looping lead to
measurable reductions in energy demand, although trade-offs across impact categories persist. These
findings highlight that circular economy (CE) evaluations are strongly shaped by methodological
assumptions, with direct implications for energy policy and decarbonisation pathways. The study
emphasises the need for transparent allocation decisions and robust frameworks to ensure reliable
decision-making in the transition toward low-carbon and energy-efficient systems.

Keywords: energy efficiency; decarbonisation pathways; life cycle assessment; end-of-life allocation;
plastic waste management; injection moulding; circular economy

1. Introduction
1.1. Global Waste Management Challenges and the Importance of Life Cycle Thinking

Municipal solid waste (MSW) management has become an increasingly important sustainability
challenge, requiring robust analytical tools to support environmentally informed decision-making.
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Life Cycle Assessment (LCA) is widely recognised as an essential, comprehensive methodological
tool for evaluating the environmental impacts of waste management systems and treatment options.

Global municipal solid waste generation reached approximately 2.1-2.3 billion tonnes per year
in 2023 [1], and is expected to increase further as urbanisation, economic development, and
population growth continue [2]. While waste collection rates are high in developed regions,
significant disparities persist globally, particularly in low-income areas. Current waste management
practices remain dominated by landfilling and incineration, while a substantial fraction of waste is
still improperly managed [1]. These trends highlight the increasing pressure on waste management
systems and the need for sustainable solutions.

Waste management is a significant contributor to global greenhouse gas emissions. According
to Priyanka et al. [3], solid waste management accounted for approximately 1.6 billion tonnes of CO»-
eq. emissions in 2016, with projections indicating further increases unless effective interventions are
implemented. In this context, LCA provides a systematic framework for comparing waste
management options and for understanding how methodological assumptions—particularly those
related to end-of-life (EoL) modelling—can influence the interpretation of environmental
performance.

1.2. Life Cycle Assessment in Manufacturing Systems: The Case of Injection Moulding

LCA is extensively applied in manufacturing systems, where resource and energy consumption
are primary drivers of environmental impact. Injection moulding, as one of the most widely used
polymer processing technologies, accounts for a substantial portion of industrial plastic production
[4].

The environmental impacts of injection moulding are closely linked to material use, energy
consumption, and the generation of production scrap. LCA enables the identification of
environmental hotspots and supports process optimisation by evaluating emissions to air, water, and
soil, as well as material and energy resource use across the entire life cycle [5]. Previous studies have
demonstrated the relevance of LCA for assessing injection moulding systems, particularly due to
their high throughput and material intensity [6].

Nevertheless, comparative analyses of alternative manufacturing configurations—especially
those involving varying degrees of internal material looping, such as semi-closed and closed-loop
systems —remain limited. This gap underscores the necessity for integrated approaches that evaluate
material and energy efficiency alongside environmental performance within manufacturing systems.

1.3. Circular Economy, Waste Hierarchy, and Policy Context

The proliferating application of LCA is closely associated with the transition toward a circular
economy (CE) and sustainable development. The traditional linear model—characterised by
extraction, production, use, and disposal—is widely regarded as unsustainable due to resource
depletion and environmental pressures [7].

The circular economy seeks to preserve the value of products, materials, and resources while
minimising waste generation and reducing dependence on primary raw materials [8,9]. Life cycle
thinking is central to this transition, as it enables the assessment of environmental trade-offs across
interconnected systems. LCA offers a quantitative foundation for informed decision-making [10].

Although awareness of circular strategies is increasing, prevailing production and consumption
patterns continue to impede their implementation. Economic growth frequently supersedes waste
prevention [11-13].

The circular economy is commonly structured through the 9R hierarchy, which prioritises
strategies from Refuse (RO) to Recycle (R8). Higher-priority strategies, such as prevention and
reduction, are still not widely implemented in practice [14,15]. However, recycling and energy
recovery remain critical in practical applications, including injection moulding systems [16].
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At the policy level, global and regional frameworks—such as the United Nations Sustainable
Development Goals (SDGs) and the European Green Deal—provide strategic direction for
sustainability transitions [17,18]. Additionally, the European Sustainability Reporting Standards
(ESRS), particularly ESRS E5, emphasise resource use and CE practices [19]. In this context, LCA is
increasingly employed as a decision-support tool for evaluating circular strategies.

1.4. Methodological Challenges in LCA: End-of-Life Modelling and Allocation Approaches

Although LCA is a well-established methodology for environmental assessment [20], its results
remain highly sensitive to modelling choices, particularly at the EoL. The allocation of environmental
burdens and benefits —especially regarding recycling and energy recovery —is pivotal in shaping the
overall outcomes of a study [21,22].

Various allocation approaches, including the cut-off and substitution methods, can yield
divergent interpretations of environmental performance. The cut-off approach offers a conservative
representation by excluding credits for avoided production. In contrast, the substitution approach
accounts for avoided impacts but relies on assumptions regarding displaced products and systems.

These methodological discrepancies are especially significant when assessing circular economy
performance, as they directly influence how recycling and recovery processes are quantified.
Consequently, LCA outcomes may be as much a function of methodological assumptions as
technological performance.

Hot-spot analysis is frequently coupled with LCA to identify processes that contribute most
significantly to environmental impact [23]. This method is particularly relevant for injection
moulding, where energy consumption and material use are primary drivers of environmental
performance [24]. Integrating LCA with hot-spot analysis facilitates a more granular understanding
of system performance and supports robust scenario-based evaluation [25].

In summary, these considerations underscore the necessity for transparent, well-defined
methodological choices when evaluating environmental performance and circular economy
strategies.

