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Abstract

Recycling is any recovery operation by which waste materials are reprocessed into

products, materials or substances whether for the original or other purposes, excluding
energy recovery and reprocessing into materials that are to be used as fuels or for

backfilling operations. The development of innovative technologies, such as multi -output
recycling technologies (  e.g. chemical recycling), calls for increasing clarity on several
aspects of the definition. For instance, the current rules for calculating the amount of

recycled municipal waste state that , in case of multi -output processes , the quantity
recycled shall be determined by a mass balance approach. However, mass bal ance rules

are not provided. Lack of sufficiently clear guidelines also apply to compostable plastic

waste and quality of recycling . This lack of clarity is an obstacle to the conception of robust

policy measures addressing recycling and circular economy. To close the gaps, this study
contains technical proposals for i) calculation rules to perform mass balance for reporting
of recycling rate in multi -output processes and ii) clarifications of the recycling calculation
rules for biodegradable waste . In addition, the study presents an estimation of the impacts
of the changes proposed  and a preliminary framework to address quality of recycling
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Executive summary

The objective of this  study is to make a technical proposal for revis ing the implementing
decisions related to recycling , in view of the expected development of new and advanced

multi -output recyclingt echnologies , such as chemical recycling technologies thatare likely
to emerge inthe coming years.  The report provides (i) a proposal for detailed calculation
rules for performing a mass balance to calculate recycling yields in multi -output
technologies , such as chemical recycling. Besides, (ii) it also proposeswaysto clarif y some
of the calculation rules applied to the quantification of recycled bio -waste and compostable
plastic waste in order to adapt them to the application of different recycling pro cesses. The
study also (iii) gives a preliminary assessment of the potential impact (costs and benefits)

following the change s proposed and the development of advanced recycling technologies,

such as chemical recycling for plastic packaging waste . Last, (iv) aframework proposal for
exploring how to revise and extend the definition of quality of recycling and making it
guantifiable is  presented .

Policy context

One of the main pillars of the European Green Deal is t he new Circular Economy Action
Plan adopted by t he European Commission in March 2020 . Among its objectives, key
importance is given to achieving t h e E2080sclimate neutrality target, announcing
sustainable initiatives along the entire life cycle of products and promoting circular
economy, and ensuring that waste is prevented and the resources used are kept in the
economy for as long as possible

Inthe endeavour tofoster material recirculation, Directive 2018/851  amending the Waste
Framework Directive (2008/98/EC) (European Commission, 2018a) and Directive
2018/852 amending the Pa  ckaging and Packaging Waste Directive (1994/62/EC)
(European Commission, 2018b) call for Member States to achieve stringent targets  (by
weight ) on re-use and recycling of municipal solid waste and packaging waste  inthe coming
years, implying a significant effort in implementing best practices. Aiming at verifying

whether the preparing for re -use and recycling targets for municipal waste in Directive
2018/851 and recycling targets for packaging waste are attained, two Commi s s
Implementing Decisions (2019/1004 for municipal waste  (European Commissi on, 2019a)
and 2019/665  for packaging waste (European Commission, 2019b) ) have provi ded
appropriate calculation rules. One of the rules for calculating recycled municipal waste or
packaging waste states that dvhere municipal waste /packaging waste  materials enter
recovery operations whereby those materials are not principally used either a s fuel or other
means to generate energy, or for material recovery, but result in output that includes

recycled materials, fuels or backfilling materials in significant proportions, the amount of

recycled waste shall be determined by a mass balance approac ha& However, although such
mass balance approach is mentioned in both Implementing Decision  2019/1004 (Article 3)
and, for the specific case of packaging, Implementing Decision ~ 2019/665 (Article 6¢), clear
rules on how to perform it are not provided. In re lation to this legislation, a dditional
guidance appears also needed to clarify the calculation of recycled waste for the case of
compostable plastic waste since its use is encouraged for specific applications by the new

EU policy framework within the new c ircular economy action plan . While EC Implementing
Decision 2019/1004 provides rules for the calculation of bio -waste recycling, the way
compostable plastic waste should be addressed is not sufficiently clear. Finally , the Waste
Framework Directive , while encouraging high -quality recycling, does not provide a clear
definition of it, thereby calling for an improvement of the understanding of what high - or
low - quality actually means

