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Quality of recycling is a concept used by many authors in the scientific literature and the EU legislator. However,
a clear definition of what is intended for quality of recycling and a framework for operationalising it is lacking.
Most studies, while proposing indicators reflecting quality, leave the concept of quality largely undefined. Such
lack of clarity is an obstacle to the conception of robust policies addressing recycling and circular economy. In
this article, we review the available studies investigating on recycling quality, synthetize the approaches
available and conclude suggesting a way forward for research to operationalise the definition to support circular
economy policy measures and monitoring.

Essentially, quality is not an on/off criterion. The definition of quality of recycling should consider that quality
depends on technical characteristics of the recyclate, which determine if it is adequate (thus functional) for a
certain end application or not. Furthermore, it should consider that the recyclate can be used in different end
applications over different markets and that can be adequate for substitution of primary resources in certain
applications, but less or not in others. At system-wide level, this results in a certain degree of virgin resource
substitution. To this end, preserving functionality, i.e. minimising the recyclate loss of functions via functional
recycling, is key. Drawing upon studies on waste management, life cycle assessment and resource dissipation, we
link the concept of functionality to substitutability of virgin resources and broader suitability in the circular
economy, striving to show the linkages between different perspectives.

1. Introduction the degree to which a secondary material can replace a primary one;

notably Vadenbo et al., 2017), this is nevertheless only one aspect of the

Quality of recycling is a rather fuzzy concept, at the same time
acknowledged as very important and left undefined in EU acquis and
scientific literature. The EU Waste Framework Directive (European
Commission, 2018) repeatedly mentions that recycling should be
steered towards high-quality without providing a rigorous definition.
Most of the scientific studies, while proposing indicators reflecting
quality, leave the concept of “quality” undefined (e.g. see Eriksen and
Astrup, 2019; Haupt et al., 2017; Roithner & Rechberger, 2020 where
indicators are proposed but rigorous quality definitons are essentially
missing). While acknowledging the extensive discussion and research in
the field of Life Cycle Assessment (LCA) concerning substitutability (i.e.

broader concept of recycling quality. In particular, we found a few
studies that explicitly attempt to define quality while operationalising
the definition (Demets et al., 2021; Eriksen, Damgaard, et al., 2018;
Grant et al., 2020). A lack of clarity on what quality means is a crucial
obstacle to the conception of robust policy measures addressing recy-
cling in a broader context of circular economy and as a tool to achieve
the highest possible resource efficiency. This article aims to review the
available studies tackling recycling quality, synthetize the approaches
available and suggest a possible way forward for research with the aim
to operationalise the definition to support circular economy policy
measures and monitoring.

Abbreviations: CE, Circular Economy; DKR, Deutsche Kunststoff Recycling; EoL, End-of-Life; EU, European Union; HDPE, High Density Polyethylene; LCA, Life
Cycle Assessment; LCIA, Life Cycle Impact Assessment; PE, Polyethylene; PEF, Product Environmental Footprint (as recommended by EU Commission); PET,
Polyethylene Terephthalate; PP, Polypropylene; PRE, Plastic Recyclers Europe; UNEP, United Nations Environmental Programme.
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2. Literature review on quality of recycling

Since definitions and approaches are very diverse, we will: i) report
keywords used in the literature to directly or indirectly refer to recycling
quality (Section 2.1), ii) describe the main approaches available (Sec-
tions 2.2-2.4), and iii) drawing upon these, discuss and propose possible
avenues for an operational framework applicable in EU policy (Sections
3-5). This paper has a main focus on materials related to solid waste
management, such as plastics, metals, glass, and paper. Many examples
that will be given throughout this paper are on these material types as
the discussion on quality of recycling is very timely in these sectors. Yet,
this paper is not explicitly including or excluding certain material groups
or, in broader sense, resources. It highlights the need for a more over-
arching quality framework in the circular economy, which can be
further tailored towards specific material or resource groups, but which
is needed for circular economy policy-making.

2.1. Keywords and terms used to refer to quality

The literature uses different keywords (Table 1) when referring to
quality recycling. “Technical quality” or “technical characteristics™ of
recyclates (i.e. secondary materials obtained as output of recycling) are
intuitively key factors relevant to quality, but this would require testing
standards and materials databases as discussed in Demets et al. (2021).
The terms “function” or “functionality”, in turn synonymous with
“utility”, are rather well-known and used in the field of functional
recycling of metals (notably UNEP, 2011). Functional recycling has clear
connections with high-quality recycling as opposed to low- or non-
functional recycling, where the properties that made the material
desirable in the first place are reduced or irreversibly lost (Table 1). In
this context, the terms dissipative versus non-dissipative flows are also
used to say something about the potential remaining/future function-
ality of materials in resource efficiency-related research (Table 1;
notably Beylot et al., 2020). In LCA, the concept of quality is most often
related to the effective “substitutability” of primary (virgin) material by
the recyclate (Table 1; notably Rigamonti et al., 2020), which is clearly
dependent on quality. Other terms include the circularity potential and
recyclability potential or suitability in circular economy (CE), which
reflects the ability of a recycling system to close material loops. Open/
closed-loop recycling are expressions that have been used since long,
sometimes with direct implications related to quality of recycling,
however with controversial consequences. Closed-loop is in fact typi-
cally considered synonym of high-quality, whereas connections between
open-loop and quality can be less straightforward (Huysman et al.,
2017), especially when the terms downcycling and upcycling are used
without properly defining what is ‘up’ and what is ‘down’.

Although there are sometimes no explicit ‘scientific’ references to
quality, industry themselves set quality definitions and criteria specif-
ically on the recycled material. In case of closed-loop recycling, the same
type of companies (e.g. beverage-packaging manufacturers) are per-
forming the recycling, setting rules they themselves follow (whether or
not by standardised methods, e.g. DKR minimum requirements by the
Deutsche Kunststoff Recycling or PRE specifications; PRE, 2018). For
pre-consumer waste, this can even be within the company, which does
not require an explicit definition of quality as the company knows the
materials and end-product requirements. In case of post-consumer waste
having explicit rules becomes more relevant, as in this case the quality
language needs to be spoken over companies in a value chain (sorting/
recycling/manufacturer/processor/brand owner). Finally, for open-loop
recycling, this is even the case over the life cycles of different sectors,
which call for explicit rules of quality as different sectors are involved. It
derives that, in a growing circular economy where different sectors will
be interconnected, a definition of quality becomes important.

The following explicit or implicit definitions of quality of recycling,
or proxies for it, have been identified through a literature review.
Existing interpretations are as disparate as relating to chemical purity,
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Keywords and terms used in the scientific literature with reference to quality of
recycling. We distinguish between concepts that refer to the quality of the ma-
terial itself and those that refer to the quality of the system.

Keywords and
terms’

Definition (implicit/
explicit)”

Used by”

Impurity content

Technical quality

Technical
characteristics
(properties)

Function/
Functionality

Functional
recycling®

Resource
dissipation/
Dissipative flows

Substitutability

Content of untargeted
materials and/or substances
in a targeted waste stream
destined to recycling/
reprocessing (material-
specific concept).

Example for plastic: the
technical quality of plastics is
a result of mostly mechanical
properties, typically
complemented with a
property that describes the
flow behaviour of the melt
phase (Demets et al., 2021;
material-specific concept).
The technical properties that
give the material the ability to
fulfil the required functions.
For example, for plastics the
properties are generally
divided into mechanical and
processability characteristics (
Demets et al., 2021; material-
specific concept).

A defined bunch of physical
and chemical properties that
made the material desirable in
the first place (material-
specific concept).

Recycling in which the
physical and chemical
properties that made the
material desirable in the first
place are retained for
subsequent use (system-wide
concept).