1.5. Decarbonization Pathways and the Role of LCA in Policy Decision-Making

The transition towards low-carbon energy systems is a central challenge in contemporary
sustainability policy, requiring robust analytical frameworks to inform decision-making across
interconnected sectors. In the European Union, ambitious climate targets for 2030 and 2050 have
heightened the demand for reliable assessment tools under conditions of uncertainty.
Decarbonisation pathways involve complex interactions among energy production, material use, and
industrial processes, necessitating systemic transformation across multiple sectors [26]. Life Cycle
Assessment is critical in this context, as it quantifies energy use and greenhouse gas (GHG) emissions
while identifying trade-offs between recycling, energy recovery, and primary production [27].

The application of LCA in policy contexts faces significant methodological challenges. End-of-
life modelling introduces considerable uncertainty, as allocation choices—such as cut-off and
substitution approaches—directly affect how avoided energy use and displaced production are
accounted for [21]. These decisions can lead to divergent conclusions regarding the performance of
waste management systems [28]. This issue is particularly pronounced in plastic recycling, where the
role of waste-to-energy (WtE) technologies remains contested. Although WtE can recover energy and
reduce landfill reliance [29], recycling is frequently associated with greater long-term resource
efficiency, presenting a persistent policy dilemma [30]. Additionally, the benefits of energy recovery
depend heavily on the carbon intensity of the displaced energy system, complicating long-term
assessments as renewable energy penetration increases [31].

This study contributes by analysing how EoL allocation methods influence the interpretation of
energy-related results and their implications for decarbonisation pathways. These methodological
sensitivities are not merely technical but have direct implications for policy-making; without explicit
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allocation choices, LCA-based assessments may yield contradictory conclusions, potentially biasing
decisions toward specific technologies. As energy systems decarbonise, this issue becomes
increasingly critical, as the relative advantages of WtE pathways may diminish alongside the
transition to low-carbon electricity grids. Therefore, a transparent and critically informed application
of LCA is pivotal to ensure that sustainability assessments offer a robust foundation for energy policy
design and decarbonisation pathway planning. In this context, the study systematically investigates
how allocation choices shape policy-relevant interpretations of LCA results.

1.6. Aim, Research Gap, and Scope of the Study

Although LCA is increasingly applied in waste management and manufacturing systems,
comparative analyses of allocation approaches and their implications for interpreting CE
performance remain limited. Specifically, the integrated assessment of end-of-life modelling and
manufacturing-stage loop closure within a unified framework remains underexplored.

Accordingly, this study addresses the following research question: How do divergent allocation
approaches influence the interpretation of environmental performance and CE compatibility in both
waste management and manufacturing systems?

To address this question, the study synthesises a conceptual analysis of allocation methods with
a quantitative case study of injection moulding systems. This integrated approach enables a rigorous
evaluation of how modelling assumptions—specifically regarding the treatment of avoided
burdens—shape the interpretation of environmental impacts.

The study aims to demonstrate that LCA outcomes for both end-of-life and manufacturing
systems are profoundly influenced by allocation choices, which can fundamentally alter the
perceived environmental viability of circular strategies. By bridging conceptual analysis with a
manufacturing case study, the research underscores that observed environmental benefits are not
merely a function of technological configurations but are significantly determined by underlying
methodological assumptions.

2. Methodology
2.1. Overall Study Design and Methodological Framework

This research adopts a conceptual, narrative literature review approach, complemented by
targeted environmental assessments focused on the EoL stage from a LCA perspective. In contrast to
conventional LCA studies, the primary objective is to critically analyse and synthesise
methodological approaches to EoL modelling. Particular emphasis is placed on allocation logic and
its implications for interpreting the circular economy, rather than solely conducting a quantitative
life cycle impact assessment (LCIA) using LCA software.

The literature review was structured to identify and synthesise research addressing
methodological challenges in modelling the EoL stage of municipal solid waste management within
LCA frameworks. The review targets peer-reviewed publications (2009-2025) sourced from Scopus
and Web of Science, with a specific focus on allocation logic, system boundary definitions, and their
implications for CE interpretation. Inclusion criteria required that studies explicitly analyse EoL
treatment options or discuss methodological aspects of LCA modelling that influence the
environmental evaluation of waste management systems.

The selected literature was subjected to a qualitative thematic analysis to identify recurring
methodological patterns, modelling assumptions, and sources of uncertainty that influence the
environmental ranking of EoL technologies. The review protocol was designed to ensure that the
analysed literature directly supports the central objective: clarifying how methodological choices in
EoL modelling influence the environmental interpretation of waste management within LCA and CE
contexts.
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To provide an empirical foundation for the conceptual findings, the study incorporates a
quantitative LCA case study. This illustrates how different allocation logics are reflected in actual
manufacturing systems.

Figure 1 presents the conceptual framework, illustrating the integration of the narrative review
and the quantitative case study phases.

MSW System
(landfill, incineration,
landfill, material
recycling, anaerobic
digestion, and
composting)

LCA Results
(GWP, toxicity,
etc.)

Interpretation

Injection Moulding

Circular Economy
Performance

Open-loop

Fully closed-loop

Figure 1. Conceptual framework of the research methodology, illustrating the integration of narrative review
(Phase 1), quantitative LCA modelling (Phase 2), and the comparative analysis of allocation-driven

decarbonization outcomes (Phase 3).

The EoL treatment technologies considered in the review include landfilling (with and without
landfill gas recovery), incineration (with and without energy recovery), material recycling,
composting, anaerobic digestion, and selected emerging treatment options.

2.2. Goal, Scope Definition, and System Boundary

The LCA was conducted in accordance with ISO 14040 and ISO 14044 standards [32,33]. The
scope is restricted to the EoL phase of municipal solid waste (MSW) systems, utilising a functional
unit (FU) of 1 tonne of waste. This FU facilitates a rigorous comparison among alternative EoL
treatment options. The system boundary is delineated by focusing on EoL-related processes,
including waste collection at the treatment facility gate, processing and recovery operations, and final
disposal.