Key conclusions

Proposal foram ass balance approach

1 The new EU Circular Economy Action Plan. Available at: https://environment.ec.europa.eu/system/files/2022
12/COM_2022_682_1_EN_ACT_partl_v4.pdf


https://www.google.com/search?rlz=1C1GCEB_enES956ES956&sxsrf=AJOqlzWsRJoRnVxQTL6OQ0OvWBibj3XphQ:1675865037608&q=endeavour&spell=1&sa=X&ved=2ahUKEwip_4fii4b9AhUK2KQKHQtGDiYQkeECKAB6BAgSEAE

The mathematical fra mework herein presented calculates the recycling yield, the energy
recovery yield and the loss yield of the recycling process. We herein use the term recycling

yield that is associated with the recycling process itself. Indeed , the recycling process
repres ents the system boundary of our calculation rules as opposed to the end -of-life
recycling rate that refers to the yield (al so c al éffieiency H9gonthe éntine
recycling chain , including col lection, sorting, and recycling . By defining the system
boundaries in this way, we can consider the recycling yield herein calculated as the (input -
output ) material recovery  efficiency of a recycling process. An important aspect of the

mass balance approach presented is that the recycling yield is referred only to the waste

feedstock in input.
Proposal for Compostable Plastic Waste

Concerning bio -waste and compostable plastic waste, it is proposed to maintain largely the
current calculation rules  with some adjustments in the formulation of selected articles of

the EC implementing decisions 2019/1004 and 2019/665. Notably, it is proposed to clearly

open the scope of the technolog ies that can recycle biodegradable waste apart from
aerobic/anaerobic treatments , provided that  the amount of output obtained is comparable
(in quantity) to the benchmark  represented by the typical output of a plant performing
composting /anaerobic digestion, andis used as a recycled product, material or substance

Also, it is proposed how to specifically calculate and report the re cycling of compostable
plastic waste when treated together with biowaste

Effects of the changes proposed

To estimate the effect s, we focused on plastic waste packaging and projected the EU plastic
waste packaging flow up to 2030 considering two different management scenarios: a
scenario where part of plastic waste is managed through mechanical recycling and the rest

is incinerated (this represents the baseline ; no chemical recycling) , and a scenario where
mechanical and chemical recycling are considered together so as to decrease the amount

of plastic waste incinerated (this represents an increase of multi -output chemical recycling
technologies , as expected by year 2030 ). The results obtained for the economic
assessment highlighted that the development of ¢ hemical recycling technologies in the
coming years needs substantial investments that cannot be entirely balanced from the

associated revenues.  With respect to the environmental analysis, which only focused on

the quantification of gre enhouse gas emissions , the scenario where both chemical and
mechanical recycling are considered pe rforms slightly better than the baseline where no
chemical recycling takes place . It should be noted that our economic and environmental
estimations are very conservative as they do not take into account the potential
improvement of the ~ chemical technologies over time (e.g., economy of scale or optimized
efficiency in terms of reduced energy consumption) . Hence, such results should be seen
as preliminary , rather conservative, and u sed with care.

Proposal for g uality of recycling

A framework defining quality of recycling is presented and applied to a case stud y on PET .
The framework is based on three main dimensions, namely the Total Substitution Potential

(telling how much primary m aterial can be replaced via secondary material) , the Long -
Termin -Use Occupation (telling for how long the recycled material remains in the economic
system) , and the Environmental Impact (here represented only by the carbon footprint)

Each of these three  dimensions provides additional information relevant for defining the

quality of recycling. In general, we conclude that the higher the Total Substitution Potential

and Long -Term in -Use Occupation and the lower the Environmental Impact of a certain

recyclin g pathway, the higher the quality of recycling.

Main findings
The main findings of this report can be summarised as follows

- A compilation of calculation rules for  estimating the recyclin g yield for multi  -output
technologies based on a mass balance approach



- Aclarificationon calculationrules for estimating the recycling yield of biodegradable
waste (including both bio -waste and compostable plastic waste).

- The estimation of preliminary costs and environmental burdens/benefits that may
arise from implementing calculations rules and changes proposed here in.

- The proposal of a new framework for defining quality of recycli  ng with its application
to a case study.