Dissipative flows of abiotic
resources are flows to sinks or
stocks that are not accessible
to future users due to different
constraints. These constraints
prevent humans to make use
of the function(s) that the
resources could have in the
technosphere (system-wide
concept; Beylot et al., 2020).
The degree of functional
equivalence between
alternative resources/
products for a specific end-use
(Vadenbo et al., 2017).Also
called substitution ratio or
displacement/substitution
factor (material-specific
concept). For example for
plastics: a measure of the
functionality of the recycled
plastic divided by the
functionality of the
substituted virgin plastic (
Vadenbo et al., 2017).

Alassali et al. (2020);
Eriksen, Pivnenko, et al.
(2018); Faraca et al.
(2019); Pivnenko et al.
(2014, 2016); Muchova
et al. (2011); Muchova &
Eder (2010); Rodriguez
Vietez et al. (2011).
Demets et al. (2021).

Many authors; e.g.: Demets
et al. (2021); Eriksen &
Astrup (2019); Grant et al.
(2020); Rigamonti et al.
(2020).

Many authors; e.g.:
Eriksen, Damgaard, et al.
(2018); Eriksen & Astrup
(2019); Hahladakis &
Tacovidou (2018); Peir6
etal. (2018); UNEP (2011);
Vadenbo et al. (2017);
Stewart & Weidema,
(2005).

Many authors; e.g.: Guinée
et al. (1999);Diener &
Tillman (2015); Eriksen,
Damgaard, et al. (2018);
Graedel et al. (2011);
Hahladakis & Iacovidou
(2018); Peir6 et al. (2018);
Reck & Graedel (2012);
Stewart & Weidema
(2005); UNEP (2011);
Vadenbo et al. (2017);
Berger et al. (2020);
Beylot, et al. (2020, 2021);
Ciacci et al. (2015, 2016);
Matos et al. (2020);
Passarini et al. (2018);
Stewart & Weidema
(2005).

Many authors; e.g.:
Civancik-Uslu et al. (2021);
Rigamonti et al. (2020);
Rigamonti et al. (2009);
Vadenbo et al. (2017)..

(continued on next page)
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Table 1 (continued)

Keywords and Definition (implicit/ Used by

terms’ explicit)”

Circularity The ability of individual Eriksen, Damgaard, et al.
potential recycled fractions to fulfil (2018)

quality demands in a steady-
state market representing a
closed material loop situation
(Eriksen, Damgaard, et al.,
2018; system-wide concept).
Recycling process whereby
the recycled material is used
for a lower-quality market
application than that of the
previous life cycle, normally
defined by a lower market
value, as opposite to
upcycling (system-wide
concept), defined for plastics
as: ‘the use of plastic waste,
post-industrial or
postconsumer, as a feedstock
for the synthesis of value-
added

products, being polymers,
molecules, or materials’
(Jehanno et al., 2022)

Haupt et al. (2017); Koffler
& Florin, (2013); Eriksen,
Damgaard, et al. (2018);
Rigamonti et al. (2020).
Jehanno et al. (2022)

Downcycling vs
Upcycling

Closed-loop vs
Open-Loop
Recycling

Closed loop is a recycling
process whereby the recycled
material is reused for the same
market application as that of
its previous life cycle (system-
wide concept). Open loop is a
recycling process whereby the
recycled material is used for a
different market application
than that of the previous life
cycle (system-wide concept).

Many authors; e.g.:
Andreasi Bassi et al.
(2022); Geyer et al. (2019);
Haupt et al. (2017);
Graedel et al. (2011);
UNEP (2011).

1 Keywords were used to retrieve studies from Scopus, Sciencedirect and
Google search. The studies were then further screened and only those studies
containing a theoretical/operational approach to quality of recycling and/or a
definition of quality of recycling were retained.

2 Whenever the “Definition” is taken from a specific study, the associated
reference is reported. Alternatively, a reasonable definition based on the liter-
ature is given.

3 The list of sources is not exhaustive.

4 Term coined by Guinée et al. (1999).

environmental benefits, or suitability in CE.

2.2. Approaches/definitions based on the impurity content

The content of impurities is sometimes used to reflect quality of
recycling. Recently, Alassali et al. (2020) considered plastics derived
from various types of waste from electrical and electronic equipment to
evaluate their quality for recycling by measuring the concentration of
potentially toxic elements, focusing on cadmium, lead, mercury, and
chromium, in addition to flame retardant as bromine and antimony. A
similar approach to quality was taken by Eriksen, Pivnenko, et al. (2018)
for household plastic waste, by Faraca et al. (2019) for wood waste
collected at recycling centres (centralised municipal collection points),
and by Pivnenko et al. (2014, 2016) for paper waste. End-of-waste
criteria for metals and the international standards also define quality
grades of the collected and sorted scrap input-to-reprocessing based on
impurities (Muchova et al., 2011; Muchova & Eder, 2010); likewise for
glass (Rodriguez Vietez et al., 2011). It should be noticed that these
studies focused on the impurities of the waste input-to-recycling or
-reprocessing, except for Eriksen, Pivnenko, et al. (2018) that analysed
both waste-sent-to-recycling and recycled material. There may be dif-
ferences between the content of contaminants in the waste-to-recycling
and in the final recycled material/product due to decontamination steps
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occurring in the recycling/reprocessing (exemplified for the case of
paper in Pivnenko et al., 2016).

2.3. Approaches/definitions based on functionality and substitution

UNEP (2011) defines functional recycling for metals as the portion of
the End-of-Life (EoL) recycling in which the metal in a discarded product
is separated and sorted to obtain recyclates that are returned to raw
material production processes that generate a metal or alloy. Based on
this definition, BIO by Deloitte (2015) propose that functional recycling
refers to recycling in which the element in a discarded product is separated
and sorted to obtain secondary material displacing same primary material.
Non-functional recycling refers to recycling in which the element in a dis-
carded product is collected and incorporated in an associated large magni-
tude material stream (e.g. copper incorporated in a flow of stainless steel).
This represents the loss of its function as it is generally impossible to recover it
from the large magnitude stream (concept also used in Dewulfet al., 2021).
The concept of functional/non-functional recycling has been applied to
determine the recovered flows of raw materials in EU, including Critical
Raw Materials (Matos et al., 2020; Passarini et al., 2018; Peir¢ et al.,
2018). Furthermore, the EU End-of-Waste criteria for metal scraps
include the concepts of functional recycling and quality of the materials
that cease to be waste (e.g. content of foreign materials, absence of
visible oil, oily emulsions, lubricants or grease, etc.; see Council of the
European Union, 2011; European Commission, 2013; Muchova et al.,
2011; Muchova & Eder, 2010; Rodriguez Vietez et al., 2011). However,
the application to the case of other materials, e.g. plastic, is less
straightforward because of the many applications and often low recy-
clability. A polymer such as polyethylene (PE)-bottle can be recycled at
EoL into PE-piping and thus substitute virgin plastic (i.e. the same pri-
mary material according to the definition of functional) contributing to
the overall supply of plastic to the market. However, this incurs a loss of
the original functionality of the material, i.e. the technical characteris-
tics that made it desirable for the original application are not necessarily
preserved (see Demets et al., 2021). Specifically, the additives used as a
barrier in PE-bottles would be recycled into PE-pipes with no use/
function there. In this respect, the alternative definition of functional
recycling provided in UNEP (2011) and aligned with Grant et al. (2020)
seems more appropriate, i.e. recycling in which the physical and chemical
properties that made the material desirable in the first place are retained for
subsequent use.

Grant et al. (2020) explicitly define quality as the extent to which,
through the recycling chain, the distinct characteristics of the material (the
polymer, or the glass, or the paper fibre) are preserved or recovered so as to
maximise their potential to be re-used in the circular economy. These char-
acteristics vary by material but may include, for example, food-contact
suitability, structural characteristics (i.e. uniformity and viscosity),
clarity and colour, and odour. The same authors link their definition to
the practical utility of the material in the circular economy, and on
identifiable characteristics of materials within the (recycling) value
chain. Such a definition starts from preserving functionality while at the
same time moving away from open/closed-loop concepts. The authors
also provide concrete examples of quality category for recycled pack-
aging materials (plastics, glass, and paper/cardboard).

