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Abstract 
Open-loop recycling (OLR) is a cornerstone of circular economy strategies but inherently generates 

multifunctional systems in which materials deliver different functions across successive life cycles. Although 
attributional Life Cycle Assessment (LCA) provides several allocation approaches to model such systems, only 

a limited subset explicitly considers material quality variations, and no standardized procedure exists for 

integrating quality into allocation modeling. This study addresses this gap by developing a quality-dependent 

allocation framework for open-loop recycling systems within attributional LCA, in which environmental 

burdens are redistributed according to the functional quality of secondary materials across cascading functions. 

The method builds on existing allocation principles by introducing refined system boundaries, explicit 

differentiation between sorting and reprocessing stages, and mass-balance consistency across consecutive 

functions. Material quality is operationalized through a quantitative scale, and a relative quality index between 

consecutive product life cycles modulates the fraction of environmental burdens retained within each function 

and transferred downstream, enabling explicit representation of upcycling and downcycling phenomena. The 

approach is demonstrated in a four-function polypropylene cascade combining mechanical recycling and 

energy recovery and evaluated using IPCC 2021 GWP100. Results show that burden redistribution occurs 

exclusively in the downstream direction and is progressively dampened along the cascade. Variations 

exceeding 30% in the relative quality index induce changes of approximately 10 – 12% in impacts attributed 

to intermediate functions, while the aggregated material life-cycle impact remains invariant. Compared with 

the cut-off method, the proposed framework shifts a substantial share of burdens toward later functions, 

yielding Global Warming Potential values up to 31% higher downstream without altering total impacts. By 

explicitly linking material quality evolution to environmental burden redistribution, the proposed framework 

provides a structured and operational mechanism for representing cascading systems in attributional LCA, 

offering a conceptually distinct alternative to conventional allocation approaches. 
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• Enhances LCA support for evaluating circular value retention strategies 

1. Introduction 

Even the most advanced contemporary economic approaches continue to rely predominantly on the Linear 

Economic Model (LEM) to meet societal demands. In essence, the LEM assumes that natural resources 

constitute the primary source of consumer goods, which are typically designed for limited use and subsequently 

discarded at end-of-life (Morseletto, 2023). When this logic is systematically applied, it leads to a broad range 

of environmental impacts, including intensive resource extraction, material and energy emissions, and 

alterations to the physical environment (Teles, 2025). These concerns have driven the development of the 

Circular Economic Model (CEM). Grounded in principles such as Cleaner Production, Biomimicry, Cradle-

to-Cradle Design, Regenerative Design, and Industrial Ecology, the CEM has demonstrated its potential to 

mitigate environmental burdens and has consequently gained increasing recognition among policymakers, 

practitioners, academics, and society at large (Morseletto, 2023). 

Within this framework, the CEM contributes to the operationalization of sustainability by prioritizing 

environmental protection and responsible resource management. Its core objective is to minimize waste 

generation and, where waste is unavoidable, to reintegrate it as a secondary raw material for new products 

(Geissdoerfer et al., 2017). Recycling represents one of the most widely adopted strategies for achieving this 

objective and may occur through either closed-loop recycling (CLR) or open-loop recycling (OLR). In CLR 

systems, recycled materials are reintroduced into the same application and perform an equivalent function to 

that of the original product (Benyathiar et al., 2022). In contrast, OLR systems redirect recycled materials 

toward applications different from their original use, thereby fulfilling new functions (Tonini et al., 2022). 

Despite its central role in circular systems, recycling can alter the intrinsic properties of materials. When 

such alterations result in a reduction of material performance or functionality, the process is commonly referred 

to as downcycling; conversely, when they lead to an enhancement of material quality, the process is described 

as upcycling. To reduce reliance on virgin resource extraction from the biosphere, the CEM emphasizes that 

recycling practices should, at a minimum, preserve the added value of products when quality improvement is 

not feasible (Joint Research Centre, 2020). It is also important to note that both downcycling and upcycling 

phenomena may occur in either open- or closed-loop recycling configurations. 

The distinction between downcycling and upcycling is inherently linked to the concept of material quality 

– a notion subjected to multiple interpretations and particularly challenging to operationalize in LCA modeling, 

especially for open-loop recycling systems. Acknowledging that a clearer and more consistent understanding 

of quality is essential for advancing circular economy practices, policies, and regulatory frameworks, Bayram 

et al. (2024) conducted a systematic literature review to examine how the concept of quality is addressed across 

technical, economic, and functional perspectives. Their findings indicate that quality is frequently associated 

with attributes such as product value and price, business models and strategies, consumer perception, 

functional performance, technical properties, durability, product design, and sustainability. However, no 

unambiguous one-to-one relationship between quality and any single attribute was identified. As a result, the 

authors highlight the challenges involved in reconciling technical performance with environmental 

considerations, particularly when relying on flexible, market-based indicators to manage variability in the 

application of the quality concept. 

In this context, Life Cycle Assessment (LCA) constitutes a widely adopted environmental management 

tool. By quantifying material and energy consumption as well as emissions across the entire life cycle required 

to deliver a specific function, and by translating these flows into environmental impact indicators, LCA 

provides a robust basis for decision-making that explicitly incorporates environmental criteria (Paes et al., 

2018). Moreover, LCA enables the evaluation of the effectiveness of strategies aimed at mitigating the adverse 

impacts identified through its application (Carvalho et al., 2021; Sakamoto et al., 2023). 

The application of LCA to circular systems necessitates procedures for addressing multifunctionality. 

Multifunctional situations arise when a single process simultaneously generates multiple co-products, thereby 

creating challenges in assigning shared environmental burdens to the distinct functions delivered. In this sense, 

multifunctionality is intrinsic to circular systems involving OLR, as recycled materials are inherently used in 

at least two products that perform different functions over successive life cycles (Curran, 2015). The ISO 

14044 standard (ISO, 2006) establishes a hierarchy of approaches to address multifunctionality. The first 
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approach involves partitioning (or allocation), whereby resource use and emissions are divided among co-

products according to physical or economic relationships. Allocation is typically applied in attributional LCA 

studies, which aim to quantify environmental impacts associated with delivering a specific function without 

considering broader system-wide consequences. Alternatively, ISO 14044 recommends substitution, which 

expands the system boundary to account for functions displaced by the system under analysis. This approach 

is consistent with consequential LCA, which explicitly considers indirect effects arising from changes in 

production systems, markets, or technologies (Wernet et al., 2016; Brandão et al., 2017). 

The choice of method for addressing multifunctionality has a decisive influence on LCA results (Chairat & 

Gheewala, 2023; Krexner et al., 2025). Consequently, this issue has been extensively investigated, giving rise 

to a substantial body of scientific literature (Ekvall and Tillman, 1997; Baumann and Tillman, 2004; Schrijvers 

et al., 2016; Wernet et al., 2016; Ekvall et al., 2020; Tanguay et al., 2021; Teles et al., 2025). Despite these 

efforts, no consensus has yet emerged regarding the most appropriate approach for minimizing, or even 

eliminating, distortions associated with multifunctionality in LCA (de Sadeleer & Lyng, 2022; Saxegård et al., 

2025). Furthermore, relatively few methods explicitly account for changes in material quality resulting from 

recycling processes when addressing multifunctionality in open-loop recycling systems, and among those that 

do, no standardized procedure for specifying quality differences has been established (Nordahl & Scown, 
2024). 