Related and futur e JRC work

It should be noted that a parallel project on life cycle assessment of chemical recycling
from JRC is currently ongoing (Garcia -Gutierrez et al.,, 2023) , with the general aim of
assessing the performance of  plastic waste management via chemical r ecycling. Synergies
between these two projects ha ve been exploited by estimating the effects related to the
development of chemical recycling for plastic packaging waste by 2030. F urther
connections are  expected as this study only shows a few future scenarios with preliminary
data that should be further improved .

Concerning future outlooks, this report should be seen as a first attempt to provide

guidance on mass balance for calculating recycling and on quality of recycling. The
proposals provided in  this report may thus be further refined over the coming years. The
main limitation  of th e mass balance herein presented is the traceability of material flows
from one operator to another one downstream the recycling value chain .

Especially, t he quality o f recycling framework should be taken as a first attempt to define
quality and need s further testing on case studies at industrial level to verify its  feasibility

and applicability at industr  ial level.

Quick guide

Thisreportis composed of two main parts . After the introductory sections 1 and 2, section
3-t0-6 focus on recycling and recycling calculation rules for multi -output processes and
biodegradable waste recycling. In particular, section 6 summarizes the technical proposals.

The second part presents a literature review on quality of recycling (section 7) and a
preliminary framework to define it and quantify it (section 8).

Disclaimer

It should be stressed that, at this point, the European Commission has not undertaken any
steps for the revision of the definition of recycling. Therefore:

- The prese nt document contains technical proposals and does not constitute the
official opinion of the European Commission regarding the revision of the definition
of recy cling and related calculation rules ;

- The present document does not constitute any commitment by the European
Commission to start work on the revision of the definition of recycling and related
calculation rules



1 Introduction

1.1 Rules for calculation and reporting of recycling

The new Circular Economy Action Plan adopted byt he European Commission  in March 2020

is one of the main building blocks of the European Green Deal (European Commission,

2019c) and a prerequisite to achieve the EUbG6s 2050 <clir
action plan announces initiatives along the entire life cycle of products. It targets how

products are designed, encourages sustainable consumptio n, and promotes circular
economy, to ensure that waste is prevented and the resources used are kept in the
economy for as long as possible. In this context, recycling play s a key role in closing
material loop s and ensuring lasting value, both for the end -productandthe virgin resource.
Directive 2018/851 amending the Waste Framework Directive, calls Member States for
achieving a minimum of 55% by weight of re -use and recycling  of municipal solid waste
(MSW) by 2025, 60% by 2030, and 65% by 2035 (Euro pean Commission, 2018a)

According to  European Environment Agency (2021) , the average rate of  preparation for
re-use and recycling of  municipal waste in EU ~ Member States was about 48% in 2019 .
Therefore, a significant effort in implementing  best practices is urgently required in the
coming years (Hann et al., 2020)

Recycling is defined by Directive 20 08/98 as iany recovery operation by w
materials are reprocessed into products, materials or substances whether for the original

or other purposes. It includes the reprocessing of organic material but does not include

energy recovery and the reprocessing into materials that are to be used as fuels or for

backfilling operations 0 (European Commission, 2008)

Member States shall take appropriate measures to ensure that waste which has undergone

a recycling or other recovery operation ceases to be waste , complying with the following
conditions : (i ) the substance or object is to be used for specific purposes; (ii) a market or
demand exists fo r such a substance or object; (iii ) the substance or object fulfils the
technical requirements for the specific purposes and meets the existing legislation and

standard s applicable to products; and , (iv) the use of the substance or object will not lead

to overall adverse environmental or human health impacts

For the purpose of verifying whether the preparing for re  -use and recycling targets for
municipal waste for years 2025, 2030 and 2035 of Directive 2008/98/EC as amended by
Directive 2018 /851 are attained , as well as targets for 2025 and 2030 of Directive
1994/62/EC as amended by Directive 2018/852, the EC Implementing Decisions
2019/1004 and 2019/665 provid e appropriate calculation rules . The rules set out specify
that, as regards recycling, waste that enters a recycling operation or waste that has

achieved end of waste (EoW) status is to be used for the calculation of the targets for

2025, 2030 and 2035. As a general rule, the recycled waste is to be measured at the point

where the waste  enters the recycling operation . According t o Commission Implementing
Decision 2019/665 (for packaging) and Commission Implementing Decision 2019/1004
(for MSW) the amount of recycled waste shall be the amount of municipal waste at the
calculation point.  The current main rules for calculating recycled municipal and packaging
waste are summarised herein :