Eriksen, Damgaard, et al. (2018) propose a definition and an explicit
classification of quality for recycled plastic based on the market appli-
cation. Quality is defined after Vadenbo et al. (2017) as the degree of
functional equivalence between alternative resources/products for a specific
end-use and a classification in high-quality, medium-quality and low-
quality is proposed. The classification is based on literature and legis-
lation for the current applications of plastics in EU (Plastics Europe &
EPRO, 2016).The authors assign high-quality to materials approved for
food contact, representing the strictest legal material requirements;
medium-quality to materials that can be used for toys, pharmaceuticals,
and electrical and electronics, representing lower and varying legal
material requirements; and low-quality to materials with minimal legal
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requirements like plastic for building/construction, automotive or the
non-food packaging sector. The authors further propose to go beyond
substitutability and mass-based recycling rates by looking at the po-
tential of closing material loops in the long-term in a steady-state market
(“circularity potential” of a recycling system). The circularity potential
indicator (a number between 0 and 1, where 1 is the highest quality) is
proposed, measuring the ability of the material to substitute high-
quality virgin material, for which the circularity potential is set to 1.
For recycled products, the circularity potential would equal the amount
of functionally recycled material multiplied by the potential market
share of the application group. For example, food-grade plastic is given a
potential market share of 1 (i.e. maximum) because it can, according to
the authors, in principle be used for all (high-, medium-, and low-
quality) market applications.

As a follow up of their previous work, Eriksen et al. (2019) assessed
the thermal degradation, processability and mechanical properties of a
range of reprocessed polyethylene terephthalate, polyethylene, and
polypropylene (PET, PE and PP, respectively) samples from source
separated household plastic waste and evaluated the potential for
closed-loop recycling by comparing such properties to those of the
correspondent virgin materials. The authors assessed and compared
melt flow index, tensile strength, tensile strain and impact strength for
secondary and primary samples of PET, PE and PP.

Demets et al. (2021) propose a method to quantify the technical
substitutability associated with a recycled plastic material based on the
functionality, which depends on the intended application and is deter-
mined by a series of technical (mechanical and processing) character-
istics. The authors thus define the mechanical and processability
recycling quality. The mechanical quality refers to how well the me-
chanical requirements of the intended application of the recycled ma-
terial (e.g. pipes, packaging film, bottles, etc.) are fulfilled, while the
processability quality refers to the simplicity of processing (e.g. how
suitable is the material for injection or blow moulding). Both parameters
are calculated relative to the virgin counterpart used for that intended
application, conforming to the formula suggested in Vadenbo et al.
(2017). The overall technical substitutability is calculated as the mini-
mum between the mechanical and processability recycling quality, and
represents how good is the quality of the recycled material for the
intended application relative to the virgin counterpart. The study ap-
plies the framework to three commercial plastic products.

A similar approach is taken with recycled aggregates in Blengini and
Garbarino (2010) and Borghi et al. (2018) who classify aggregates ac-
cording to different quality levels, based on technical characteristics and
requirements specified in EN or national construction product standards
for specific constructive uses. Rigamonti et al. (2020) look at quality
from the perspective of the technical substitutability of secondary ma-
terials relative to primary ones for use in waste LCA studies, using a set
of case studies. Sixteen technical substitutability coefficients are pro-
vided for individual waste fractions ranging from paper, high-density PE
(HDPE), PP or mixed plastic waste, to recycled aggregates. The approach
differs from that of Demets et al. (2021) in that only one main technical
property is considered as representative of the functionality of the ma-
terial for an intended final application of the recyclate. It derives that the
calculation of the substitutability coefficient is simpler than in Demets
et al. (2021)

Building on Vadenbo et al. (2017), Haupt et al. (2017) perform an in-
depth analysis of the recycling of paper, cardboard, aluminium, tinplate,
glass and PET from municipal solid waste in Switzerland by splitting the
recycling rates into closed-loop and open-loop collection rates and
recycling rates, also adapting the UNEP (2011) definitions. The authors
conclude that open-loop recycling maximizes the amount of recyclate,
but is irreversible as the secondary material is degraded in quality and
cannot be further recycled. In turn, closed-loop recycling emphasizes
quality aspects and allows the return of the recycled material to the
application in the previous service life. They conclude that the recycling
rates are insufficient to describe the performance of the circular
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economy, as they fail to describe the actual effect on circularity, i.e. the
extent to which the recovered material can effectively provide the
desired service or functions (displace virgin material). An explicit defi-
nition of quality is not provided, but implicitly the authors refer to
closed-loop as to a scenario of higher quality.

Hahladakis and lacovidou (2018) define quality as the remaining
functionality (i.e. described via the remaining properties and characteristics)
of material, components, and products once they become secondary mate-
rials. Quality measures to which extent the specifications of manufac-
turers (or recyclers, when dealing with sorted waste) are met. While
such definitions are not operationalised to a case study, they are aligned
with the approach of Demets et al. (2021), Eriksen, Damgaard, et al.
(2018), Grant et al. (2020); Rigamonti et al. (2020).

2.4. Approaches/definitions based on functionality and resource
dissipation

There is a consistent portion of the LCA literature focusing on
resource indicators, which has connections with quality recycling
through the concept of functionality. Stewart and Weidema (2005) start
from the concept of functionality to quantify the impacts of resource
dissipation in LCA, and consider high-quality those secondary resources
in which the original functionalities of the resource under assessment
are maintained or increased (vice versa they refer to low-quality output
when functionalities are decreased or to resource made unavailable
when dissipated/irreversibly lost). The authors propose the use of
thermodynamics concepts such as entropy (e.g. concentration in the
recovered flow) to define the quality of the secondary resource, e.g.
metals, and propose the concept of ultimate quality limit as the lowest
boundary of quality under which the resource is not anymore available
due to technology/economic limitations. This is operationalised in the
work of (Ciacci et al., 2015, 2016; Matos et al., 2020; Passarini et al.,
2018) who quantify the global/EU dissipation of elemental metals via
material flow analyses, considering non-functional metal recycling as a
dissipative resource flow likewise emissions or non-recovery (disposal/
incineration) and building upon previous work on functional recycling
of metals (notably Graedel et al., 2011; Reck & Graedel, 2012). The work
of UNEP/IRP (2020) on how to improve the quantification of impacts on
natural resources also links to the concept of value/functionality. Berger
et al. (2020) suggests that within the area of protection “natural resources”,
the safeguard subject for “mineral resources” is the potential to make use of
the value that mineral resources can hold for humans in the technosphere. The
damage is then quantified as the reduction or loss of this potential caused by
human activity. While the study again emphasises the centrality of value/
functionality (in this case for mineral resources), the operational links
between LCIA (Life Cycle Impact Assessment) indicators reflecting
resource depletion/dissipation and quality recycling are also described.
This approach is taken further in Beylot et al. (2021) where low-
functional recycling is described as that where the recovered material
provides such a low function compared to its potential functions and
value that it is not a resource, attributing such reduction in functionality
to the absence of technologically/economically feasible processes to
recover the original function(s) and associated value of the resource in a
given temporal perspective. In their predecessor review, Beylot et al.
(2020) use the concept of functionality to define ‘dissipative flows’ of
abiotic resources as “flows to sinks or stocks that are not accessible to future
users due to different constraints preventing humans to make use of the
function(s) that the resources could have in the technosphere”.

Along these lines, Roithner and Rechberger (2020) propose a
calculation of the recycling rate based on exergy and show how current
EU recycling rates (as requested by European Commission, 2019) do not
capture the quality of the recycled material and/or the functionality of
the recycling process (i.e. the quantity of material that is “actually”
useful for further use in the economy to displace virgin production). An
explicit definition of quality is not provided, but implicitly the authors
use the exergy content to distinguish between functional/non-functional
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recycling operations that are implicitly referred to as high/low-quality.
3. Possible avenues to define quality of recycling

As ared line throughout existing literature, we identify the following
concepts and approaches, having in mind that they need to be valid for a
different set of material resources.