From a circular economy perspective, this limitation is particularly critical, as value retention depends not 

only on material recirculation but also on the preservation of functional quality across successive functions 

(Joint Research Centre, 2020; Bracquené et al., 2020; Glogic et al., 2021; Figueirinhas et al., 2026). However, 

current allocation approaches in attributional LCA remain insufficiently equipped to operationalize this 

relationship, reinforcing the need for methods capable of explicitly integrating material quality into 

environmental burden allocation in open-loop recycling systems. 

Despite these advances, a critical methodological gap remains insufficiently addressed. Existing allocation 

approaches in attributional LCA either neglect material quality variations or treat them implicitly, without 

providing a consistent operational mechanism to integrate quality degradation or enhancement into the 

allocation of environmental burdens in open-loop recycling systems. This limitation becomes particularly 

relevant in cascading systems, where materials successively fulfill different functions under varying quality 

conditions, challenging the environmental consistency of allocation procedures. 

In response to this gap, the present study develops a quality-dependent allocation framework tailored to 

attributional LCA of open-loop recycling systems. The proposed approach explicitly links environmental 

burden allocation to material quality variations across successive functions, enabling a consistent 

representation of upcycling and downcycling phenomena within cascading material systems. By integrating a 

quantitative quality scale with allocation modeling, the framework provides a structured mechanism to 

redistribute environmental burdens while preserving mass balance consistency and total impact conservation. 

The framework is illustrated through a case study involving polypropylene-based products across four 

sequential functions, combining mechanical recycling and energy recovery. While the case study is not 

intended as an exhaustive empirical validation, it serves as a proof-of-concept to demonstrate the analytical 

behavior of the proposed method and to examine how variations in material quality influence environmental 

impact attribution, particularly in terms of Global Warming Potential. Overall, this study contributes to 

advancing methodological consistency in attributional LCA by addressing a previously underdeveloped aspect 

of open-loop recycling systems: the explicit operationalization of material quality in environmental burden 

allocation. 

The primary objective of this study is to develop a methodologically consistent framework within 

attributional Life Cycle Assessment (LCA) for allocating environmental burdens across successive functions 

in open-loop recycling systems, explicitly incorporating variations in material quality. 

To achieve this objective, the study integrates a quantitative representation of material quality into 

allocation modeling and applies the proposed framework to a cascading system of polypropylene-based 

products. This application enables the examination of how material quality influences the distribution of 

environmental impacts across multiple functions and life cycles. 

In doing so, the study advances current allocation practices by providing a structured mechanism to account 

for quality-driven transformations – such as upcycling and downcycling – within open-loop recycling systems. 

The contribution is therefore twofold: (i) the development of a quality-sensitive allocation framework that 

preserves environmental impact conservation while redistributing burdens across cascading functions; and (ii) 
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the demonstration of its analytical behavior through a polymer-based case study, offering insights into the role 

of material quality in environmental impact attribution. 

2. Materials and Methods 

2.1. Background: Characteristics and specificities of systems involving 
OLR processes 

Figure 1 illustrates a conventional arrangement based on OLR processes. In this hypothetical configuration, a 

given material is successively used to manufacture three distinct products, each delivering a different function. 

The arrangement is established by linking systems S1 (blue), S2 (red), and S3 (green) through recycling 

processes R1 and R2 (orange), thus forming a cascading structure. 

 

Figure 1. OLR-type arrangement with transformations interconnected by material and energy flows. Source: Adapted 

from Ekvall & Tillman (1997) 

Legend: 𝑉𝑖: virgin material production; 𝑀𝑖: product manufacturing; 𝑈𝑖: use phase; 𝐷𝑖: final disposal; 𝑅𝑖: Recycling process 

More generally, the life cycle under analysis comprises a set of interconnected anthropogenic activities 

linked by material and energy flows associated with product manufacturing (𝑀𝑖), the production of virgin 

materials (𝑉𝑖) and secondary materials (via 𝑅𝑖), product use (𝑈𝑖), and end-of-life treatment or final disposal 

(𝐷𝑖), once the product can no longer fulfill its intended function. This study adopts an attributional modeling 

perspective, in which only physically occurring processes are considered, and avoided processes are not 

included in the system boundary. From this perspective, recycling processes (𝑅𝑖) are inherently 

multifunctional, as they simultaneously perform at least two roles within the arrangement: (i) waste 

management for the preceding product; and (ii) reconditioning of post-consumer material into secondary raw 

material for subsequent manufacturing. 
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2.2. Identification and selection of methods for allocating environmental 
burdens in OLR systems 

To identify suitable allocation approaches, a targeted review of the technical literature was conducted, with 

particular attention to Ekvall et al. (2020). This review is not intended to be exhaustive, but rather to establish 

a bounded analytical reference from which specific methodological limitations can be identified and addressed. 

A detailed description of the analyzed methods, including conceptual schematics, mathematical formulations, 

and their respective advantages and limitations, is provided in the Supplementary Material (SM2–SM8). The 

discussion presented here therefore focuses exclusively on their comparative implications for allocation 

modeling in open-loop recycling systems. 

For analytical clarity, cascading arrangements are commonly represented in simplified schematic form. 

Figure 2 provides such a representation, adapted from Ekvall et al., and is used here as a reference structure to 

highlight how environmental burdens propagate across successive functions and to support the identification 

of limitations in existing allocation approaches. 

 

Figure 2. Environmental burden distribution scheme analyzed by Ekvall et al. (2020). Source: Adapted from Ekvall et 

al. (2020) 

Legend: 𝐸𝑉: environmental loads of virgin material production; 𝐸𝑅: environmental loads of the recycling process; 𝐸𝐷: environmental loads 

of the waste disposal; 𝑄𝑃: quality of the material delivered by the primary production; 𝑄2: quality of the material delivered by the first 

recycling process (𝑅1); 𝑄3: quality of the material delivered by the second recycling process (𝑅2); (*): the asterisk indicates that the process 

is avoided through recycling 

From the twelve methods identified, only a subset was retained. Approaches based on economic allocation 

criteria were excluded to ensure that the proposed framework remains grounded in physically and technically 

interpretable variables, thereby avoiding dependence on context-sensitive market dynamics. Similarly, 

substitution-based approaches were not considered, as they are aligned with consequential LCA and therefore 

fall outside the attributional scope adopted in this study. 

Selection criteria included: (i) ease of implementation; (ii) data availability; (iii) robustness; (iv) 

transparency; (v) decision-support capacity; and (vi) endorsement in standards or guidelines. The retained 
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methods are therefore used here not for exhaustive comparison, but to establish a consistent methodological 

baseline against which specific limitations can be identified and addressed. 