- The amount of municipal waste entering the recycling operation shall include
targeted materials. It may include non -targeted materials 2 only to the extent that
their presence is  tolerable for the specific recycling operation (i.e. , acceptable by

the market;  Antonopoulos et al., 2021)

- Where the measurement point relates to the output of a facility that sends waste
for recycling without further pre -treatment, or to the input to a facility where waste
enters the recycling operation without any pre -treatment, the amount of sorted

2Gon-t argeted material sd6 means wa srepeocessadtirea givenlrecyclinghoperatioa inte n o t
products, materials or substances that are not waste


https://ec.europa.eu/info/node/123797

waste that is rejected by the recycling facility shall not be included in the amount
of recycled waste.

- Where a facility carries out pre-treatment operations prior to the calculation point
in that facility, the waste removed during the pre -treatment shall not be included
in the amount of recycled municipal waste reported by that facility.

- Where the humidity rate of packagin g waste at the measurement point differs from
that of packaging placed on the market, the amount of packaging at the
measurement point shall be corrected in order to reflect the natural humidity rate
of the packaging waste comparable to the humidity of equ ivalent packaging placed
on the market.

- Where biodegradable packaging that is subject ed to aerobic or anaerobic treatment
is included in the recycled amounts for the respective packaging material, the
amount of biodegradable packaging in biodegradable wast e shall be determined by
performing regular composition analyses of the biodegradable waste entering those
operations. Biodegradable packaging waste that is removed before, during or after
the recycling operation shall not be included in the recycled amoun ts.

- Where waste materials enter recovery operations whereby those materials are used
principally as a fuel or other means to generate energy, the output of such
operations that is subject to material recovery, such as the mineral fraction of
incineration b ottom ash or clinker resulting from co -incineration, shall not be
included in the amount of municipal waste recycled.

- Where waste materials enter recovery operations whereby those materials are not
principally used either as fuel or other means to generate energy, or for material
recovery, but result in output that includes recycled materials, fuels or backfilling
materials in significant proportions, the amount of recycled waste shall be
determined by a mass balance approach which results in accounting only for waste
materials that are subject  ed to recycling.

As for the latter point , although such mass balance approach is mentioned in both
Commission Implementing Decision 2019/1004 (Article 3) and , for the specific case of
packaging, Commission Implementing Decision 2019/665 (Article 6¢), clear rules on how

to perform it are not sufficiently provided. This calls for a clarification of the mass balance

(and , broadly , the recycling calculation rules), especially considering that the Comm ission
regularly receiv es requests from the industry and Member States to revis it the definition
of recycling to allow for more innovative technologies to be considered recycling or
contribute to recycling objectives and secure legal certainty for their in vestments. It is
therefore necessary to increase clarity on how the mass balance should be performed to

estimate the recycling rates proposing appropriate mathematical methodologies , e.g.,
using a mass balance approach in which results of specific recyclin g rates, energy
recoveries and losses are calculated taking into account only waste materials that are

subjected to recycling . While recycling needs to be a transparent and verifiable process to

ensure material provenance and probity of the system, the mas s-balance approach is a
proven chain of custody approach, and it appears as essential to assess recycling rates in

complex technology systems ( e.g., having a mix of materials and fuels in output), to bring
transparency and audited traceability process. This particularly affe cts technologies
involving multiple  -output products (materials, chemicals, energy and fuels), such as
chemical recycling processes but also other emerging recycling processes , for which such
mass balance may not be straightforward. There fore, a sound common approach that
ensures a high level of reliability of the reported data should be established. This study
aims to close this gap.

1.2 Quality of recycling

Quality of recycling is a rather complex concept, at the same time acknowledged as ve ry
important and left undefined in both EU acquis and scientific literature. While the recycling



rates certainly provide an indication of the amount of materials recovered by the waste
management system in place in the EU, they nevertheless  do not give any information on
the quality of the material recovered . The quality is important as it determines the type of

use of the recyclate and its further recyclability. This in turn affects the closure of material
loops in specific sectors/markets, i.e., the circularity.  An example is the following: plastic
from food -contact materials could be recycled and used for fibres production ( e.g., PET for
textile market)  when the quality is not high enough for food grade applications . However,
this prevents closing the loop in the food packaging sector where additional virgin plastic

would be needed to compensate the loss of material . A similar case could apply when PP
plastic packaging waste is recycled into low value products such as benches in place of

higher value applications. In both examples, there is an evident loss of the original product
functionality (food -contact) and alsoa likely decrease in the further recyclability of the new
products.