3.1. Technical characteristics

The technical characteristics are the properties that give the material
the ability to fulfil the required functions. For some material groups,
including plastics, the content of impurities is connected to this (Faraca
et al., 2019; Muchova & Eder, 2010; Pivnenko et al., 2014; Rodriguez
Vietez et al., 2011; Villanueva & Eder, 2011). Nevertheless, while
keeping the level of contaminants under a given threshold is clearly
important, this is not necessarily sufficient to meet the requirements for
a specific application. While impurities can be one reason for deficits in
technical characteristics, also other reasons might cause this, such as
fibre length reduction in paper or oxidation of materials. Additionally,
next to technical characteristics, for some materials such as plastics
processability is key (Demets et al., 2021; Eriksen et al., 2019).

3.2. Functionality and functional recycling

The work from Demets et al. (2021), Eriksen et al. (2019), Peir¢ et al.
(2018), Rigamonti et al. (2020), UNEP (2011), Vadenbo et al. (2017)
uses the concept of functionality of the recycled material as the main
criterion to determine its quality. The functionality for a specific
intended application is approximated with a bunch of selected technical
characteristics. For example, Demets et al. (2021), Eriksen et al. (2019),
and La Rosa et al. (2018) used mechanical and processability charac-
teristics to derive the functionality of secondary plastics in a number of
possible applications. Rigamonti et al. (2020) suggest instead the use of
one representative functional characteristic per each combination of
material-application for the sake of feasibility/simplicity of use in LCA,
which is largely followed by recent studies (e.g. Ardolino et al., 2021;
Cardamone et al., 2021). Accordingly, the agronomic nutrient-uptake-
efficiency is the main function (once fulfilled thresholds on contami-
nants) to define the quality of waste-derived fertilisers (Huygens et al.,
2019; Huygens & Saveyn, 2018; Tonini et al., 2019). The concept of
functional recycling is at the core of the criticality methodology of the
European Commission (Blengini et al., 2017), where only metals and
materials that are functionally recycled contribute to mitigate the risk of
supply disruptions.

3.3. Substitutability or suitability in manufacturing

Substitutability indicates to which extent the recycled material can
provide the same function(s) of the primary material, thus their sub-
stitutability. In many LCA studies, the substitutability is approximated
using the ratio between the market price of the secondary and the pri-
mary material (Mengarelli et al., 2017; Rigamonti et al., 2009; Schrijvers
etal., 2016, 2020; Zampori et al., 2016). In others, the substitutability is
quantified based on practical experiences in the recycling industry (Gu
et al., 2017) or rather qualitative estimates (Shen et al., 2010). While
this factor is important in LCA to quantify the benefits of a given recy-
cling process, it often does not provide alone an indication on the
quality. Notably, this could be the case when such factor is based on the
ratio of the respective market prices, as these can be driven by short-
term market fluctuations or corrections (e.g. tax, subsidies) with no
direct relation to the technical material quality (see Rigamonti et al.,
2020; Schrijvers et al., 2020; Schrijvers & Sonnemann, 2018). As dis-
cussed in Eriksen, Damgaard, et al. (2018), a waste polymer of poten-
tially high-quality may be recycled into a low-quality product and be
fully absorbed by the EU manufacturing market because of the high
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demand (EU market is far from being saturated; see Fellner & Lederer,
2020). In such case, a one-to-one replacement of the low-quality coun-
terpart produced from virgin material resource would take place while
nevertheless incurring a suboptimal recycling (quality loss or
cascading). However, it can be argued that the ratio does reflect the
quality of the recycled relative to the virgin material (for the intended
application) when a rigorous comparison based on the key technical
characteristics is made, as e.g. for plastics in Demets et al. (2021) or
Eriksen et al. (2019).

3.4. Suitability in the CE

It may be argued that the suitability in the CE is very much related to
the ability of preserving the functionality of the material, alongside
fulfilling the market demands, i.e. end-of-life recycling rates should be
sufficiently high (Eriksen, Damgaard, et al., 2018). A combination of
quality and quantity recycled from a system should allow closing ma-
terial loops. To operationalise this concept, starting from the substitu-
tion potential proposed by Vadenbo et al. (2017), Eriksen, Damgaard,
et al. (2018) propose the circularity potential indicator. This indicates
the extent to which the demand from the different market segments (e.g.
of the wider plastic market) is satisfied by the recovery system in place,
under a situation of market equilibrium. A debatable assumption of
Eriksen, Damgaard, et al. (2018) is assuming that high-quality (plastic)
recycling coincides with closed-loop of food-grade plastic packaging.
One may question why other closed-loops, e.g. insulation-plastic recy-
cling into new insulation-plastic, could not be similarly considered high-
quality recycling. As an alternative approach, Grant et al. (2020) use a
scoreboard to credit the recyclability potential (1-to-3; 1: capable of
many recycling cycles, 2: limited recyclability and 3: unrecyclable),
leaving this as an additional stand-alone dimension of quality. It is
noticeable that from the case studies analysed by Grant et al. (2020),
Eriksen, Damgaard, et al. (2018) and Demets et al. (2021), it appears
that high recyclability potential nicely corresponds to preserving the
material characteristics, which in turn tends to reflect closed-loop
recycling.

3.5. Closed-loop and open-loop

Drawing upon the literature and the ongoing debates about the fate
of recyclates (e.g. recycled plastic from beverages diverted to sectors
other than beverages packaging), we observe that: I) a better definition
of closed-loop appears desirable (e.g. for plastic market, is closed-loop
bottle-to-bottle or bottle-to-food-packaging, or bottle-to-packaging?).
II) The closed-loop/open-loop dichotomy makes rather sense in a
context of linear economy, where loops are disconnected to each other.
Yet, when the economy as a whole becomes circular, or is redesigned to
be more circular, closed-loop concepts may need to be “enlarged” and
open-loop can even become a more resource efficient option as stressed
in the results of Andreasi Bassi et al. (2022) and Geyer et al. (2019). In
fact, there might be cases where open-loop recycling produce recyclates
of adequate quality for another application, rather than unnecessarily
pushing closed-loop recycling processes to increase the technical prop-
erties of recyclates to meet the standards of their virgin counterpart.
Open-loop recycling can still contribute to meet demand of the virgin
resource while incurring environmental benefits as long as there is an
unsaturated market application for that secondary material which is
ready to absorb it (Andreasi Bassi et al., 2021, 2022). However, one
should also bear in mind that these substitutions would not occur when
such outlet markets suddenly become saturated (e.g. because of closed-
loop recycling initiatives taking place within that sector or bans in
export).