2.3. Choosing a conceptual framework for developing the new proposal 
Given the extensive documentation of the analyzed methods in the Supplementary Material, the discussion 

presented here focuses on their comparative implications rather than detailed formulation. Across the analyzed 

approaches, a consistent limitation emerges: material quality is either not explicitly represented or incorporated 

through weakly defined proxies, limiting the ability of these methods to capture functional transformations in 

cascading open-loop recycling systems. 

Among the approaches, Tanguay et al. stands out for incorporating material quality through a quality factor 

(𝑄). However, in its original formulation, 𝑄 relies on proxies that are not fully anchored in physically 

measurable or functionally representative material properties. This limitation is particularly relevant in 

attributional modeling contexts, where the redistribution of environmental burdens across successive functions 
should reflect observable changes in material functionality. 

This study therefore adopts the conceptual structure of Tanguay et al. (2021) as a reference point, while 

introducing targeted modifications to address these limitations and enable a physically grounded and 

operationally consistent representation of material quality. 

2.4. Methodological advances relative to previous quality-dependent 
allocation approaches 

Among the allocation approaches identified in the literature, the framework proposed by Tanguay et al. (2021) 

represents one of the most relevant contributions toward incorporating material quality into environmental 

burden allocation for open-loop recycling systems within attributional LCA. In particular, the method 

introduces the concept that variations in material quality may influence the redistribution of environmental 

burdens across successive functions, thereby providing an important conceptual foundation for subsequent 

developments in quality-sensitive allocation modeling. 

The present study builds upon this conceptual basis while introducing a set of methodological refinements 

intended to improve the physical interpretability, operational consistency, and analytical applicability of the 

allocation framework in cascading systems. These refinements do not seek to replace the contribution of 

Tanguay et al. (2021), but rather to extend its applicability by addressing specific aspects that remain only 

partially operationalized in the original formulation. 

A first refinement concerns the operationalization of material quality itself. While Tanguay et al. (2021) 

incorporates quality through correction factors associated with burden redistribution, the present study adopts 

a physically grounded quality structure explicitly linked to measurable material properties and functional 

applicability. This modification enables the quality factor to reflect observable changes in material 

performance across successive functions rather than abstract or indirectly estimated quality proxies. A second 

refinement involves the explicit differentiation between sorting and reprocessing activities within the recycling 

system. In the proposed framework, these stages are modeled separately in order to distinguish end-of-life 

preparation processes from material transformation operations, thereby improving the representation of how 

environmental burdens propagate across the cascade. 

The proposed framework also replaces balancing corrections with explicit mass-balance consistency across 

recycling stages. In contrast to corrective balancing structures, burden propagation is directly linked to material 

flows, recycling efficiencies, and quality evolution throughout the cascade, thus improving the physical 

consistency of the allocation mechanism. 

Finally, the present formulation introduces a relative quality indicator between consecutive functions, 

allowing environmental burden redistribution to be dynamically modulated according to quality variation 

across functions throughout the cascade. This structure enables the explicit operationalization of upcycling and 

downcycling phenomena within attributional LCA and reinforces the interpretation of open-loop recycling 

systems as interconnected cascading functions rather than isolated recycling events. 

Taken together, these refinements establish a quality-dependent allocation framework in which 
environmental responsibility propagation is governed simultaneously by recycling continuity, mass 

conservation, and functional quality transitions between consecutive functions. Table 1 summarizes the main 
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methodological distinctions between the framework proposed by Tanguay et al. (2021) and the allocation 

structure developed in the present study. 

Table 1. Main methodological distinctions between Tanguay et al. (2021) and the framework proposed in this study  

Methodological aspect  Tanguay et al. (2021)  Proposed framework  

Quality operationalization  Quality-related correction factors  
Physically grounded quality classification 

linked to the functional application  

Recycling structure  Aggregated recycling activities  
Explicit differentiation between sorting and 

reprocessing stages  

Burden balancing  Corrective balancing variable  
Explicit mass-balance consistency across 

recycling stages  

Quality propagation  Static quality treatment  
Relative quality modulation between 

consecutive functions  

Cascading interpretation  Recycling-centered allocation  
Function-centered cascading allocation 

structure  

Representation of 

upcycling/downcycling  
Indirectly represented  

Explicitly operationalized through relative 

quality evolution  

Environmental burden propagation  
Partially dependent on balancing 

adjustment  

Directly linked to material flow continuity and 

recycling efficiency  

In this sense, the proposed method should be interpreted as a methodological extension and structural 

refinement of previous quality-dependent allocation approaches, designed to improve the representation of 

cascading material systems in attributional LCA. 

2.5. Conceptualizing and operationalizing quality of secondary materials 
From an allocation-modeling perspective, the lack of consensus regarding the concept of material quality 

complicates both the identification of upcycling and downcycling phenomena and their quantitative 

representation in LCA. Existing contributions collectively indicate that material quality cannot be robustly 

represented through single-variable or purely economic proxies, reinforcing the need for physically grounded 

definitions. 

In this context, the classification developed by the Joint Research Centre (2020) provides a technically 

grounded basis for operationalizing material quality, relying on measurable attributes such as melt flow index, 

color, odor, structural uniformity, and polymer purity. Table 2 summarizes the technical basis adopted in the 

present study by linking end-use applications of recycled polypropylene to corresponding material 

specifications. This relationship provides the foundation for translating qualitative categories into quantitative 

values for the quality factor (𝑄) used in the proposed allocation model. 

Table 2. End-use market for recycled PP and corresponding specifications. Source: Adapted from Joint Research Centre 

(2020) 

End-use market for secondary raw material  Corresponding specifications  

PP non-food packaging (*)  
Polymer, clarity (i.e., light vs. dark), structural characteristics, 

odor  

Injection molded products (i.e. vehicle parts, bottle boxes)  Polymer, clarity, structural characteristics  

Injection molded products, HDPE/PP blend 

(I.e. Garden fourniture, boxes)  
Clarity  

(*): There are currently no food-grade uses for recycled PP; if such uses are developed, they would need food-grade decontamination, 

appropriate structural properties, and specific transparency or color standards. 

These parameters support the classification of material quality into discrete categories that reflect functional 

performance across different applications. The use of such physically grounded criteria ensures that the 

definition of quality remains consistent with engineering properties and avoids reliance on context-dependent 
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economic indicators. The JRC classification is therefore adopted in this study as a physically grounded and 

operationally viable basis for defining material quality, enabling its direct integration into allocation modeling. 

This choice ensures that the quality factor used in the proposed framework is anchored in measurable material 

properties and directly linked to functional performance across applications. 

Building on this conceptual foundation, the following section presents a methodological refinement in 

which material quality is formally integrated into the allocation structure. This transition establishes the basis 

for the formulation of a quality-dependent allocation structure, presented in the following section. 

3. Proposed method for allocating environmental burdens in OLR 
systems based on material quality 

The allocation framework proposed in this study introduces a quality-dependent burden redistribution structure 

designed to improve the representation of cascading material systems within attributional LCA. The method 
combines explicit mass-balance consistency, differentiated recycling stages, and relative quality propagation 

between consecutive functions to operationalize environmentally consistent burden allocation in open-loop 
recycling systems. Building upon the limitations identified in the previous section, the proposed method 

introduces modifications at both conceptual and mathematical levels. The resulting formulation, described by 

Equations (1) – (3), establishes a quality-dependent mechanism for the redistribution of environmental burdens 

across successive functions.  