Defining precise system boundaries during the quantitative LCA phase is essential for the
effective comparison of different treatment pathways. Initially, a cradle-to-gate system boundary is
applied, focusing on the injection moulding manufacturing stage. This boundary encompasses raw
material extraction and manufacturing processes utilising compressed air (7 bar, 100 Nm?) and the
EU-28 energy mix (55 M]J). Transportation and the use phase are excluded from the analysis to
maintain focus on manufacturing-stage impacts.
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As illustrated in Figure 2, the study demarcates a restrictive internal boundary (cut-off) and an
expanded external boundary (substitution). This distinction enables the quantification of
environmental credits associated with various recycling loops, including open-loop, semi-closed, and
fully closed-loop configurations.

~~ BOUNDARY B:
/" SUBSTITUTION/SYSTEM EXPANSION , N
Internal scraps/ Partial reuse l \
" BOUNDARY A: Y
CUT-OFF APPROACH

Raw Material
Acquisition

Manufacturing
Injection Moulding :>

Product Use

End-of-Life
(Sorting &
' Collection)

I
1
1
1
1
|
1
| (Primary Plastic)
1
1
1
1
1
1
1
1
1

e e e e e —— — ———

100% displacement of
primary material

B e e e e I

Next product
system

-

Fully closed-
loop

Open-loop

T oy e e e e e e e e e e e e

Emissions to environment

Figure 2. Definition of system boundaries and allocation pathways for the investigated scenarios.

The internal boundary (dashed grey line) represents the cut-off approach, encompassing the
linear lifecycle from raw material acquisition to end-of-life. The external boundary (dashed green
line) represents the substitution approach (system expansion), incorporating avoided burdens and
environmental credits from open-loop, semi-closed, and fully closed-loop recycling loops.

In addition to the EoL-focused system, a separate manufacturing system is defined for the case
study, applying a cradle-to-gate boundary.

2.3. Allocation Logic and Methodological Perspectives

Allocation constitutes a critical methodological choice in EoL-focused Life Cycle Assessments.
The literature demonstrates that allocation logic can fundamentally reshape the environmental
ranking of treatment options, especially regarding energy recovery pathways.

The review differentiates between attributional and consequential LCA frameworks,
acknowledging that each addresses distinct research questions and decision-making contexts. Within
attributional LCA, two primary EoL allocation methods are examined:

The cut-off approach establishes the system boundary at the entry point of EoL treatment,
assigning all upstream burdens to the primary system [34,35]. Although this method avoids
speculative assumptions, it is prone to underestimating the environmental benefits of recycling.

In contrast, the substitution approach expands system boundaries to incorporate credits from
displaced primary production [36,37]. While this aligns with CE principles, it introduces uncertainty
regarding market dynamics and material quality. The literature indicates that neither method is
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inherently superior; rather, the selection is a value-laden, normative decision reflecting specific
research objectives. Failure to justify the chosen method poses a risk of erroneous policy applications.
Figure 3 summarises these allocation approaches.

Avoided
burden

Consequential

Without up- or
downcycling

Substitution

Attributional ( With up- or
downcycling

Cut-off

Without up- or

! downcycling
Embodied ) 5

burden With up- or

downcycling

Figure 3. Conceptual representation of allocation approaches and their effects on system boundaries and

environmental crediting.

Numerous industrial sectors now favour the substitution approach, as it more comprehensively
addresses circularity. However, these methodological discrepancies result in substantial variations
in outcomes, as demonstrated in the subsequent case study.

2.4. Manufacturing Scenario Design

This study examines the manufacturing stage of a polyethylene product, assuming high-density
polyethylene (HDPE) granulate is produced within the European Union and processed at a local
injection moulding facility. Input flows include HDPE granulate, electricity from the EU-28 energy
mix, compressed air (7 bar), and tap water for cooling. The LCA utilises a conventional thermoplastic
injection moulding process, reflecting standard industrial practices for the high-volume production
of polyethylene products.

Three manufacturing scenarios were modelled to represent distinct technological configurations
commonly applied in industrial systems. All scenarios assume identical machinery, production
output, processing conditions, and product quality requirements to ensure comparability. The study
evaluates the following configurations:

e  Scenario 1 (Open-loop): Represents a linear system where all outputs exit the system boundaries
without internal recovery.

e  Scenario 2 (Semi-closed-loop): Introduces water recirculation while maintaining linear material
flows.

e  Scenario 3 (Fully closed-loop): Integrates both water and material recycling within the production
gate.
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These scenarios provide a practical basis for interpreting allocation approaches, as open-loop
configurations correspond to cut-off logic, while closed-loop systems are more closely aligned with
substitution-based modelling.

In the second stage, the study expands the system boundary to assess end-of-life options,
including landfilling and incineration (with and without energy recovery). In the baseline case,
plastic scrap is incinerated conventionally, with an energy conversion efficiency of 13.1% for
electricity and 30.2% for thermal energy. The developed manufacturing scenarios align with the 9R
circular economy framework, specifically focusing on R2 (Reduce) and R8 (Recycle). These strategies
are operationalised through the recirculation of process water and production scrap, thereby
reducing the demand for virgin HDPE granulate and freshwater. These measures aim to optimise
energy consumption and minimise wastewater discharge, providing the foundation for the
subsequent quantitative assessment.

2.5. Life Cycle Inventory (LCI)

The functional unit is defined as 28.5 kg of polyethylene (PE) product, corresponding to
approximately 100 bottles (300 mL each), representing the output of a single production shift. In the
baseline scenario (Scenario 1), 30 kg of virgin HDPE granulate (density: 0.95 g/cm?) is utilised as
input, of which 5% (1.5 kg) is generated as technological scrap. For this FU, 220 kg of cooling water
is required, which is discharged as wastewater in the linear configuration.

LCI data collection utilised product-specific input values and mass-based allocation. Modelling
was performed utilising Sphera LCA for Experts (GaBi) software [38], incorporating the GabBi
Professional database (version 10.6) for the EU-27 region. Scenario-specific inventory data were
adjusted to reflect variations in material demand, freshwater consumption, wastewater generation,
and waste treatment pathways resulting from the looping strategies described in Section 2.4.