3.6. Links and integration of the concepts/approaches identified

Fig. 1a shows how the different concepts of quality, as used in the
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Value of the
Technical High
property

y

Low

Functionality Funf:tionality
requirement 1 requirement 3

a
Functionality
The ability of fulfilling required functions thanks to a bunch of physical and chemical
characteristics that made the material desirable in the first place
Substitutability Technical characteristics
The extent to which the recycled material can Properties, including content of
provide the same function(s) of the primary impurities, that give the material the
material for a specific application ability to fulfil the required functions
- Technical
Suitability in the circular economy
The ability of the recovery system to close the
material loop in a given time frame across the
different markets where the material can be
applied (minimise dissipative flows)
b

Functionality
requirement 2

Technical property

Adequate quality — Functional substitution
> functional substitutions — high ~ % dissipative flows — low (in a given time frame)
= Recycling system suited for circular economy

Fig. 1. a) Conceptualization of the criteria that should be part of a framework for the definition of quality of recycling based on the approaches available in the
literature. b) Focus on the relationship between technical properties of a recycled material, which define its functionality, and the substitution of primary material

across different markets where the material can be possibly applied.

studies identified in the literature, can be integrated to draft a frame-
work for quality. Impurities are clearly part of the broader group of
technical characteristics, and a bunch of these is typically essential to
fulfil the desired functions of the intended material application. It can be
argued that, based on properties, the quality of recycled materials will
have to be ‘adequate’, regardless of the type of the intended application,
else the manufacture sector would not uptake them (Fig. 1b). Precisely
for this reason, at a system level preserving functionality becomes key as
it allows achieving a maximum of substitutions across the multiple
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markets where the material can possibly be applied. Therefore, looking
at material- or product-specific substitutability in view of the suitability
for CE, is per se not sufficient. How materials with different qualities flow
through the economic metabolism either within one application or over
applications with different qualities is clearly crucial. Certain markets
have well-established recycling systems largely maintaining technical
characteristics, with high rates of recycling, and thus contribute signif-
icantly to bringing resources back in the economy towards functional
substitutions, either in the same market or in another one. Whereas
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other sectors/material applications do not have a well-established
recycling chain, and high amounts of impurities and/or loss of tech-
nical properties might occur, in worst case with low recycling rate, as
such they are in a way ‘sinks’ for quality of recycling. Meaning, if ma-
terials end up in these applications they are most probably lost for many
functional substitutions. This thinking holds over one recycling cycle,
but also over longer periods of time. This reasoning is also very-well in
line with approaches such as the MaTrace approach (Nakamura et al.,
2014) and from a resource perspective, this in a way corresponds to
minimising dissipative flows along the recovery system, with a
maximum of functional recycling (Beylot et al., 2021; Ciacci et al., 2016;
Graedel et al., 2011; Reck & Graedel, 2012; Stewart & Weidema, 2005).
Yet, many of these resource-focused approaches are very broad and not
very explicit on the material quality aspects and the potential of func-
tional substitution based on the technical characteristics of the material
resources.

4. The environmental dimension of quality of recycling

The approaches touched above do not tackle environmental impacts.
A recycling producing high-quality recyclates may be associated with
higher impacts than one with a lower quality output, due to energy/
resource consumption or material losses. This is shown, for example, in
Andreasi Bassi et al. (2022) for the case of PET-to-food grade versus PET-
to-textile fibres, where the former results in comparable material re-
covery rates but different environmental impacts. Despite the uncer-
tainty of LCA, it appears that the definition of quality of recycling should
be complemented with additional criteria on the environmental per-
formance. Referring generically to avoiding adverse effects, as in End-of-
Waste criteria, seems leaving too much latitude for interpretation. This
should however be carefully operationalised, as different approaches
lead to different conclusions. An example is the following: a recyclate
obtained from a chemical recycling process may result to be more
impacting than the virgin counterpart when applying a product-oriented
LCA (e.g. the EU product environmental footprint), which, while
focusing on the product, neglects the alternative management fate of the
waste from which the secondary material is obtained, e.g. incineration
or landfilling or other recycling routes. This has been methodologically
discussed in Tonini et al. (2021) where three end-of-life formulas are
compared including that of the EU PEF (PEF and other end-of-life for-
mulas do not account for the fact that waste as a feedstock is con-
strained, i.e. already managed/treated, and that additional demand for
recycling thus incurs changes in ongoing landfilling/incineration/recy-
cling pathways). However, the same chemical recycling can be superior
to the waste management alternative otherwise occurring for that plastic
waste (e.g. incineration), when applying a process-oriented LCA, which
focuses on the waste (or material) valorisation process. The application
of either perspective (product- vs process-) may thus lead to different
conclusions regarding the environmental performance of recycling.
Another issue is that an LCA generates multiple insights into the envi-
ronmental performance resulting in a complete but not definitive
outcome. Therefore, the discussion about linking quality with environ-
mental sustainability is still far from over and further research is
desirable.

5. Towards a definition of quality of recycling

This article does not aim to deliver ‘the’ final definition and oper-
ationalisation of quality of recycling. Yet, we encourage more research
on this topic. More concretely, future works should include the
following facts that follow out of our previous analysis: I) the quality of
recycling is in many cases not an on/off criterion; it might be argued that
the quality of the recycled material shall be ‘adequate’ to fulfil the
required functionalities in the intended end-use market applications, in
line with existing industrial standards (e.g. for paper and metals). Some
studies move into this direction (Demets et al., 2021; Eriksen,
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Damgaard, et al., 2018), but it is clear that technical knowledge from the
different material classes (metals, plastics, paper, etc.) needs to feed into
this kind of work, especially for plastic for which standards on the
quality of the recycled materials are lacking. II) While substitutability
per se typically refers to the degree of substituting primary materials
with secondary, the overall yield of the (recycling) value chain is also an
asset of quality: how much can be substituted in how many markets.
Notice that this goes beyond end-of-life recycling rates, as it involves the
step of substitution. These elements are included in the formula of
“substitution potential” by Vadenbo et al. (2017) and similarly in the
“true recycling rate” by Klotz et al. (2022). We argue that if the sum of
the ‘functional substitutions’ (across the different end-use markets
where the material can be applied) is high enough, then the recovery
system would be suitable in a CE perspective (Fig. 1b). This in turn
corresponds to minimise the dissipative flows, i.e. emissions, disposal/
incineration, low- and non-functional recycling of that resource after its
use. Conversely, low-quality incurs a distinct loss in quantity and
functions, allowing only a limited substitution at system-level (higher
dissipation). III) Environmental analyses are an asset of the concept of
quality of recycling, but their inclusion in the quality framework is
challenging and needs further research.

The current EU acquis, while stressing that recycling shall be steered
towards high-quality, does not provide an operational definition.
Research in this direction is therefore key to support waste policies that
maximise the benefits of recycling while fostering circular economy. The
priority should be given to material resources, e.g. plastics, for which
less industrial experience exists in defining common grades at EU and
international levels.

6. Disclaimer

The views expressed in the article are the sole responsibility of the
authors and in no way represent the view of the European Commission
and its services.

Declaration of Competing Interest

The authors declare that they have no known competing financial
interests or personal relationships that could have appeared to influence
the work reported in this paper.

References

Alassali, A., Barouta, D., Tirion, H., Moldt, Y., Kuchta, K., 2020. Towards a high quality
recycling of plastics from waste electrical and electronic equipment through
separation of contaminated fractions. J. Hazard. Mater. 387, 121741. https://doi.
org/10.1016/j.jhazmat.2019.121741.

Andreasi Bassi, S., Tonini, D., Ekvall, T., Astrup, T.F., 2021. A life cycle assessment
framework for large-scale changes in material circularity. Waste Manage. 135
(September), 360-371. https://doi.org/10.1016/j.wasman.2021.09.018.

Andreasi Bassi, S., Tonini, D., Saveyn, H., Astrup, T.F., 2022. Environmental and
Socioeconomic Impacts of Poly(ethylene terephthalate) (PET) Packaging
Management Strategies in the EU. Environ. Sci. Technol. 56 (1), 501-511. https://
doi.org/10.1021/acs.est.1c00761.

Ardolino, F., Cardamone, G.F., Arena, U., 2021. How to enhance the environmental
sustainability of WEEE plastics management: An LCA study. Waste Manage. 135
(May), 347-359. https://doi.org/10.1016/j.wasman.2021.09.021.

Berger, M., Sonderegger, T., Alvarenga, R., Bach, V., Cimprich, A., Dewulf, J.o.,
Frischknecht, R., Guinée, J., Helbig, C., Huppertz, T., Jolliet, O., Motoshita, M.,
Northey, S., Pena, C.A., Rugani, B., Sahnoune, A., Schrijvers, D., Schulze, R.,
Sonnemann, G., Valero, A., Weidema, B.P., Young, S.B., 2020. Mineral resources in
life cycle impact assessment: part II — recommendations on application-dependent
use of existing methods and on future method development needs. Int. J. Life Cycle
Assess. 25 (4), 798-813. https://doi.org/10.1007/s11367-020-01737-5.