          𝐸𝑡𝑜𝑡(𝑛)
= [𝐸𝑉 ∙ (1-𝑅𝐶)+𝑅𝐶 ∙ 𝐸𝑅𝐶+𝐸𝑡𝑜𝑡(𝑛-1)

∙
1-𝑏(𝑛-1)

𝑏(𝑛-1)
+𝐴+𝐷+𝑅𝑅𝐸 ∙ 𝐸𝑅𝑅𝐸+𝐸𝐷 ∙ (1-𝑅𝑅𝐸)] ∙ 𝑏(𝑛)  (1)  

          𝑏(𝑛)=
1

1+𝑅𝑅𝐸 ∙ 𝑄(𝑛)
  (2)  

           𝑄𝑛=
𝑞𝑛

𝑞𝑛-1
  (3)  

Where:  

𝑬𝒕𝒐𝒕(𝒏)
  Life cycle environmental burden inventory of the nth product  

𝑬𝒕𝒐𝒕(𝒏-𝟏)
  Previous life cycle environmental burden inventory  

𝑬𝑽  Environmental burden inventory related to virgin material production (cradle to factory gate)  

𝑬𝑹𝑪  Environmental burden inventory related to material recycling (to be used in this product's life cycle)  

𝑬𝑹𝑹𝑬  Environmental burden inventory related to end-of-life sorting  

𝑬𝑫  Environmental burden inventory related to final disposal activities of that product's life cycle  

𝑨  Environmental burden inventory related to manufacturing activities  

𝑫  Environmental burden inventory related to dismantling activities  

𝑹𝑪  Ratio of recycled material in the product  

𝑹𝑹𝑬  Ratio of product sent for recycling at end-of-life  

𝑸(𝒏)  Relative quality indicator  

𝒒(𝒏)  Individual material quality indicator in the nth cycle  

𝒒(𝒏-𝟏)  Individual material quality indicator in the previous cycle  

It’s important to note that the parameters (𝐸𝑅𝐶) and (𝐸𝑅𝑅𝐸) refer to distinct stages of the recycling system. 

As illustrated in Figure 3, this distinction allows the allocation model to differentiate between sorting (end-of-

life preparation) and reprocessing (material transformation), thereby avoiding aggregation of functionally 

distinct processes within a single term by explicitly representing the separation between sorting and 

reprocessing flows and their respective contribution to burden redistribution dynamics. Based on this 

interpretation, (𝐸𝑅𝑅𝐸) is defined as the environmental burden associated exclusively with sorting activities, 

while (𝐸𝑅𝐶) refers to the reprocessing operations. The conceptual structure of the proposed framework was 
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informed by previous quality-dependent allocation approaches, particularly Tanguay et al. (2021), while 

incorporating the methodological refinements described in Section 2.4. 

 

Figure 3. Conceptual structure of the proposed quality-dependent allocation framework for cascading open-loop 

recycling systems. 

A key structural modification concerns the removal of the balancing variable introduced by Tanguay et al. 

In the present study, mass-balance consistency is achieved through the explicit incorporation of processing 

efficiencies and material losses across recycling stages. This approach eliminates the need for corrective 

variables and improves the physical consistency of the model, ensuring that burden redistribution dynamics 

reflects actual material flows rather than abstract balancing adjustments. 

In contrast to previous approaches, the present formulation explicitly links variations in material quality to 

the redistribution of environmental burdens between consecutive functions through a correction structure that 

modulates inter-cycle burden transfer. This relationship enables the consistent representation of upcycling and 

downcycling phenomena within an attributional modeling framework. 

Table 3. Classification of recycled polypropylene quality levels (A–G). Source: Adapted from Joint Research Centre 

(2020) 

Quality 

categories  

Quality/value dimensions  Justification  Secondary raw material quality 

specifications  

𝑨  

Specified polymer, melt flow 

index (MFI), and other structural 

characteristics, color, odor 

threshold, product type origin 

(e.g., milk bottles), and 

decontamination for food contact  

The material can be recycled into 

food-contact packaging (N.B.: not 

believed to be currently produced 

in the EU27)  

Product: Specified polymer, specified 

product type source 

Melt Flow Index (MFI) 

Homogeneous structural characteristics 

Low odor 

> 95% food contact  

𝑩  

Specified polymer, MFI, and other 

structural characteristics, color, 

odor threshold, product type, and 

origin  

The material can be recycled into 

the same type of odor-sensitive, 

color-specific product  

Product: Specified polymer, specified 

product type source, and specified color 

MFI 

Homogeneous structural characteristics 

Low odor  

𝑪  

Specified polymer, MFI, and other 

structural characteristics, light 

color, and odor threshold may be 

modified by an additive  

This material has broad potential 

applications due to its light color, 

lack of odor, and improved 

structural properties  

Product: Specified polymer, light color 

MFI 

Homogeneous structural characteristics 

Low odor  
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Table 3 (cont.). Classification of recycled polypropylene quality levels (A–G). Source: Adapted from Joint Research 

Centre (2020) 

Quality 

categories  

Quality/value dimensions  Justification  Secondary raw material quality 

specifications  

𝑫  
Specified polymer, MFI, and other 

structural characteristics, light 

color  

This material has broad potential 

for application due to its light 

color and improved structural 

properties, but its use is limited by 

its odor  

Product: Specified polymer, light color 

MFI 

Homogeneous structural characteristics  

𝑬  
Specified polymer, MFI , and 

other structural characteristics  

This material is darker than 

category D, which also limits its 

use to dark products  

Product: Specified polymer 

MFI 

Homogeneous structural characteristics  

𝑭  
Polymer mixture, MFI and other 

structural characteristics  

Material consisting of a polymer 

blend and therefore exhibits a 

wider structural variation and 

more limited product applications 

(i.e., cannot be used in injection-

molded applications). It can still 

be extruded to obtain color 

differentiation and more 

consistent structural 

characteristics (impact resistance, 

etc.)  

Product: PO compound (PO - 

polyolefins) 

MFI 

Homogeneous structural characteristics  

𝑮  
Polymer mixture, MFI and 

variable structure  

Material suitable only for low-

quality applications with low 

structural demands  

Product: PO compound  

The integration of material quality into the allocation model is achieved through the definition of a quality 

factor 𝑄(𝑛), which modulates the redistribution of environmental burdens across successive functions. Unlike 

previous approaches, in which (𝑄) is treated as an abstract or indirectly estimated parameter, the present 

formulation anchors its definition in physically and functionally measurable material properties. 

Table 3 presents the classification adopted for operationalizing material quality in this study, defining 

discrete categories (𝐴-𝐺) based on measurable attributes and end-use requirements. This classification 

provides the basis for assigning quantitative values to the quality factor. 

By linking the quality factor to the classification presented in Table 3, the proposed method ensures that 

variations in (𝑄) reflect actual changes in material functionality and application potential, rather than context-

dependent economic or subjective indicators. As a result, the redistribution of environmental burdens across 

the cascade becomes directly associated with the evolution of material performance. 