2.6. Life Cycle Impact Assessment (LCIA)

The environmental impacts of the three scenarios were evaluated utilising the CML 2001/2016
method, covering eight impact categories to establish a comprehensive environmental profile.
Normalisation and weighting were applied in accordance with the CML 2016 (World) and LCIA
Survey 2012 factors, specifically omitting biogenic carbon to focus exclusively on fossil-based
emissions.

For the end-of-life analysis of manufacturing scrap, the Climate Change (GWP 100 years)
indicator was specifically assessed. While multiple LCIA methods—including IPCC AR6 and ReCiPe
2016 —were cross-referenced to validate the reliability of the findings, the reported results primarily
reflect the IPCC AR6 characterisation factors for carbon footprint estimation. All assumptions
regarding process efficiencies, scrap rates, and energy intensity reflect average industrial conditions
rather than best- or worst-case scenarios, ensuring that the findings remain representative of current
industrial standards.

3. Results

This section presents the environmental performance of the three injection moulding scenarios
defined in Section 2.4. The results are evaluated through the lens of two distinct allocation
boundaries—Cut-off and Substitution—to elucidate how methodological choices influence the
perceived sustainability of circular configurations.

3.1. Comparative Evaluation of Cut-Off and Substitution Approaches

The quantitative application of the cut-off approach (defined in Section 2.3) demonstrated its
computational simplicity, yet also revealed a fundamental inability to account for material quality
retention. In the context of injection moulding, the primary characteristics of this approach are:
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System Boundaries: End-of-life activities are situated outside the system boundary of the waste-
producing system.
Burden Allocation: Waste inputs are considered free of any upstream virgin-material burden,
allowing waste flows to cross the system boundary without inheriting historical impacts.
Recycling Paradigm: No credits are awarded for recycling at the end of life; while this simplifies the
inventory, it lacks the capacity to incentivise high-quality recycling or to penalise downcycling.
In contrast, the quantitative analysis indicates that the substitution approach serves as a more
dynamic framework for evaluating circularity. Its core characteristics include:
Technical Substitutability: This approach evaluates the displacement potential of recycled HDPE
scrap. A 1:1 substitution factor was assumed for in-process scrap (Scenario 3), reflecting high-quality
material retention.
Environmental Crediting: Unlike the cut-off method, this logic assigns environmental credits for
avoided primary production, thereby directly incentivising the closed-loop strategies (R8) identified
in the 9R framework.
Aries and Burdens: The waste-generating system bears a proportionate share of the upstream
primary burden, in exchange for which it accounts for the "net scrap” environmental benefit.
Applicability: Although more complex to model—requiring distinct primary and secondary LCI
datasets—it offers a more realistic representation of the decarbonisation potential in the plastics
industry, where material quality significantly dictates life cycle outcomes.

Table 1 provides a comparative summary of these approaches based on the study’s findings and
conclusions.

Table 1. Summary comparison between the cut-off and the substitution approach.

Aspect Cut-off approach Substitution approach

Recyclable materials don’t receive "credit" for
replacing raw materials; their benefits are

Descripti Recyclable materials receive "credit,,.
ription realized in the next life cycle, not the current yclable materials receive crec
one.
. The product exhibits higher attributed The product's environmental performance
Environmental . , . . Cq .
Impact emissions because we don't consider the improves by considering the benefits of the
P benefits of recycling. Circular Economy.
. Ignores the benefits of recycling. . . . .
CE supporting Recognizes the eevironmental benefits of recycling.

While these allocation approaches define how environmental burdens and credits are assigned,
their implications become particularly visible when applied to real waste management systems and
technologies.

3.2. End-of-Life Treatment Options and Their Interpretation in LCA

Municipal solid waste management systems employ a range of EoL treatment options that differ
significantly in their technological maturity and associated environmental burdens. While the waste
hierarchy prioritises prevention and recycling, landfilling and incineration remain prevalent globally
due to economic and infrastructural constraints. Landfilling is primarily associated with long-term
greenhouse gas (GHG) emissions, whereas incineration and WtE systems focus on volume reduction
and energy recovery. However, the environmental profile of these technologies is heavily contingent
upon assumptions regarding energy substitution, plant efficiency, and the carbon intensity of local
electricity grids.

Beyond conventional approaches, emerging alternatives such as gasification and anaerobic
digestion present potential pathways for sustainable energy recovery, although their comparative
efficacy remains a subject of ongoing research [39—41].
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The evaluation of MSW management systems necessitates rigorous modelling of material
quality, substitution ratios, and avoided production processes. A frequent limitation in existing
literature is the prevalence of aggregated impact results, which often lack transparency regarding
underlying modelling assumptions. Consequently, comparable waste treatment methods may
appear environmentally superior or inferior based on methodological decisions rather than inherent
technological performance.

Table 2 provides a comparative overview of the principal EoL treatment options and illustrates
how allocation logic influences their interpretation. As demonstrated in the subsequent analysis,
methodological choices—rather than the technologies themselves—fundamentally dictate the
perceived environmental performance and circularity of waste management systems.

Table 2. Comparative overview of end-of-life treatment options, allocation approaches and circular economy

implications.
Typical allocation Apparent CE . . .
EoL treatment yp PP - Key methodological bias or risk
approach compatibility
Landfilling Cut-off Low Me'thane impac.ts are? dilutfzd by long tim.e
horizons; there is no incentive to recover it.
Landfilling with gas Over-crediting ene ecove de
8 & Substitution Medium ver .r ,1 'mg nergy recov r?’ Hnaer
recovery optimistic capture assumptions.
Incineration without Burdens fully assigned; ignores potential
Cut-off Low y assig g_ . P
energy recovery system-level transitions.
Incineration with ener St sensitivity to ene i d
24 Substitution Medium-High rong senst I,Vl y © energy mupean
recovery substitution factors.
One-to-one substitution assumptions are
Material recycling I. Substitution High L b
often unrealistic (downcycling).
Underestimates the benefits of i ed
Material recycling II. Cut-off Medium nerestimares = " O IpTOV
material recovery.
Dependent on digestate use and biogas
Anaerobic digestion Substitution Medium-High P | 18 &
substitution pathways.
Limited recogniti f soil amendment
Composting Cut-off Medium [IEEC TECOgTIHON O sott amendmen

benefits.