While a uthors explicitly or implicitly refer to quality o frecyclingas toaconceptwell i known
and -defined, a n in-depth analysis of the technical and scientific literature seems to suggest

that this is not the case. It is remarkable that t he Waste Framework Directive (European
Commission, 2018a) repeat edly mentions that recycling should be steered towards high -
quality without providing a rigorous definition of high -quality recycling . Most of the
scientific  studies, while proposing indicators reflecting quality or improving current
recyclingratesindica t ors used at EU | evel, |l eave the(egpncept
Eriksen & Astrup, 2019; Haupt et al., 2017; Roithner & Rechberger, 2020) . Alack of clarity
on what quality means is a crucial obstacle to the conception of robust policy measures
addressing recycling and in broader sense circular economy. In this study we aim to close
this gap by propos ing a framework for the definition of quality of recycling. We do this by

(i) reviewing the available st udies tackling recycling quality, (i) synthetiz ing the
approaches available , and (iii) suggesting a possible way forward for the definition and its
operationalis ation .

(o]



2 Scope and objectives

This study focuses on  the definition of recycling as provided in the EU Directive 2008/98

and the calculation rules laid out in the subsequent Commission Implementing Decisions
2019/1004 (European Commission, 2019a) for MSW, and 2019/665 (European
Commission, 2019b)  for packaging . Accordingly, the main focus is on municipal solid waste
and its material fractions ( notably bio-waste, glass, metals, paper, and plastic ), of which
packaging waste is considered as a subset of selected fractions of MSW ( e.g., packaging
forms part of paper, plastic). However, the general principles and guidance drawn in this

study are expected to be applicable also to waste streams other than MSW.

The overarching objective of this study is to produce a Technical Proposal to revise or
extend the definition of recycling and the existing recycling performance calcu lation rules
to take account of different recycling process and technologies, in particular, chemical

recycling. Alongside, an assessment of the impacts as a consequence to the changes in
the definiton of recycling and related calculation rules proposed is also performed , which
can inform the Commission in its policy development work

To this purpose, the study has the following specific  objectives:

- Perform a literature review of the d ifferent types of existing and emerging
technologies ( hybrid recovery/recycling processes that currently fall outside the
scope of the definition due to their primary goal being energy/ fuel production or
that have multiple outputs including fuel or other means to generate energy
alongside producing recycled materials), in particular considering the quality of the
output materials.

- Perform a literature review of how quality of recycling i s currently understood at
the technical and scientific level (state -of-the -art).

- Propose recycling calculation rules for hybrid recovery/recycling processes applying
them on selected waste streams as case study ( e.g., chemical recycling of
packaging plasti cs or plastic waste).

- Propose a definition  of quality of recycling and options on how to operationalise it
in the definition or by means of supporting measures

- Estimat e the (possible) impacts of changing the calculation rules for measuring
recycling perf ormanc e.

The technical proposals are submitted to and discussed with  a wide range of stakeholder s
during dedicated consultations , which are summarised in this document . Notwithstanding
this, the present document cannot be regarded as the official opinion of the European
Commission regarding the revision of the definition of recycling and does not constitute

any commitment by the European Commission to start work on the r evision of the
definition.



3 Recycling processes: state -of -the -art

Recycling processes are typically distinguished between mechanical/ physical ( e.g.,
mechanical recycling of plastics), chemical ( e.g., chemical recycling of plastics, tyres, wood
waste, bio -waste), and biological ( e.g., anaerobic digestion, composting, other
fermentation -based processes) processes. The different types of recycling pathways can

be summarised as follows:

- Mechanical/ physical recycling: it refers to operations that aim to recover m aterial
from the waste using mechanical /physical processes (washing, grinding,
separating, drying, etc  .). These operations do not alter the polymeric structure of

the waste.

- Chemical recycling: it refers to operations that aim to recover material, substanc  es
and products from the waste by change s to its chemical structure  using chemical
processes .