Beylot, A., Ardente, F., Sala, S., Zampori, L., 2020. Accounting for the dissipation of
abiotic resources in LCA: Status, key challenges and potential way forward. Resour.
Conserv. Recycl. 157 (January), 104748 https://doi.org/10.1016/j.
resconrec.2020.104748.

Beylot, A., Ardente, F., Sala, S., Zampori, L., 2021. Mineral resource dissipation in life
cycle inventories. Int. J. Life Cycle Assess. 26 (3), 497-510. https://doi.org/
10.1007/511367-021-01875-4.

BIO by Deloitte, 2015. Study on Data for a Raw Material System Analysis: Roadmap and
Test of the Fully Operational MSA for Raw Materials. 179.


https://doi.org/10.1016/j.jhazmat.2019.121741
https://doi.org/10.1016/j.jhazmat.2019.121741
https://doi.org/10.1016/j.wasman.2021.09.018
https://doi.org/10.1021/acs.est.1c00761
https://doi.org/10.1021/acs.est.1c00761
https://doi.org/10.1016/j.wasman.2021.09.021
https://doi.org/10.1007/s11367-020-01737-5
https://doi.org/10.1016/j.resconrec.2020.104748
https://doi.org/10.1016/j.resconrec.2020.104748
https://doi.org/10.1007/s11367-021-01875-4
https://doi.org/10.1007/s11367-021-01875-4

D. Tonini et al.

Blengini, G.A., Garbarino, E., 2010. Resources and waste management in Turin (Italy):
The role of recycled aggregates in the sustainable supply mix. J. Cleaner Prod. 18
(10-11), 1021-1030. https://doi.org/10.1016/j.jclepro.2010.01.027.

Blengini, G.A., Nuss, P., Dewulf, J., Nita, V., Talens Peir6, L., Vidal-Legaz, B.,
Latunussa, C., Mancini, L., Blagoeva, D., Pennington, D., Pellegrini, M., Van
Maercke, A., Solar, S., Grohol, M., Ciupagea, C., 2017. EU methodology for critical
raw materials assessment: Policy needs and proposed solutions for incremental
improvements. Resour. Policy 53 (May), 12-19. https://doi.org/10.1016/j.
resourpol.2017.05.008.

Borghi, G., Pantini, S., Rigamonti, L., 2018. Life cycle assessment of non-hazardous
Construction and Demolition Waste (CDW) management in Lombardy Region (Italy).
J. Cleaner Prod. 184, 815-825. https://doi.org/10.1016/j.jclepro.2018.02.287.

Cardamone, G.F., Ardolino, F., Arena, U., 2021. About the environmental sustainability
of the European management of WEEE plastics. Waste Manage. 126, 119-132.
https://doi.org/10.1016/j.wasman.2021.02.040.

Ciacci, L., Harper, E.M., Nassar, N.T., Reck, B.K., Graedel, T.E., 2016. Metal Dissipation
and Inefficient Recycling Intensify Climate Forcing. Environ. Sci. Technol. 50 (20),
11394-11402. https://doi.org/10.1021/acs.est.6b02714.

Ciacci, L., Reck, B.K., Nassar, N.T., Graedel, T.E., 2015. Lost by Design. Environ. Sci.
Technol. 49 (16), 9443-9451. https://doi.org/10.1021/es505515z.

Civancik-Uslu, D., Nhu, T.T., Van Gorp, B., Kresovic, U., Larrain, M., Billen, P.,
Ragaert, K., De Meester, S., Dewulf, J., Huysveld, S., 2021. Moving from linear to
circular household plastic packaging in Belgium: Prospective life cycle assessment of
mechanical and thermochemical recycling. Resour. Conserv. Recycl. 171 (May),
105633 https://doi.org/10.1016/j.resconrec.2021.105633.

Council of the European Union, 2011. Council Regulation (EU) No 333/2011 of 31 March
2011 establishing criteria determining when certain types of scrap metal cease to be waste
under Directive 2008/98/EC of the European Parliament and of the Council (p. L94/2-
L94/11). http://eur-lex.europa.eu/legal-content/EN/TXT/?uri=celex:32011R0333.

Demets, R., Van Kets, K., Huysveld, S., Dewulf, J., De Meester, S., Ragaert, K., 2021.
Addressing the complex challenge of understanding and quantifying substitutability
for recycled plastics. Resour. Conserv. Recycl. 174, 105826 https://doi.org/
10.1016/j.resconrec.2021.105826.

Dewulf, J., Hellweg, S., Pfister, S., Leén, M.F.G., Sonderegger, T., de Matos, C.T.,
Blengini, G.A., Mathieux, F., 2021. Towards sustainable resource management:
identification and quantification of human actions that compromise the accessibility
of metal resources. Resour. Conserv. Recycl. 167 (January) https://doi.org/
10.1016/j.resconrec.2021.105403.

Diener, D.L., Tillman, A.M., 2015. Component end-of-life management: Exploring
opportunities and related benefits of remanufacturing and functional recycling.
Resour. Conserv. Recycl. 102, 80-93. https://doi.org/10.1016/j.
resconrec.2015.06.006.

Eriksen, M.K., Astrup, T.F., 2019. Characterisation of source-separated, rigid plastic
waste and evaluation of recycling initiatives: Effects of product design and source-
separation system. Waste Manage. 87, 161-172. https://doi.org/10.1016/j.
wasman.2019.02.006.

Eriksen, M.K., Christiansen, J.D., Daugaard, A.E., Astrup, T.F., 2019. Closing the loop for
PET, PE and PP waste from households: Influence of material properties and product
design for plastic recycling. Waste Manage. 96, 75-85. https://doi.org/10.1016/j.
wasman.2019.07.005.

Eriksen, M.K., Damgaard, A., Boldrin, A., Astrup, T.F., 2018. Quality Assessment and
Circularity Potential of Recovery Systems for Household Plastic Waste. J. Ind. Ecol.
23 (1), 156-168. https://doi.org/10.1111/jiec.12822.

Eriksen, M.K., Pivnenko, K., Olsson, M.E., Astrup, T.F., 2018. Contamination in plastic
recycling: Influence of metals on the quality of reprocessed plastic. Waste Manage.
79, 595-606. https://doi.org/10.1016/j.wasman.2018.08.007.

European Commission, 2013. COMMISSION REGULATION (EU) No 715/2013 of 25 July
2013 establishing criteria determining when copper scrap ceases to be waste under
Directive 2008/98/EC of the European Parliament and of the Council (Issue 715, pp.
14-20).

European Commission, 2018. Directive (EU) 2018/852 of the European Parliament and
of the Council of 30 May 2018 amending Directive 94/62/EC on packaging and
packaging waste. Official Journal of the European Union.

European Commission, 2019. COMMISSION IMPLEMENTING DECISION (EU) 2019/
1004 of 7 June 2019 laying down rules for the calculation, verification and reporting
of data on waste in accordance with Directive 2008/98/EC of the European
Parliament and of the Council and repealing Commissio. In Official Journal of
European Union: Vol. L 163/66.

Faraca, G., Boldrin, A., Astrup, T., 2019. Resource quality of wood waste: The importance
of physical and chemical impurities in wood waste for recycling. Waste Manage. 87,
135-147. https://doi.org/10.1016/j.wasman.2019.02.005.

Fellner, J., Lederer, J., 2020. Recycling rate — The only practical metric for a circular
economy? Waste Manage. 113, 319-320. https://doi.org/10.1016/j.
wasman.2020.06.013.

Geyer, R., Kuczenski, B., Zink, T., Henderson, A., Faraca, G., Boldrin, A., Astrup, T., 2019.
Common Misconceptions about Recycling. J. Ind. Ecol. 20 (5), 135-147. https://doi.
org/10.1111/jiec.12355.