The comparison in Table 2 shows that allocation choices can enhance or diminish the perceived
contribution of EoL options to circular economy objectives. Transparent reporting of these
assumptions is essential for informed decision-making and for aligning waste management strategies
with the SDGs [42,43].

Comparative analyses of waste management systems highlight the potential for low-emission,
energy-efficient models [44-46]. Among the technologies evaluated, landfilling and incineration are
especially sensitive to modelling assumptions. Landfilling serves as a critical baseline for
demonstrating how allocation-related uncertainties can alter the environmental ranking of waste
treatment pathways.

3.3. Case Analysis of Landfilling in the Context of LCA and Allocation

Landfilling remains an indispensable component of global waste management, serving as a
residual sink even in advanced systems with high recovery rates [47-49]. Identifying optimal
practices necessitates comparative analyses to determine potential corrective actions [50]. Within the
framework of LCA, landfilling is conceptualised as a transitional technology, and its environmental
profile is critically sensitive to modelling assumptions [51].

A central challenge in landfill LCA is the quantification of greenhouse gas emissions, with a
particular focus on methane [52-54]. Due to its significant short-term global warming potential,
methane constitutes a pivotal variable in climate impact assessments [55,56]. Methodological
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decisions regarding the time horizon—specifically the selection of GWP100 versus GWP20—can
fundamentally alter the comparative ranking of waste management strategies [57,58].

Furthermore, landfills pose protracted risks, including leachate-induced groundwater
contamination ([59,60], land occupation, and biodiversity loss [61,62]. These environmental liabilities
and post-closure management obligations are frequently difficult to represent comprehensively
within conventional, static LCA frameworks [63,64].

Contemporary urban planning increasingly envisages former landfill sites as potential locations
for solar energy facilities or public infrastructure [65,66]. Consequently, evaluating landfill
performance exclusively through environmental indicators may overlook broader implications for
land-use planning. Integrated assessment approaches are therefore required to balance
environmental performance with long-term land occupation and spatial transformation.

While this section outlines the complexities of landfilling in waste management, the subsequent
case study illustrates how these allocation-related uncertainties directly influence the perceived
decarbonisation pathways of manufacturing systems.

3.4. Integration of Allocation Approaches with Manufacturing LCA Results

This section integrates manufacturing life cycle inventory data into the environmental impact
assessment. The analysis is conducted based on a functional unit of 28.5 kg polyethylene (PE) product
across the three defined scenarios, with a focus on how internal recycling loops mitigate overall
environmental burdens.

Figure 4 presents the distribution of eight environmental impact categories, as determined by
the CML 2016 LCIA method.

Marine ecotoxicity
Human toxicity

Global warming potential
Freshwater ecotoxicity
Eutrophication potential
Acidification potential

Elemental abiotic depletion

Fossil abiotic depletion

0% 10% 20% 30% 40% 50% 60% 70% 80% 90% 100%

M Scenariol ™ Scenario?2 M Scenario 3

Figure 4. Percentage distribution of environmental impacts for the evaluated scenarios following normalisation

and weighting.

The results indicate that Scenario 1 (Baseline) exhibits the most pronounced impact across all
categories, most notably regarding human toxicity (~97%) and marine ecotoxicity (~85%). This
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predominance is primarily attributable to the continuous demand for virgin high-density
polyethylene (HDPE) granulate and the energy-intensive nature of manufacturing processes lacking
material recovery.

Conversely, the adoption of a semi-closed-loop system (Scenario 2) results in notable reductions
in categories associated with water consumption and disposal; for instance, its contribution to
freshwater ecotoxicity decreases to 31%. The most substantial improvements are observed in Scenario
3 (fully closed-loop), which recirculates both cooling water and plastic scrap, thereby achieving the
lowest environmental footprint across the board. Reductions in abiotic fossil depletion and global
warming potential (GWP) are particularly significant for decarbonisation objectives, as they directly
represent the avoided impacts of primary material production.

Normalisation and weighting results confirm that transitioning from a linear system (Scenario
1) to a fully closed-loop configuration (Scenario 3) not only enhances resource efficiency but also
significantly ameliorates toxicological impacts on the environment.

Detailed analysis of Figure 4 reveals that Scenario 1 dominates across all categories, specifically
in human toxicity (~97%) and marine ecotoxicity (~85%). In freshwater ecotoxicity, Scenario 1
accounts for approximately 58%, compared to Scenario 2 (~22%) and Scenario 3 (~20%). For
eutrophication potential, Scenario 1 represents roughly 68%, while Scenarios 2 and 3 account for 17%
and 15%, respectively.

Global warming potential demonstrates a narrower variance, with Scenario 1 and Scenario 2
each contributing approximately 35%, while Scenario 3 accounts for about 30%. For acidification
potential, Scenario 1 represents 35%, Scenario 2 33%, and Scenario 3 approximately 32%. Elemental
abiotic depletion follows a similar trend, with Scenarios 1 and 2 at roughly 35%, and Scenario 3 at
30%. In the case of fossil abiotic depletion, Scenario 1 contributes around 35%, while Scenarios 2 and
3 each account for 33-35%, reflecting a relatively balanced distribution across the models.

3.5. Analysis of Resource Efficiency and Energy Demand

To provide empirical context for the environmental impacts, this study first examines energy
consumption and physical resource flows across the three scenarios. Production energy demand
remains nearly identical in Scenarios 1 and 2; however, Scenario 3 demonstrates a measurable
decrease, stemming from the reduced processing requirements of virgin material.