- Biological recycling: it refers to operations that aim to recover material, substances
and products from the waste by break ing down its chemical structure using

biological processes (e.g., enzymatic hydrolysis, biological oxidation, fermentation)

An overview of the common and emerging recycling techniques for the various material

fractions composing MSW are presented in sections 3.1 and 3.2. We focus on bio -waste,
glass waste, metal waste, paper and cardboard waste, plastic waste (including
biodegradable plastics) , wood waste, textile waste, bulky waste, and composite materials.
Recycling of batteries, waste electrical and electronic equipment and hazardous household

waste is not included here because they are investigated thoroughly in other ongoing JRC

studies.

3.1 Established recycling processes

Recycling of bio-waste

Bio-waste (fo od and garden waste, green cuttings) is typically recycled via biological
recycling through composting or anaerobic digestion. Both treatments could be optionally
preceded by a pre -treatment stage where the collected bio -waste is sorted ( e.g., using
magnet s and screening technologies) to remove unwanted items, such as packaging, bags,

and other mis s-thrown waste materials (sorting). Composting is an aerobic process
whereby, through mechanical processing (called turning) and /or forced ventilation, the
degrad able organic matter in the bio -waste is converted into carbon dioxide (CO2), water
vapour, and a stabilised organic matter (compost). The latter, after a refining stage for

removal of wood chips and other large non -degraded items ( e.g., non-degraded branch es
or wood fractions of garden waste) that are recirculated into the aerobic process, is then

used as organic fertiliser (soil amendment ) for agriculture , gardening, horticulture
(substituting for fossil carbon peat) or as material for landscaping . In anaerobic digestion,
the fermentation occurs in a closed reactor under anaerobic conditions leading to the

production of two main outputs, i.e. , biogas (composed mainly by methane and CO2) and
digestate (residual unconverted organic feedstock). The former can be used for energy
purposes, via upgrading to natural gas quality or direct combustion for heat and electricity

generation, while the digestate is used as fertiliser and soil improver either in raw form or

after post -treatment. Post -treatments can cons ist of dewatering, drying, fast composting

or more advanced processing techniques to recover high -value NPK fertilisers as detailed
in recent work by JRC  (Huygens et al., 2019; Tonini et al., 2019) . Although not yet widely
established at commercial and market level, more advanced technologies for bio -waste
biologi cal and chemical recycling are being developed, e.g., for the production of animal

feed from bio -waste, bioplastics and other chemical platforms such as lactic acid, succinic
acid, etc. (see section 3.2 for more information on emerging recycling technologies).
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Recyclingofg lass waste

Glass manufacturing plants can use glass cullets together with  conventional raw materials
(limestone, CaCO s, sand, SiO 2, and soda ash, Na2COs) to lower the melting temperature

and, therefore, reduce the energy needed for the production process . The glass waste goes
through a pre -treatment process (sorting) which removes unwanted material ( e.g., paper
or plastic) normally using blown air. Further, metal objects are removed with magnets or

eddy current system separators. Next, the waste flow is sorted by colour through optical
sorting and washed to remove any further impurities. The pre -treated fe edstock is then
crushed and fed in the furnace (together with the primary material) to be melted ,
substituting  conventional raw materials that would otherwise be used (limestone CaCO s,
sand, SiOz, and soda ash , Na2COz). Then, it is finally moulded into new products such as
bottles and jars. Glass does not degrade through the recycling process so it can be recycled

indefinite times.

Recyclingof m  etal waste

The reprocessing of steel is typically occurring via electric arc furnace (EAF) or basic oxygen
furna ce (BOF) (Damgaard et al., 2009) . Prior to EAF or BOF, pre -treatment (sorting)
oper ations take place to remove unwanted items. The BOF process accepts only 25 T 30%

of scrap steel, while the EAF process accepts 100% steel scrap and this is where the
majority of the pos  t-consumer steel scrap ends up . The main steps of the EAF process are
as follows. The scrap is first preheated with the off gas generated at latter steps in order

to conserve energy (and optionally additional fossil energy can be added). Next, the scrap

is loaded in baskets together with lime, which is used as a flux. The furn ace anodes are
then lowered into the scrap. The initial energy to the arcs is kept low, until they are fully
submerged in the scrap at which point the energy is increased until complete melting.