The mathematical structure of the model preserves consistency under limiting conditions. When no 

recycling occurs (𝑅𝑅𝐸=0), the formulation collapses to a single life cycle without inter-cycle burden transfer. 

Conversely, when material quality approaches zero (𝑄 → 0), the model reflects the loss of functional continuity 

across the cascade. These conditions ensure that the influence of the quality factor emerges only when material 

recirculation is effectively present, preventing artificial redistribution of environmental burdens in degenerate 

scenarios. 

Overall, the proposed formulation establishes a physically consistent and conceptually robust framework 

for allocating environmental burdens in open-loop recycling systems, in which impact propagation is governed 

by material inter-functional quality variation and mass conservation principles, thereby enabling a more 

consistent representation of quality-driven transformations in cascading material systems that are not captured 

by existing allocation approaches. 

3.1. Procedure for quality quantification 
The operationalization of the quality factor 𝑄𝑛 the proposed allocation model requires the translation of 

qualitative material characteristics into a consistent quantitative representation. This step is critical, as it 

directly determines how variations in material functionality are propagated through the allocation structure 

defined in Equations (1) – (3). 
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The present study adopts as a conceptual basis the definition of recycling quality proposed by the Joint 

Research Centre (2020), according to which the quality of a secondary material is associated with its ability to 

retain or recover the functional properties that enable its use across a broad range of applications. This 

interpretation is consistent with the notion of functional recycling introduced by UNEP (2011), which 

emphasizes the preservation of the physical and chemical attributes that originally justified material use. 

Based on this framework, the qualitative classification of recycled polyolefins (𝐴-𝐺), presented in Table 3, 

was used as the reference structure for defining material quality. These categories are grounded in measurable 

attributes – such as melt flow index (𝑀𝐹𝐼), color, odor, and structural homogeneity – which determine the 

applicability of the material across different processing routes and end-use contexts. The use of these criteria 

ensures that the definition of quality remains anchored in engineering properties, avoiding reliance on 

economic or context-dependent proxies. 

To enable the integration of these qualitative categories into the proposed allocation model, the 

classification was converted into a quantitative scale through a structured expert-based procedure. A workshop 

was conducted with five experts selected based on formal training in Chemical, Environmental, Materials, or 

Food Engineering, and/or at least five years of experience in polymer processing or packaging systems. 

Familiarity with Life Cycle Assessment was considered an additional qualification. 
The elicitation process was based on the Swing method for multicriteria decision support (Mustajoki et al., 

2005; Odu, 2019), which allows the relative importance of different quality levels to be assessed by considering 

their contribution to functional performance. Participants were asked to evaluate the relative desirability of 

transitions between quality categories, taking into account the implications for material applicability and 

performance (Supplementary Material SM9). This approach enables the derivation of a normalized quantitative 

scale in which differences between quality levels reflect their functional significance rather than arbitrary 

numerical assignments. 

The resulting quantitative representation provides the basis for calculating the relative quality indicator 

[𝑄𝑛=𝑞𝑛/𝑞𝑛-1], which governs the redistribution of environmental burdens across successive functions. By 

construction, this formulation ensures that the influence of material quality in the allocation process is directly 

tied to observable changes in material performance, thereby reinforcing the flow-consistent allocation of the 

model. 

Finally, the application of the proposed method is illustrated through a case study involving a cascade of 

four polypropylene products, and a sensitivity analysis is conducted to evaluate the influence of the quality 

factor on allocation outcomes. The results are also compared with those obtained using the Cut-off method, 

which remains widely applied in the literature, in order to contextualize the implications of the proposed 

approach. In contrast to previous approaches, the proposed formulation provides an explicit and operational 

mechanism to link material quality-dependent changes to environmental burden redistribution across 

cascading system. 

4. Case study: characterization of the system operating under OLR 

To illustrate the application of the proposed allocation approach and quality scale, and to enable comparison 

with a conventional allocation method, a case study was developed involving a cascade of four polypropylene 

products, as represented in Figure 4. This case study is designed as a structured proof-of-concept to 

demonstrate the analytical behavior of the proposed framework under controlled and interpretable conditions, 

rather than as an exhaustive empirical validation. The same setup is explained in more detail in Figure 5. The 

system comprises four successive material functions: (i) caps; (ii) mechanical recycling to produce cable 

identification tags; (iii) mechanical recycling of tags for bucket production; and (iv) energy recovery from 

buckets, with heat reintegrated into the incineration process. 
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Figure 4. Environmental burden redistribution across cascading functions under the proposed quality-dependent 

allocation framework, considering material property variation between consecutive functions 

Polypropylene was selected due to its high relevance in LCA studies of waste management systems, as it is 

a widely used polymer, highly recyclable, and frequently embedded in multifunctional arrangements. In Brazil, 

approximately 20% of total plastic resin consumption corresponds to polypropylene (PP) (ABIPLAST, 2023). 

Moreover, PP is a thermoplastic with broad processing versatility and high calorific value, which justifies its 

inclusion in a cascade combining mechanical recycling and energy recovery. This selection also enables the 

representation of both material recirculation and final energy recovery within a single cascading system, which 

is consistent with the modeling requirements of the proposed allocation framework. 

The cascade structure is based on Teles et al. (2023), who evaluated the environmental and technical 

performance of using recycled polypropylene caps in the manufacture of identification tags and identified 

favorable scenarios for replacing virgin polypropylene with recycled material in Brazil. Based on this 

configuration, two additional functions – bucket production and energy recovery – were defined to represent 

a longer cascade aligned with Circular Economy principles. This extension allows the analysis to capture 

successive quality transformations across multiple functions, which is essential for evaluating the behavior of 

the quality-dependent allocation mechanism introduced in Section 3. 
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Figure 5. Environmental burden redistribution dynamics associated with relative quality variation across cascading 

functions, illustrating upcycling and downcycling behavior within the proposed framework 
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Specific recycled content, 𝑅𝐶, and end-of-life recycling rate, 𝑅𝑅𝐸, values were assigned to each product in 

the cascade, as presented in Table 4. Caps, representing the first function, are assumed to be produced entirely 

from virgin material. The rate of caps sent for recycling was based on the average post-consumer 

polypropylene recycling rate in Brazil (ABIPLAST, 2021). No losses were assumed in the sorting stage and 

all collected caps were assumed to be color-sorted and subsequently sent to reprocessing. These assumptions 

were intentionally defined to isolate the effects of material quality variation on environmental burden 

redistribution, avoiding the introduction of additional sources of variability unrelated to the allocation 

structure. The 𝑅𝐶 and 𝑅𝑅𝐸 parameters constitute direct inputs to the model presented in Section 3, directly 

influencing the redistribution of environmental burdens through the variable 𝑏(𝑛) as defined previously. 