Figure 5 compares total material consumption and freshwater emissions, expressed as
cumulative mass, across the scenarios. This comparison is significant as it connects environmental
performance to specific physical quantities, rendering the findings highly actionable for industrial
applications. Quantifying material consumption and freshwater emissions enables a tangible
assessment of the resource-efficiency benefits associated with circular strategies.
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Figure 5. Cumulative material consumption and freshwater emissions for the examined manufacturing

scenarios [g].

According to Figure 5, Scenario 1 yields the highest values for both indicators, with material
consumption at approximately 52.3 kg and freshwater emissions at 53.1 kg. This configuration
represents the least efficient use of resources and, consequently, the greatest environmental burden.
Scenario 2 exhibits a clear improvement: material consumption decreases to approximately 52 kg,
while freshwater emissions are reduced to 52.7 kg. These findings suggest that implementing water
looping alone yields measurable reductions in both resource intensity and aquatic emissions.

Scenario 3 demonstrates the most favourable performance, underscoring the systemic advantage
of simultaneous water and material looping. Under this configuration, material consumption reaches
its minimum at approximately 50.7 kg, and freshwater emissions are reduced to 51.5 kg, representing
the most sustainable pathway within the investigated manufacturing framework.

3.6. Carbon Footprint of End-of-Life Pathways

In the final stage of the quantitative analysis, EoL options for manufacturing scrap were assessed
under the baseline scenario. The carbon footprints of landfilling and incineration (both with and
without energy recovery) were calculated utilising four distinct LCIA methods to mitigate
methodological bias. Table 3 presents these results per 1 kg of plastic waste.

Table 3. Carbon footprints of EoL options using different LCIA methods [kg CO,-eq./kg waste].

Applied LCIA method Landfill | Incineration Incineration with energy recovery
IPCC AR6 0.0296 2.495 Carbon footprint of generated thermal
excl. biogenic carbon, inc. Land energy (Thermal Credit):
Use (LUC) -0.5673
Carbon footprint of generated electricity
Climate Change total (Electric Credit):
-0.3801
Net Impact: 1.5476
CML 2016 0.0293 2.493 Thermal Credit -0.5640
Electric Credit -0.3783
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Global Warming Potential Net Impact: 1.5507
(GWP) for 100 years

EF 3.1 0.0296 2.495 Thermal Credit -0.5673

Climate Change total Electric Credit -0.3801
Net Impact: 1.5476

ReCiPe 2016 0.0301 2.4985 Thermal Credit -0.5787

Climate Change, default, excl. Electric Credit -0.3858
biogenic carbon Net Impact: 1.5340

Note: Negative values represent environmental credits from avoided primary energy production (substitution
approach).

The results demonstrate that landfilling produces lower direct (gross) CO,-equivalent emissions
than incineration across all examined LCIA methods, with landfilling values remaining remarkably
low (~0.03 kg CO»-eq./kg). This outcome is primarily attributable to the immediate oxidation of
carbon during incineration, whereas landfilling sequesters a substantial portion of the carbon content
in the short- to medium-term. Additionally, gross emissions exhibit minimal variance between
incineration scenarios (~2.5 kg CO.-eq./kg), irrespective of energy recovery.

However, a paradigmatic shift occurs when the substitution (avoided burden) approach is
applied. Quantitative analysis reveals that incineration with energy recovery can reduce the gross
carbon footprint by approximately 38-39%, resulting in a net impact ranging from 1.53 to 1.55 kg
CO»-eq./kg across the four LCIA methods. While this does not reach a negative absolute value in this
specific manufacturing context, the generated heat and electricity displace fossil-fuel-based energy
demand in the broader system, rendering energy recovery significantly more favourable than
conventional incineration. Under conditions of high-efficiency recovery, incineration's
environmental competitiveness is substantially enhanced.

Therefore, the environmental assessment of waste incineration is critically contingent upon the
efficiency of energy utilisation. The data confirms that the avoided burden from thermal energy
production (displacing natural gas) provides a consistently greater emission-reduction credit
(averaging -0.57 kg COs,-eq.) than electricity generation (averaging -0.38 kg CO»-eq.). This highlights
that thermal recovery is nearly 1.5 times more effective in mitigating climate impacts than electricity
displacement in the current EU-28 energy mix.

These findings underscore that the decarbonisation potential of plastic waste management is a
function of both technological efficiency and the selected methodological allocation logic. In
transitional energy systems, maximising heat recovery is the most effective strategy to reduce the net
carbon footprint of plastic scrap, while the definition of allocation boundaries determines whether
these systemic benefits are captured in the final LCA results.

4. Discussion

The results confirm that allocation logic is a key determinant in the interpretation of LCA
outcomes, influencing both the magnitude and relative ranking of environmental impacts. This effect
extends beyond municipal solid waste management to manufacturing processes, suggesting that
methodological decisions can induce systematic bias into conclusions regarding circular economy
performance.

4.1. Interpretation of Looping Strategies and Environmental Hotspots

In the open-loop configuration (Scenario 1), environmental pressures are concentrated within a
limited number of dominant impact categories, most notably human toxicity and marine ecotoxicity.
This indicates that environmental burdens are unevenly distributed and are intrinsically linked to
specific technological hotspots within the manufacturing process. The normalised and weighted
results facilitate a more robust interpretation of injection moulding’s environmental performance
within a broader systemic context.
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Comparative analysis indicates that Scenario 1 contributes the most across all categories,
particularly in human toxicity (~97%) and marine ecotoxicity (~85%). This confirms that linear, open-
loop systems tend to aggregate environmental burdens in specific toxicological categories.
Interestingly, Scenario 2 presents a distinct trade-off: while it achieves significant reductions in
human and marine ecotoxicity through water recirculation, it exhibits slightly higher abiotic fossil
depletion and global warming potential compared to the baseline. This suggests that internal utility
loops (such as water) may increase energy intensity even while mitigating direct aquatic emissions.