Oxygen can be added to the early stages of the melting to boo st the process. When the
final temperature has been reached, the liquefied steel is tapped into a ladle, and alloying

and deoxidizing compounds are added. After this , the steel is sent for casting to produce
any kind of final product.

Aluminium recycling m  ainly takes place in rotary or reverbatory furnaces; for very clean
aluminium grades, induction furnaces can be used but these take up a very small part of

the aluminium recycling (Damgaard et al., 2009) . For the aluminium collected via MSW,
(e.g., beverage cans and foils), it is necessary to pre -treat the aluminium to remove
contaminant s and de -coat or de -oil the scrap. This improves the thermal efficiency of
recycling and reduces potential emissions from the melting process. After pre -treatment,
the scrap is loaded into the furnaces. There are a number of different furnace setups

depend ing on the quality of the aluminium scrap. From the furnace the melted aluminium

is tapped for either direct casting or sent to another furnace where alloys can be made. In

this process the aluminium is also refined to remove the remaining impurities in th e
product. Typically, the aluminium recycling process only uses around 5% of the energy

needed for the virgin aluminium production, as the alumina conversion in virgin production

is held responsible for the majority of the energy consumption (Damgaard et al., 2009)

Recycling of p  aper and cardboard waste

There are two main groups of repr ocessing of paper and cardboard into pulp: mechanical

and chemical -mechanical re -pulping (Merrild et al., 2009) . Mechanical re -pulping consists
of re - pulping, mechanical removal of large contaminants, refining by washing, sorting, and

milling, mechanical removal of finer contaminants, thickening and optional bleaching, and

final drying. Mechanical pulping is used for production of paper of lower grades. Chemical

re - pulping, in addition to the steps listed above, includes also de -inking to brighten up the
pulp for use in hi gher value paper grades such as printing and copy paper for which such
parameter is important. The process of de -inking involves a chemical step where agents
are added to free the ink from the pulp and a mechanical step of flotation where the

removed ink i s finally physically separated from the rest of the pulp. De -inking normally
occurs after the refining step.
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Recycling of p  lastic waste

Plastic waste can either be recycled through mechanical/physical (also referred to as
O6materi al r ecy cl ) orgclhemicahrecycling. a\itratheufarreer, the molecular
structure of plastic is preserved, while with the latter the polymer chains are converted
into its oligomers, monomers or other basic chemicals such as carbon monoxide, carbon
dioxide, methane, and hy  drogen (Delvaetal.,2019) . In arecent publication, Collias et al.
(2021) distinguishes material recycling into mechanical and physical recycling (i.e.
dissolution or solvent -based recycling), and chemical recycling into depolymerisation,
gasification and pyrolysis as su mmarised in Figure 1. As displayed in Figure 1, these
recycling p rocesses can be further classified into polymer loops, monomer loops, and
molecular loops. Material recycling belong s to the polymer loop as the output obtained

from this reprocessing is the purified form of the same input plastic waste that was
originally fed into the process (Collias e t al., 2021) . Depolymerisation is classified as a
monomer loop as the input plastic waste is converted into its constitutive monomers, while

pyrolysis and gasification are classified as molecular loops as the input plastic waste is

converted into smalle  r molecules or group of molecules (e.g., carbon monoxide, carbon
dioxide, hydrogen, methane) prior to further reprocessing into monomers/polymers

(Collias et al., 2021)
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Figure 1: Classification of recycling technologies for plastic waste, adapted from Collias et al. (2021)

It is worth mentioning that plastic waste may also follow other routes for recovery, which
mightinvolve materialre  covery or recycling to a certain extent along with energy recovery.

Notably, it can be either pelletized or crushed and substitute coke and pulverized coal in

blast furnaces for steel and iron production (Ogaki et al., 2001) . Plastic waste can be
utilised inblastfurnaces to produce heatvia combustion or as reduc ing agent in gasification
due to the production of reducing gases , as carbon monoxide and hydrogen , that reduce
the iron ore into iron oxides (Devasahayam etal., 2019) . When utilised in this application,
both thermoplastics and thermosets can be employed. This type of application benefits the

iron and steel making industry as plastic can increase the productivity, r educe the coke
ratio, decrease the process temperature and, therefore, the energy inputs required , and
cut both harmful and CO 2 emissions (Devasahayam et al., 2019) . Yet, only a share of the
input plastic feedstock is incorporated in the final iron cast as the remaining share is turned

into energy and  off-gas.