Table 4. Relationship between 𝑅𝐶 and 𝑅𝑅𝐸 for each function  

For tags, a composition of 50% virgin material and 50% material derived from recycled caps was adopted, 

according to the scenario analyzed by Teles et al. (2023). At end-of-life, most tags were assumed to be sent to 

sorting processes, although 20% were considered to be discarded due to degradation or unsuitability for 

recycling. For buckets, the incorporation of 30% virgin material was assumed to be necessary to meet technical 

requirements. The end-of-life recycling rate followed the same pattern adopted for caps. For the final function 

in the cascade, due to accumulated degradation and exposure to severe use conditions, energy recovery was 

considered the most appropriate route, and no material was sent to recycling (𝑅𝑅𝐸=0). Together, these 

assumptions define a cascading system in which material quality is progressively modified across functions, 

enabling the explicit evaluation of upcycling and downcycling effects within the proposed allocation 

framework. 

Modeling was performed using SimaPro 10.2.0.0 (PRé Sustainability®) and the Ecoinvent 3.8 – Allocation, 

Cut-off by classification, unit databases. Some inventories were adapted to better represent Brazilian 

conditions. The impact assessment method adopted was IPCC 2021 GWP100 (including CO₂ uptake), V1.03 

(IPCC, 2021). These choices ensure methodological consistency with attributional LCA practice and allow 

direct comparison between the proposed framework and conventional allocation approaches. 

The Functional Unit (𝐹𝑈) was defined as heating 24 liters of water from 25 °C to 37 °C, corresponding to 

the average consumption associated with an eight-minute shower. The associated reference flow is 1.20 MJ of 

heat from energy recovery. All process quantities in the cascade were linearized with respect to this functional 

unit. The 𝐹𝑈 was selected to provide a consistent basis for comparing environmental burdens across successive 

functions, including the final energy recovery stage. The case study was applied using the adapted quality scale 

for secondary PP, as well as variations of this scale for sensitivity analysis of factor 𝑄. Accordingly, each 

cascade function corresponds to a block delimited between two successive material quality assessment points, 

in full consistency with the formulation presented in Section 3. 

Transport processes were not considered to avoid masking impacts associated with production, recycling, 
and recovery stages. Nevertheless, logistical arrangements can be decisive in real-world assessments and may 

reduce or even offset environmental advantages associated with recycled materials. All this simplification 

reinforces the analytical focus of the case study on the behavior of the allocation mechanism itself, rather than 

on context-specific logistical conditions. 

5. Results and Discussion 

Initially, the qualitative scale for secondary raw material quality proposed by the Joint Research Centre (2020) 

was converted into a quantitative scale, as described in Section 3.1. Subsequently, for each cascade function, 

the quality level of the secondary material obtained after recycling was determined. Based on these values, 

Function number Product  𝑹𝑪 𝑹𝑹𝑬 

1 Caps  0.00 0.202 

2 Tags  0.50 0.800 

3 Buckets  0.70 0.202 

4 Energy (heat)  1.00 0.000 
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environmental impacts associated with each function were calculated, a sensitivity analysis of the relative 

quality indicator was performed, and results were finally compared with those obtained using the Cut-off 

method. Together, these steps allow the analytical behavior of the proposed framework to be examined in terms 

of (i) material quality operationalization, (ii) burden redistribution across the cascade, and (iii) comparison 

with a conventional attributional allocation procedure. 

5.1. Quantitative quality scale for polypropylene 
Table 5 presents the quantitative quality scale developed for polypropylene, including the technical description 

and justification associated with each level. Figure 6 presents a graphical representation of the quantified scale 

derived from the expert workshop. Level ‘zero’ (0) corresponds to material without functional quality, whereas 

virgin material is associated with level 100, in accordance with Eriksen et al. (2019), as its properties can be 

tailored to meet a wide range of functional and technical requirements. 

Table 5. Categories and descriptions of PP quality after reprocessing  

Quality categories  Arguments & justifications  Quality specifications of secondary raw materials  

𝑽 (=𝟏𝟎𝟎)  

This material can be recycled into food-contact 

packaging (not yet legally permitted in Brazil) 

and has structural characteristics, color, and 

odor very similar to those of virgin material  

Product: Specified polymer, specified product type 

source 

Melt Flow Index (MFI) 

Homogeneous structural characteristics are very 

similar to those of virgin material 

Odor like virgin material 

> 95% food contact (indicating decontamination for 

food contact)  

𝑨 (=𝟗𝟓)  

This material can be recycled into food-contact 

packaging 

 

Product: Specified polymer, specified product type 

source 

MFI 

Homogeneous structural characteristics 

Low odor 

> 95% food contact  

𝑩 (=𝟕𝟓)  
This material can be recycled into the same 

type of odor-sensitive product with a specific 

color  

Product: Specified polymer, specified product type 

source, and specified color 

MFI 

Homogeneous structural characteristics 

Low odor  

𝑪 (=𝟔𝟓)  
This material has broad potential applications due 

to its light color, odorless properties, and 

improved structural properties  

Product: Specified polymer, light color 

MFI 

Homogeneous structural characteristics 

Low odor  

𝑫 (=𝟓𝟎)  
This material has broad potential for use 

due to its light color and improved structural 

properties, but its use is limited by odor  

Product: Specified polymer, light color 

MFI 

Homogeneous structural characteristics  

𝑬 (=𝟒𝟎)  
This material is darker than category (𝐷), 

which also limits its use to dark products  

Product: Specified polymer 

MFI 

Homogeneous structural characteristics  

𝑭 (=𝟑𝟎)  

This material is a polymer blend and therefore 

exhibits greater structural variation and more 

limited product applications (e.g., it cannot be 

used in injection molding). It can still be extruded 

to achieve color differentiation and more 

consistent structural properties 

(e.g., impact resistance)  

Product: PO Compound (PO - Polyolefins) 

MFI 

Homogeneous structural characteristics  

𝑮 (=𝟏𝟓)  
This material is suitable only for low-quality 

applications with minimal structural requirements  
Product: PO Compound  
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Figure 6. Quantification of the PP quality scale after reprocessing shows that the higher the level, the more specific 

characteristics the material has. This expands the range of products where it can be used. 

Experts converged in the understanding that food-contact capability (𝑙𝑒𝑣𝑒𝑙 𝐴) characterizes extremely 

high-quality material. The loss of this characteristic leads to a sharp drop to 𝑙𝑒𝑣𝑒𝑙 𝐵. Lack of knowledge 

regarding the product of origin (𝑙𝑒𝑣𝑒𝑙 𝐶) represents an additional reduction in quality, although less severe. 

The presence of odor after reprocessing (𝑙𝑒𝑣𝑒𝑙 𝐷) implies a more significant reduction in quality, while loss 

of light color (𝑙𝑒𝑣𝑒𝑙 𝐸) represents a further, albeit less pronounced, reduction. Lack of separation among 

different polyolefins (𝑙𝑒𝑣𝑒𝑙 𝐹) introduces uncertainty regarding material behavior, and mixtures without 

structural predictability characterize 𝑙𝑒𝑣𝑒𝑙 𝐺. 

More broadly, the quantified scale preserves the ordinal logic of the original JRC classification while 

making it operationally usable in the allocation model, thereby transforming material quality from a descriptive 

concept into an explicit allocation parameter. This transformation is essential, as it enables quality to be directly 

embedded in the allocation structure through 𝑄(𝑛), rather than treated as an external or interpretative attribute. 