A similar, yet more pronounced trend is observed in Scenario 3. The results indicate that circular
interventions necessitate navigating specific trade-offs across impact categories. While Scenario 2
effectively addresses aquatic toxicity, Scenario 3 is indispensable for achieving substantial reductions
in fossil resource depletion and climate change. This underscores that material looping is the
fundamental lever for decarbonisation in the injection moulding industry.

Although the volume of recycled plastic scrap is relatively modest at the examined scale, these
findings suggest that the environmental benefits of closed-loop systems are driven by the holistic
optimisation of resource flows rather than merely the quantity of secondary material. As
demonstrated in Figures 5 and 6, increasing the degree of looping reduces absolute environmental
burdens and fosters a more balanced environmental impact profile.

4.2. Linking Manufacturing Results with Allocation Approaches

The observed differences between open-loop and closed-loop manufacturing systems can be
elucidated through the allocation frameworks employed in LCA. The open-loop configuration
(Scenario 1) embodies the logic of the cut-off approach, where waste is excluded from the system
boundaries and no environmental credits are awarded, thereby focusing exclusively on the
immediate production burden.

In contrast, the fully closed-loop configuration (Scenario 3) aligns with substitution-based logic,
where recycled materials displace primary production, thus generating environmental benefits by
avoiding the associated burdens. This correspondence demonstrates that the perceived advantages
of circularity are not merely a function of technological efficiency, but are fundamentally dictated by
the chosen methodological framework. Substitution-based logic is pivotal for recognising the
avoided primary production that characterises the transition toward a circular economy.

4.3. Implications for Circular Manufacturing and Sustainability Assessment

The progression from linear to semi-closed and fully closed-loop scenarios demonstrates that
water and material recirculation yield a more balanced environmental profile by targeting specific
hotspots. The findings reveal a clear functional specialisation among circular strategies: water
recirculation primarily mitigates toxicological impacts, whereas material looping is indispensable for
reducing contributions to climate change and fossil resource depletion. This multidimensional
improvement suggests that circular strategies should be integrated as systemic structural shifts rather
than superficial process enhancements.

A key finding of this study is the quantifiable benefit of incremental circularity. While Scenario
3 offers the most favourable systemic performance, Scenario 2 confirms that implementing even a
single looping mechanism, such as water recirculation, yields significant environmental gains. This
underscores that incremental steps toward circularity are operationally viable and should not be
overlooked in favour of idealistic, fully closed-loop models.

Furthermore, the concurrent reduction in resource consumption and emissions reinforces a core
tenet of the circular economy: enhanced resource efficiency is intrinsically linked to improved
environmental performance. Despite the modest scale of technological scrap recycled per shift, the
results suggest that scaling these solutions to industrial levels could lead to substantial cumulative
reductions in a facility’s overall environmental footprint. Finally, the evaluation of end-of-life options
confirms that manufacturing-level efficiency must be synergistically coupled with effective waste
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management, where energy recovery serves as a vital decarbonisation lever through energy
substitution.

4.4. Integration with Previous Research and Broader Implications

Although the findings align with the energy-intensity results reported by Elduque et al. [24] and
Cheung et al. [6] regarding the injection moulding process, this study transcends the limitations of
isolated manufacturing models by integrating end-of-life allocation logic. In contrast to earlier
research that primarily addresses process-level energy optimisation, the integrated approach
presented here demonstrates that the perceived environmental benefits of manufacturing
improvements are inextricably linked to, and may be substantially reconfigured by, the selected EoL
modelling framework.

Consistent with previous results [67], the present analysis confirms that manufacturing-stage
improvements can yield measurable reductions in global warming potential without necessitating
changes to product design. However, while previous studies have largely focused on individual
measures—such as energy efficiency or material substitution—this work provides a comparative
taxonomy of varying degrees of loop closure within a single, coherent production system.

Furthermore, the observed reductions in toxicity-related impacts stemming from water
recirculation align with recent LCA studies on process water management in polymer processing. By
evaluating manufacturing-stage looping and EoL options in tandem, this study extends the scope of
prior research, which has typically treated these aspects as disparate entities [9].

From a broader methodological perspective, these findings indicate that allocation choices play
a decisive role in shaping the interpretation of circular economy performance. The conceptual
analysis demonstrates that substitution-based approaches accentuate the advantages of recycling and
energy recovery, whereas cut-off approaches yield more conservative, "burden-free" estimates.

Consequently, this study provides a more integrated, system-oriented perspective on closed-
loop injection moulding than most existing analyses, while highlighting the imperative for
transparent, context-sensitive interpretation of LCA results in circular economy applications.

4.5. Implications for Energy Policy and Decarbonization Pathways

The results of this study indicate that methodological choices in LCA —particularly EoL
allocation approaches—have significant implications that extend beyond academic consistency,
directly defining the perceived efficacy of energy policy and decarbonisation planning. Although
LCA is widely employed to support sustainability assessments, the findings demonstrate that
allocation logic can substantially alter calculated energy savings and greenhouse gas reduction
potentials.

From a policy perspective, this represents a critical source of uncertainty; the absence of
methodological harmonisation can result in polarised strategic trajectories for identical industrial
systems [68,69]. Decision-makers increasingly rely on LCA-based indicators to evaluate recycling,
waste-to-energy (WtE), and circular manufacturing. However, if allocation choices lack transparency,
studies may yield conflicting conclusions for the same system, leading to fragmented policy
implementation.

Specifically, substitution-based approaches tend to favour recycling and energy recovery by
crediting avoided primary production, whereas cut-off approaches yield more conservative
estimates. Consequently, the choice of allocation method can introduce an implicit bias into policy
recommendations for waste management strategies.

This is particularly relevant during the energy transition, where WtE technologies are frequently
integrated into low-carbon strategies due to their ability to recover energy from residual waste and
mitigate landfill emissions.