Graedel, T.E., Allwood, J., Birat, J.P., Buchert, M., Hageliiken, C., Reck, B.K., Sibley, S.F.,
Sonnemann, G., 2011. What do we know about metal recycling rates? J. Ind. Ecol. 15
(3), 355-366. https://doi.org/10.1111/j.1530-9290.2011.00342.x.

Grant, A., Cordle, M., Bridgwater, E., 2020. Quality of recycling: Towards an operational
definition (P. Canfora, M. Dri, I. Antonopoulos, & P. Gaudillat (eds.)). European
Commission Joint Research Centre. https://doi.org/10.2760,/225236.

Gu, F., Guo, J., Zhang, W., Summers, P.A., Hall, P., 2017. From waste plastics to
industrial raw materials: A life cycle assessment of mechanical plastic recycling

18

Waste Management 146 (2022) 11-19

practice based on a real-world case study. Sci. Total Environ. 601-602, 1192-1207.
https://doi.org/10.1016/j.scitotenv.2017.05.278.

Guinée, J.B., Van Den Bergh, J.C.J.M., Boelens, J., Fraanje, P.J., Huppes, G.,
Kandelaars, P.P.A.A.H., Lexmond, T.M., Moolenaar, S.W., Olsthoorn, A.A., Udo De
Haes, H.A., Verkuijlen, E., Van Der Voet, E., 1999. Evaluation of risks of metal flows
and accumulation in economy and environment. Ecol. Econ. 30 (1), 47-65. https://
doi.org/10.1016/50921-8009(98)00069-X.

Hahladakis, J.N., Iacovidou, E., 2018. Closing the loop on plastic packaging materials:
What is quality and how does it affect their circularity? Sci. Total Environ. 630,
1394-1400. https://doi.org/10.1016/j.scitotenv.2018.02.330.

Haupt, M., Vadenbo, C., Hellweg, S., 2017. Do We Have the Right Performance
Indicators for the Circular Economy?: Insight into the Swiss Waste Management
System. J. Ind. Ecol. 21 (3), 615-627. https://doi.org/10.1111/jiec.12506.

Huygens, D, Saveyn, H.G.M., Tonini, D., Eder, P., Delgado Sancho, L., 2019. Technical
proposals for selected new fertilising materials under the Fertilising Products
Regulation (Regulation (EU) 2019/1009). In FeHPO CaHPO. https://doi.org/
10.2760/186684.

Huygens, D., Saveyn, H.G.M., 2018. Agronomic efficiency of selected phosphorus
fertilisers derived from secondary raw materials for European agriculture. A meta-
analysis. Agron. Sustainable Dev. 38 (5) https://doi.org/10.1007/513593-018-0527-
1.

Huysman, S., De Schaepmeester, J., Ragaert, K., Dewulf, J., De Meester, S., 2017.
Performance indicators for a circular economy: A case study on post-industrial
plastic waste. Resour. Conserv. Recycl. 120, 46-54. https://doi.org/10.1016/j.
resconrec.2017.01.013.

Jehanno, C., Alty, J.W., Roosen, M., De Meester, S., Dove, A.P., Chen, E.Y.X., Leibfarth, F.
A., Sardon, H., 2022. Critical advances and future opportunities in upcycling
commodity polymers. Nature. https://doi.org/10.1038/541586-021-04350-0.

Klotz, M., Haupt, M., Hellweg, S., 2022. Limited utilization options for secondary plastics
may restrict their circularity. Waste Manage. 141 (January), 251-270. https://doi.
org/10.1016/j.wasman.2022.01.002.

Koffler, C., Florin, J., 2013. Tackling the downcycling issue - A revised approach to
value-corrected substitution in life cycle assessment of aluminum (VCS 2.0).
Sustainability (Switzerland). https://doi.org/10.3390/su5114546.

La Rosa, A.D., Blanco, 1., Banatao, D.R., Pastine, S.J., Bjérklund, A., Cicala, G., 2018.
Innovative chemical process for recycling thermosets cured with recyclamines® by
converting bio-epoxy composites in reusable thermoplastic-an LCA study. Materials
11 (3). https://doi.org/10.3390/mal11030353.

Matos, C.T., Ciacci, L., Godoy Leén, M.F., Lundhaug, M., Dewulf, J., Miiller, D.B.,
Georgitzikis, K., Wittmer, D., Mathieux, F., 2020. Material System Analysis of five
batteryrelated raw materials: Cobalt, Lithium, Manganese, Natural Graphite, Nickel.
https://doi.org/10.2760/519827.

Mengarelli, M., Neugebauer, S., Finkbeiner, M., Germani, M., Buttol, P., Reale, F., 2017.
End-of-life modelling in life cycle assessment—material or product-centred
perspective? Int. J. Life Cycle Assess. https://doi.org/10.1007/s11367-016-1237-z.

Muchova, L., Eder, P., 2010. End-of-waste Criteria for Iron and Steel Scrap: Technical
Proposals. In: In: European Commission, Joint Research Centre. https://doi.org/
10.2791/43563.

Muchova, L., Eder, P., Villanueva, A., 2011. End-of-waste criteria for copper and copper
alloy scrap: technical proposals. In: In JRC Scientific and Technical Report, Scientific
and Technical Research Series. https://doi.org/10.2791/57777.

Nakamura, S., Kondo, Y., Kagawa, S., Matsubae, K., Nakajima, K., Nagasaka, T., 2014.
MaTrace: Tracing the fate of materials over time and across products in open-loop
recycling. Environ. Sci. Technol. 48 (13), 7207-7214. https://doi.org/10.1021/
es500820h.

Passarini, F., Ciacci, L., Nuss, P., Manfredi, S., 2018. Material flow analysis of aluminium,
copper, and iron in the EU-28. https://doi.org/10.2760/1079.

Peir6, L.T., Nuss, P., Mathieux, F., Blengini, G.A., 2018. JRC Technical Reports: Towards
Recycling Indicators based on EU flows and Raw Materials System Analysis data
Supporting the EU-28 (Issue October). https://doi.org/10.2760/092885.

Pivnenko, K., Eriksson, E., Astrup, T.F., 2014. Waste paper for recycling: Overview and
identification of potentially critical substances. Waste Manage. 45, 134-142. https://
doi.org/10.1016/j.wasman.2015.02.028.

Pivnenko, K., Laner, D., Astrup, T.F., 2016. Material cycles and chemicals: Dynamic
material flow analysis of contaminants in paper recycling. Environ. Sci. Technol. 50
(22), 12302-12311. https://doi.org/10.1021/acs.est.6b01791.

Plastics Europe, & EPRO., 2016. Plastics — the Facts 2016. An analysis of European plastics
production, demand and waste data.

PRE, 2018. Recycling input characterisation guiding requirements. https://www.plastics
recyclers.eu/waste-characterisation.

Reck, B.K., Graedel, T.E., 2012. Challenges in metal recycling. Science 337 (6095),
690-695. https://doi.org/10.1126/science.1217501.

Rigamonti, L., Taelman, S.E., Huysveld, S., Sfez, S., Ragaert, K., Dewulf, J., 2020. A step
forward in quantifying the substitutability of secondary materials in waste
management life cycle assessment studies. Waste Manage. 114, 331-340. https://
doi.org/10.1016/j.wasman.2020.07.015.

Rigamonti, L., Grosso, M., Sunseri, M.C., 2009. Influence of assumptions about selection
and recycling efficiencies on the LCA of integrated waste management systems. Int.
J. Life Cycle Assess. 14 (5), 411-419.

Rodriguez Vietez, E., Eder, P., Villanueva, A., Saveyn, H., 2011. End-of-Waste Criteria for
Glass Cullet: Technical proposals. https://publications.jrc.ec.europa.eu/repository/ha
ndle/JRC68281.