5.2. Environmental impact assessment considering the quality scale 
Table 6 presents the individual quality indicator 𝑞(𝑛)assigned to the secondary material obtained after recycling 

for each cascade function, while Table 7 reports the corresponding relative quality indices 𝑄(𝑛)calculated using 

Equation (3). 

The results show that the proposed framework does not alter the aggregated impact of the cascade, but 

changes how environmental responsibility is distributed across successive functions according to relative 

material quality. This is the central analytical effect of the method, reflecting the role of 𝑄(𝑛)in modulating the 

parameter 𝑏(𝑛), which governs the partitioning between retained and transferred burdens as defined in Section 

3. 

Equations (4) – (9), which decompose each function’s total impact into inherited and function-specific 

portions, are presented in the Supplementary Material (SM10) for completeness. In the main text, the 

discussion focuses on the resulting allocation propagation mechanism patterns across the cascade. 

Table 6. Individual quality indicator for secondary raw materials in each function  

Redistribution occurs exclusively in the downstream direction and is progressively dampened as the 

distance between functions increases, a behavior that emerges directly from the recursive structure of the 

allocation model. Nevertheless, the largest share of burdens attributed to each function remains associated with 

its own consumptions and emissions, consistent with the physical structure of production systems and 

confirming that the model preserves process-level causality. 

Function number Product  Secondary raw material  𝒒(𝒏) 

1 Caps  Does not contain  100 

2 Tags  Material from recycling caps  75 

3 Buckets  Material from recycling tags  40 

4 Energy (heat)  Material from recycling buckets  15 
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Table 7. Values of the Relative Quality Indicators of secondary raw materials at each stage of the function  

The relative quality indicator plays a central role in this behavior: higher 𝑄(𝑛)values increase the fraction 

of burdens transferred to subsequent functions, favoring upcycling or less severe downcycling situations. This 

effect is further modulated by the fraction of material effectively sent to recycling at end-of-life, demonstrating 

that burden transfer is jointly governed by quality retention and recycling continuity, rather than by recycled 

content alone. Global Warming Potentials (GWP) were then calculated using the relative quality indices, as 

shown in Figure 7.  

          𝐸𝑡𝑜𝑡=𝐸𝑡𝑜𝑡(1)+𝐸𝑡𝑜𝑡(2)+𝐸𝑡𝑜𝑡(3)+𝐸𝑡𝑜𝑡(4)  (4) 

 

Figure 7. Results for the GWP category (including CO2 uptake) for the functions of the products 𝐸𝑡𝑜𝑡(𝑛) and the 

material 𝐸𝑡𝑜𝑡, calculated for the final production of 1.20 MJ of heat. 

The combined analysis of Functions 2 and 3 illustrates this behavior, as evidenced by the relative 

contributions shown in Figure 8. In Function 4, the relative quality indicator does not influence results, since 

𝑅𝑅𝐸=0 
 

3.69

1.06

1.53

0.53

6.82

Etot(1) Etot(2) Etot(3) Etot(4) Etot

G
W

P
 (

C
O

2
-e

q
)

Function number Product  𝑸(𝒏)  

1 Caps  𝑄(1)= 100 100⁄ =1.000  

2 Tags  𝑄(2)= 75 100⁄ =0.750  

3 Buckets  𝑄(3)= 40 75⁄ =0.533  

4 Energy (heat)  𝑄(4)= 15 40⁄ =0.375  



1402 Journal of Circular Economy (2026) 4:1, 1385-1412 

 

 

 

 

Figure 8. Relative contribution of each cascade function to total GWP results, showing downstream burden 

redistribution under the proposed quality-dependent allocation framework: function n.1 ( ), function n.2 ( ), and 

functions n.3 ( ) and n.4 ( ) 

These results are methodologically significant because they show that the framework captures burden 

redistribution dynamics as a function of both recycling continuity and relative material quality, rather than 

simply as a consequence of recycled content. In this sense, the model introduces a structured mechanism for 

linking material performance degradation to environmental responsibility allocation across the cascade. 

5.3. Sensitivity analysis: effects of changes in the relative quality index 
The sensitivity analysis had two main objectives: (i) to verify whether results are responsive to variations in 

𝑄(𝑛), and (ii) to assess whether this influence occurs in a gradual and controlled manner. Importantly, 

introducing 𝑄(𝑛)does not alter the total life-cycle impact, but only its distribution across cascade functions. Six 

alternative scenarios were defined, including linear variation, pronounced initial and final drops, equidistant 

variations, equal-quality conditions, and a hypothetical upcycling scenario, as illustrated in Figure 9. 
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Figure 9. (a) Variations in individual (𝑞(𝑛)) and (b) relative (𝑄(𝑛)) quality indices for the original (reference) scenario 

and alternative scenarios 

The corresponding GWP results for these scenarios are presented in Figure 10. Values of 𝐸𝑡𝑜𝑡(1) and the 

total aggregated material impact remained unchanged across all scenarios. Variations in subsequent functions 

follow expected patterns and are further detailed in Figures 11–13, which present the percentage changes in 

each function and their respective contributions. 

 

Figure 10. Results for the GWP impact category (including CO2 uptake) for the original (reference) scenario and for the 

alternative scenarios 
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Figure 10 (cont.). Results for the GWP impact category (including CO2 uptake) for the original (reference) scenario and 

for the alternative scenarios 

Overall, results indicate that 𝑄(𝑛) influences burden redistribution in a consistent, predictable, and 

dampened manner, acting as a driver of environmental responsibility allocation rather than as a proxy for 

process-level efficiency. This behavior confirms that the functional form adopted for 𝑏(𝑛) appropriately 

regulates the influence of quality, avoiding both underrepresentation and excessive sensitivity. 

 

Figure 11. Percentage variations of life cycle 2 in each scenario compared to the reference scenario. The values of the 

shifted portion of life cycle 1 (𝑉1), the part corresponding to the current life cycle (𝑉2), and 𝐸𝑡𝑜𝑡(2) are presented 
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Figure 12. Percentage variations of life cycle 3 in each scenario compared to the reference scenario. The values of the 

shifted portion of life cycle 1 (𝑉1) and 2 (𝑉2), the part corresponding to the current life cycle (𝑉3), and 𝐸𝑡𝑜𝑡(3) are 

presented 

 

Figure 13. Percentage variations of life cycle 4 in each scenario compared to the reference scenario. The values of the 

shifted portion of life cycle 1 (𝑉1), cycle 2 (𝑉2) and cycle 3 (𝑉3) the part corresponding to the current life cycle (𝑉4), 

and 𝐸𝑡𝑜𝑡(4) are presented 
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The observed stability across alternative scenarios reinforces the robustness of the proposed formulation, 

indicating that the integration of quality into the allocation structure does not introduce numerical instability 

or disproportionate burden shifts, even under significant variations in quality assumptions. 

5.4. Comparison with the Cut-off method 
Figure 14 compares the GWP results obtained with the Cut-off method and with the proposed approach. Both 

methods yielded the same value for the total material life-cycle impact, as expected. Under Cut-off, a larger 

share of burdens is attributed to the first function, whereas subsequent functions receive lower values compared 

to the proposed approach. 