However, the long-term decarbonisation benefits of WtE are critically contingent upon the
carbon intensity of the energy system it displaces [70,71]. As national electricity grids transition
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toward renewable sources (grid decarbonisation), the relative advantage of energy recovery may
diminish, thereby altering the comparative performance of recycling versus incineration pathways.
This identifies a fundamental policy dilemma: while recycling ensures greater resource efficiency,
energy recovery provides immediate outputs that support short-term stability.

The case study on injection moulding systems demonstrates that internal process optimisation—
such as material and water looping —can measurably reduce energy demand. This underscores the
importance of integrating process-level improvements with system-level policy. Nevertheless, the
interpretation of these benefits remains intrinsically tied to the underlying allocation logic.

In summary, the findings indicate that LCA is not a value-neutral arbiter but rather a modelling
framework whose outcomes depend on explicit normative assumptions. For energy policy and
decarbonisation pathway assessment, it is imperative that methodological choices are clearly
communicated and, where feasible, harmonised across industrial sectors to provide a reliable basis
for long-term strategic decisions.

5. Conclusions

This study examined the influence of End-of-Life allocation methods on the interpretation of
environmental and energy performance in plastic waste management and injection moulding
systems. By combining a conceptual analysis with a manufacturing case study, the results
demonstrate that allocation choices—specifically the cut-off and substitution approaches—play a
decisive role in shaping outcomes. The key conclusions are as follows:

e  Methodological Sensitivity: Methodological assumptions significantly alter the perceived
effectiveness of decarbonization strategies. Substitution-based approaches report higher energy
savings by including avoided primary production, whereas cut-off approaches provide more
conservative estimates. In certain scenarios, these choices can reverse the environmental ranking of
waste treatment pathways.

e  Manufacturing Circularity: Transitioning from linear (Scenario 1) to fully closed-loop (Scenario 3)
manufacturing significantly improves resource efficiency. The systemic integration of both water and
material looping reduces material consumption by approximately 3% and mitigates critical
toxicological impacts (human and marine ecotoxicity) by 85-97%.

e  Methodological Robustness: The consistency between the IPCC AR6 and EF 3.1 results (yielding an
identical net carbon footprint of ~1.548 kg CO,-eq./kg) validates the reliability of the underlying
inventory data. While the ReCiPe 2016 method provided a slightly lower net value (1.534 kg CO--
eq./kg) due to its specific characterisation of substitution credits, the overall trends remain stable
across all examined frameworks.

e  The Landfill Paradox: Within a climate-focused LCA framework, landfilling functions as a superior
carbon sink (0.029-0.030 kg CO»-eq./kg) compared to incineration. Despite high-efficiency energy
recovery reducing the gross impact of incineration by 38-39%, the resulting net carbon footprint
(~1.54 kg COs-eq./kg) remains orders of magnitude higher than that of landfill disposal. This
underscores that while incineration is technically more "circular” due to energy recovery, its
immediate climate impact is substantially greater.

e  Energy Recovery Hierarchy: The analysis confirms that the displacement of thermal energy is nearly
1.5 times more effective in reducing the net carbon footprint than electricity generation. In transitional
energy systems, maximising heat recovery provides a more significant environmental credit than
electricity displacement within the current EU-28 energy mix.

e  Policy Implications: As LCA-based indicators increasingly support energy policy and circular
economy transitions, the choice of allocation can implicitly bias technology prioritisation (e.g.,
recycling vs. waste-to-energy). Transparent frameworks are essential to ensure policy decisions
reflect actual system performance rather than modelling artefacts.
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¢  Manufacturing Optimisation: The case study confirms that process-level improvements, such as
simultaneous material and water looping, measurably reduce energy demand and emissions.
However, the magnitude of these benefits is highly sensitive to the chosen allocation logic.

e  Future Requirements: Transitioning toward low-carbon systems requires aligning sustainability
assessments with policy-making. This necessitates improved transparency in communicating
assumptions about energy substitution and accounting for the dynamic nature of energy grids.

Future research should focus on harmonising allocation approaches and integrating dynamic
energy system modelling to provide a reliable basis for long-term decarbonisation targets.

6. Limitations

A central concept in this study is "apparent circular economy compatibility,” defined as the
extent to which waste management options appear sustainable according to LCA-based indicators.
It is crucial to underscore that the presence of avoided burdens (substitution credits) does not
inherently indicate higher levels of material circularity. These results primarily reflect
methodological choices regarding displaced technologies and system boundaries, rather than direct
measurements of circular material flows. Therefore, apparent circular economy compatibility should
be interpreted as an analytical outcome of the applied modelling framework, rather than as a
definitive indicator of systemic circularity.

The specific limitations of this research are acknowledged as follows:

¢  Methodological Focus: The analysis of municipal waste management relies on a qualitative synthesis
of existing literature rather than new numerical life cycle impact assessment calculations.
Consequently, the findings primarily highlight methodological sensitivities rather than offering
universally generalisable quantitative data.

e Modelling Assumptions: Market dynamics, technological heterogeneity, and material quality
degradation (downcycling) were not explicitly modelled. The injection moulding scenarios are based
on average industrial conditions and do not account for site-specific operational variations or the
complexities of post-consumer waste streams.

e  Grid Decarbonisation and Energy Mix: The study utilises current energy mix datasets. As national
energy grids transition toward higher shares of renewable energy (grid decarbonisation), the
environmental credits calculated through substitution-based approaches are expected to decrease, as
the 'avoided' energy becomes inherently less carbon-intensive. Therefore, the choice between cut-off
and substitution methods will become increasingly critical in future decarbonisation assessments, as
the relative advantage of energy recovery may diminish compared to material recycling.

These limitations underscore the necessity for dynamic LCA models in future research to adequately
account for evolving energy infrastructures. Future research directions should include scenario-
based numerical studies that integrate both manufacturing and end-of-life systems within a unified,
dynamic modelling framework. Additionally, incorporating regional datasets, advanced LCA
software tools, and real industrial case studies would further enhance the robustness and
applicability of results in supporting long-term decarbonisation targets.
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