Roithner, C., Rechberger, H., 2020. Implementing the dimension of quality into the
conventional quantitative definition of recycling rates. Waste Manage. 105,
586-593. https://doi.org/10.1016/j.wasman.2020.02.034.


https://doi.org/10.1016/j.jclepro.2010.01.027
https://doi.org/10.1016/j.resourpol.2017.05.008
https://doi.org/10.1016/j.resourpol.2017.05.008
https://doi.org/10.1016/j.jclepro.2018.02.287
https://doi.org/10.1016/j.wasman.2021.02.040
https://doi.org/10.1021/acs.est.6b02714
https://doi.org/10.1021/es505515z
https://doi.org/10.1016/j.resconrec.2021.105633
http://eur-lex.europa.eu/legal-content/EN/TXT/?uri=celex%3a32011R0333
https://doi.org/10.1016/j.resconrec.2021.105826
https://doi.org/10.1016/j.resconrec.2021.105826
https://doi.org/10.1016/j.resconrec.2021.105403
https://doi.org/10.1016/j.resconrec.2021.105403
https://doi.org/10.1016/j.resconrec.2015.06.006
https://doi.org/10.1016/j.resconrec.2015.06.006
https://doi.org/10.1016/j.wasman.2019.02.006
https://doi.org/10.1016/j.wasman.2019.02.006
https://doi.org/10.1016/j.wasman.2019.07.005
https://doi.org/10.1016/j.wasman.2019.07.005
https://doi.org/10.1111/jiec.12822
https://doi.org/10.1016/j.wasman.2018.08.007
https://doi.org/10.1016/j.wasman.2019.02.005
https://doi.org/10.1016/j.wasman.2020.06.013
https://doi.org/10.1016/j.wasman.2020.06.013
https://doi.org/10.1111/jiec.12355
https://doi.org/10.1111/jiec.12355
https://doi.org/10.1111/j.1530-9290.2011.00342.x
https://doi.org/10.1016/j.scitotenv.2017.05.278
https://doi.org/10.1016/S0921-8009(98)00069-X
https://doi.org/10.1016/S0921-8009(98)00069-X
https://doi.org/10.1016/j.scitotenv.2018.02.330
https://doi.org/10.1111/jiec.12506
https://doi.org/10.1007/s13593-018-0527-1
https://doi.org/10.1007/s13593-018-0527-1
https://doi.org/10.1016/j.resconrec.2017.01.013
https://doi.org/10.1016/j.resconrec.2017.01.013
https://doi.org/10.1038/s41586-021-04350-0
https://doi.org/10.1016/j.wasman.2022.01.002
https://doi.org/10.1016/j.wasman.2022.01.002
https://doi.org/10.3390/ma11030353
https://doi.org/10.1007/s11367-016-1237-z
https://doi.org/10.2791/43563
https://doi.org/10.2791/43563
https://doi.org/10.2791/57777
https://doi.org/10.1021/es500820h
https://doi.org/10.1021/es500820h
https://doi.org/10.1016/j.wasman.2015.02.028
https://doi.org/10.1016/j.wasman.2015.02.028
https://doi.org/10.1021/acs.est.6b01791
https://www.plasticsrecyclers.eu/waste-characterisation
https://www.plasticsrecyclers.eu/waste-characterisation
https://doi.org/10.1126/science.1217501
https://doi.org/10.1016/j.wasman.2020.07.015
https://doi.org/10.1016/j.wasman.2020.07.015
http://refhub.elsevier.com/S0956-053X(22)00205-7/h0280
http://refhub.elsevier.com/S0956-053X(22)00205-7/h0280
http://refhub.elsevier.com/S0956-053X(22)00205-7/h0280
https://publications.jrc.ec.europa.eu/repository/handle/JRC68281
https://publications.jrc.ec.europa.eu/repository/handle/JRC68281
https://doi.org/10.1016/j.wasman.2020.02.034

D. Tonini et al.

Schrijvers, D.L., Loubet, P., Sonnemann, G., 2016. Developing a systematic framework for
consistent allocation in LCA. https://doi.org/10.1007/s11367-016-1063-3.

Schrijvers, D.L., Loubet, P., Sonnemann, G., 2020. Is the Circular Footprint Formula of
the Product Environmental Footprint Guide consequential ? — A comparison against
a systematized approach for consequential LCA. Int. J. Life Cycle Assess.

Schrijvers, D.L., Sonnemann, G., 2018. Consistent allocation using archetypes of LCA
Goal and Scope definitions. SETAC Europe 28th Annual Meeting, 2-3.

Shen, L., Worrell, E., Patel, M.K., 2010. Open-loop recycling: A LCA case study of PET
bottle-to-fibre recycling. Resour. Conserv. Recycl. 55 (1), 34-52. https://doi.org/
10.1016/j.resconrec.2010.06.014.

Stewart, M., Weidema, B., 2005. A consistent framework for assessing the impacts from
resource use: A focus on resource functionality. Int. J. Life Cycle Assess. 10 (4),
240-247. https://doi.org/10.1065/1ca2004.10.184.

Tonini, D., Saveyn, H.G.M., Huygens, D., 2019. Environmental and health co-benefits for
advanced phosphorus recovery. Nat. Sustainability 2 (11), 1051-1061. https://doi.
org/10.1038/541893-019-0416-x.

19

Waste Management 146 (2022) 11-19

Tonini, D., Schrijvers, D., Nessi, S., Garcia-Gutierrez, P., Giuntoli, J., 2021. Carbon
footprint of plastic from biomass and recycled feedstock: methodological insights.
Int. J. Life Cycle Assess. 26 (2), 221-237. https://doi.org/10.1007/s11367-020-
01853-2.

UNEP/IRP, 2020. Mineral resource governance in the 21st Century. Gearing extractive
industries towards sustainable development.

UNEP, 2011. Recycling rates of metals - A status report. A report of the working group on the
global metal flows to the international resource panel.

Vadenbo, C., Hellweg, S., Astrup, T.F., 2017. Let’s Be Clear(er) about Substitution: A
Reporting Framework to Account for Product Displacement in Life Cycle Assessment.
J. Ind. Ecol. 21 (5), 1078-1089. https://doi.org/10.1111 /jiec.12519.

Villanueva, A., Eder, P., 2011. End-of-waste criteria for waste paper: Technical proposals.
JRC Scientific and Technical Reports March 1-99. https://doi.org/10.2791/13033.

Zampori, L., Pant, R., Schau, E.M., De Schrijver, A., Galatola, M., 2016. Circular
Footprint Formula. October 1-19.


http://refhub.elsevier.com/S0956-053X(22)00205-7/h0300
http://refhub.elsevier.com/S0956-053X(22)00205-7/h0300
http://refhub.elsevier.com/S0956-053X(22)00205-7/h0300
https://doi.org/10.1016/j.resconrec.2010.06.014
https://doi.org/10.1016/j.resconrec.2010.06.014
https://doi.org/10.1065/lca2004.10.184
https://doi.org/10.1038/s41893-019-0416-x
https://doi.org/10.1038/s41893-019-0416-x
https://doi.org/10.1007/s11367-020-01853-2
https://doi.org/10.1007/s11367-020-01853-2
https://doi.org/10.1111/jiec.12519
https://doi.org/10.2791/13033
http://refhub.elsevier.com/S0956-053X(22)00205-7/h0350
http://refhub.elsevier.com/S0956-053X(22)00205-7/h0350

	Quality of recycling: Urgent and undefined
	1 Introduction
	2 Literature review on quality of recycling
	2.1 Keywords and terms used to refer to quality
	2.2 Approaches/definitions based on the impurity content
	2.3 Approaches/definitions based on functionality and substitution
	2.4 Approaches/definitions based on functionality and resource dissipation

	3 Possible avenues to define quality of recycling
	3.1 Technical characteristics
	3.2 Functionality and functional recycling
	3.3 Substitutability or suitability in manufacturing
	3.4 Suitability in the CE
	3.5 Closed-loop and open-loop
	3.6 Links and integration of the concepts/approaches identified

	4 The environmental dimension of quality of recycling
	5 Towards a definition of quality of recycling
	6 Disclaimer
	Declaration of Competing Interest
	References