The comparison is therefore not merely numerical, but conceptual: while Cut-off treats each function as 

environmentally self-contained, the proposed framework recognizes that functional quality retention justifies 

the downstream communication of environmental responsibility. This distinction reflects different 

interpretations of circularity within attributional LCA. These results suggest that the Cut-off approach may 

underestimate the contribution of upstream actors who invest in design for recycling, as it does not capture the 

interdependence of functions in circular systems nor the role of quality preservation in enabling material 

recirculation. 

 

Figure 14. Comparison of GWP impact contribution values obtained in the case study using the proposed approach 

with their corresponding values generated by the Simple Cut-off method 

Overall, the case study results indicate that the proposed approach can consistently represent the chaining 

of environmental responsibilities in OLR systems. More importantly, the comparison with Cut-off shows that 

the proposed framework changes the interpretation of circular responsibility without altering total system 

impacts, which constitutes its main methodological contribution. By explicitly linking quality variation across 

functions to burden transfer, the method provides a structured and reproducible basis for representing 

cascading systems in attributional LCA. 
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6. Conclusions and Final Remarks 

The application of the proposed allocation method and quality scale to the case study demonstrated that the 

redistribution of environmental burdens occurs exclusively in the downstream direction, that is, toward 

subsequent functions along the cascade. This behavior is consistent with the premise that recycled material 

may be interpreted analogously to a co-product, carrying burdens associated with previous applications while 

not transferring burdens upstream. Moreover, the contribution from earlier functions was shown to be 

progressively dampened as the distance between functions increases, reflecting the decreasing influence of 

more remote applications on current environmental performance. Despite redistribution, the largest share of 

burdens attributed to each function remains associated with the consumptions and emissions generated within 

that function, in accordance with the physical reality of production systems. These results confirm that the 

proposed framework captures allocation propagation mechanism dynamics in a manner that is both physically 

interpretable and consistent with attributional LCA principles, while extending conventional approaches by 

explicitly structuring how responsibility is transferred across successive functions. 

The relative quality index proved to be a central element in burden redistribution, operating inversely to the 

fraction of burdens retained within a given function. This behavior confirms one of the method’s fundamental 

premises: to favor upcycling situations and, when upcycling does not occur, to differentiate between milder 

and more severe forms of downcycling. At the same time, because the quality factor is coupled with the fraction 

of material effectively sent to recycling at end-of-life, the method recognizes not only the use of recycled 

content but also the producer’s responsibility in ensuring that material remains within the technosphere. In this 

sense, the method moves beyond conventional recycled-content metrics by introducing a mechanism that links 

environmental responsibility not only to material circulation, but also to the preservation of functional quality 

across the cascade. 

Overall, the proposed method is intended to be broadly applicable across different case studies and impact 

categories. The selected case study and the GWP category serve solely as illustrative examples, and regional 

variations within Brazil do not materially influence the results. The only potential source of variability lies in 

the development of the quality scale, which was developed by participants from Brazil. Still, the participants 

sought to assess the material quality across diverse contexts and international value chains, thereby supporting 

the broad applicability of the proposed approach. 

The sensitivity analysis showed that variations in 𝑄(𝑛) affect results in a consistent and controlled manner, 

without generating disproportionate distortions. As expected, the impacts associated with the first function – 

composed exclusively of virgin material – and the total aggregated material life-cycle impact remained 

invariant, confirming that the proposed approach redistributes burdens among functions while preserving total 

system impacts, as consistently observed across all scenarios. Similarly, in functions where no material is sent 

to recycling, results were shown to be independent of quality, in full agreement with the theoretical formulation 

of the model. This controlled sensitivity is particularly relevant from a methodological perspective, as it 

demonstrates that the proposed formulation is responsive to quality variations while remaining numerically 

stable and avoiding exaggerated burden shifts. 

The comparison with the Cut-off method further reinforced the internal consistency of the proposed 

approach, as both methods yielded identical total material life-cycle impacts. Differences in the distribution of 

burdens among functions arise primarily from the explicit recognition of environmental responsibility transfer 

along the cascade, a mechanism not captured by static approaches. In this respect, the quality-dependent 

method exhibits greater descriptive capacity and stronger alignment with Circular Economy principles, as it 

explicitly incorporates the preservation of functional material value as a structuring criterion for burden 

redistribution. More importantly, this comparison demonstrates that the proposed framework alters the 

interpretation of environmental responsibility in circular systems without modifying total system impacts, 

thereby providing a conceptually distinct alternative to widely used allocation procedures such as Cut-off. 

In this regard, the proposed approach allows for interesting analyses regarding decision-making. First, it 

provides a clearer understanding of how environmental responsibilities are shared among different actors, 

without requiring assumptions about future material applications. In addition, the method simultaneously 

incentivizes design for recycling and the use of recycled materials, fostering greater coordination along the 

supply chain. By incorporating the quality of secondary materials, it also promotes improvements in recycling 

processes and supports decisions that are more closely aligned with the actual impacts of products in the 

development of circular economy. 
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Despite these advances, certain limitations must be acknowledged. First, the empirical application focused 

on polypropylene and on a specific four-function cascade, which limits the direct generalization of the findings 

to other materials or production configurations. Second, impact assessment was restricted to the Global 

Warming Potential category; thus, the behavior of the model under impact categories sensitive to toxicity, 

eutrophication, photochemical ozone formation, or resource depletion could not be evaluated at this stage. In 

addition, quality-quantification relied on structured expert judgment. Although methodologically grounded, 

such an approach may reflect contextual or sector-specific perspectives. Finally, the modeling did not explicitly 

incorporate economic variables or market dynamics, which in real-world applications may influence both 

recycling rates and secondary material quality. 

These limitations, however, do not compromise the internal coherence of the method; rather, they indicate 

natural directions for further development. Future research may explore adaptation of the quality scale to other 

materials – such as metals, paper, composites, or multi-layer systems – as well as the operationalization of 

quality indicators based on measurable physicochemical properties or standardized industrial datasets. 

Application of the method to additional environmental impact categories is also recommended to assess its 

stability and sensitivity across different environmental dimensions. Another promising avenue consists in 

integrating the model with consequential LCA approaches or with frameworks incorporating economic 
variables, thereby expanding its ability to represent complex circular systems. Furthermore, comparative 

studies under different logistical configurations and real-world recycling rates may provide insight into the 

method’s performance across geographic and regulatory contexts. 

In summary, the proposed method represents a conceptual and operational advancement in the modeling of 

OLR systems by explicitly incorporating material quality evolution as a modulator of environmental burden 

redistribution. By coupling a physically grounded quality indicator with a dynamic burden allocation structure, 

the framework provides a reproducible and interpretable mechanism for representing the chaining of 

environmental responsibilities in cascading systems. By preserving total impact conservation while 

recognizing the chaining of environmental responsibilities along the cascade, the approach offers a promising 

tool for function assessments aligned with Circular Economy principles and attributional LCA practice. 
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