Mechanical recycling of plastic waste

Mechanical recycling  (under material recycling;  Figure 1) is only suitable for thermoplastic
materials as thermoset plastic cannot be re -melted. This recycling technology involves
physical processes that can occur either at all or multiple times , and are as follows
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cutting/shredding  into small flakes; contaminant separation (removal of impurities such as
paper and dust via a cyclone); floating (separation into different types of plastic according

to their density); milling (for separate, single -poly mer plastic); washing and drying;
agglutination (after the addition of pigments or additives, the product can either be stored

and sold at a later stage or sent to further processing); extrusion (extrusion to strand);
pelletizing; and, quenching (water coo ling to granulate the plastic and sell it as a final
product) (Al-Salem et al., 2009)

Mechanical recycling is highly dependent on the qua lity of the input waste, which can be
reprocessed into the same product or a similar one if the quality of the input is sufficiently

high after collection and sorting . Furthermore , mechanical recycling can highly be affected

by the presence of contamination of one polymer or another polymer material . Indeed, if
such contaminations are present, the mechanical properties of the final products are
hindered; this can also re sult into reprocessing problems (Delva et al.,, 2019) . As for
mechanical properties, such as crystallinity and mechanical strength, operational
parameters (i.e. , high temperatures and shear forces) during melting and reprocessing can
cause mechanical and thermal degradation of the polymers, affecting the polymer chain

length and distribution (European Bioplastics, 2020) . Other possible problems related to
mechanical recycling are (i) the lack of adequate capacity to process complex materials

into their purified components for their subsequent use, (i) mixing different polymers, and

(iii) the degradation of the plastic during its lifetime due to long -time exposure to external
factors (Crippa et al., 2019; Ragaert et al., 2017)

It should be mentioned that a number of recently published scientific studies and articles
consider dissolution (solvent -based purification) as atype of physical (material)  recycling
because the structure of the polymer is not altered (as mentioned earlier, this is the main
discriminator between chemica | and mechanical process) . The dissolution process consists

in using heat and solvents to dissolve the plastic into a solution of polymers and additives

from which it was originally made from. In the final step, new additives are added to

produce the recyc led plastic.

Chemical recycling of plastic waste

Chemicalrecycling( somet i mes al so ralfamcedreeydling ®) isaprodesswhere
polymer chains are degraded into monomers or other basic chemicals. Chemical recycling

is considered to be lessimp acted by the presence of impurities and mixed plastics . On this
basis, plastic waste streams that cannot be currently recycled via mechanical recycling

could be processed via  chemical processes . Furthermore, the loss of quality that occurs
during mechanica | recycling can be overc  ome with chemical recycling , as impurities can be

removed and polymers equivalent to the virgin ones can be potentially obtained opening
the possibility for infinite recycle loops. Regardless of the environmental superiority of one
technology over the other (still under study), it appears clear that w henever possible
synergies between the se two types of technologies should be envisio  ned (Collias et al.,
2021) . Based on current state -of-the -art knowledge (Ragaert et al., 2017) , chemical ly
recycled polymers  appear to be more expensive than  the virgin ones as the  plants are not
yet optimised cost -wise and would function only at large -scale. Yet, this may change with
technology development and economy of scale. More details on the technologies for
chemical recycling are given in section 3.2.

Recycling of  compostable plastic waste

Compostable plastic refers to plastic materials that can be converted by microorganisms
into natural substances such as water, CO2 or methane, and biomass , without the need of
additional additives . The most important feature that distinguishes  compostable plastics

fromnon -compostable plasticis the degradation time, which can span from several months
to several years for the former and last for hundreds of years for the latter. It is noticeable

to mention that the degradation time strongly depends on the conditions of exposure
during disposal ( e.g., temperature, pressure). It is important to highlight that compostable
does no t mean necessarily  bio-based (i.e., produced from renewable resources ), since

13



there are (both fully and partially) fossil -based plastics that are  compostable , such as

polybutylene adipate terephthalate (PBAT) and polycaprolactone (PCL ) (Di Ba rtolo et al.,
2021) .

Compostable plastics can be recycled similarly to plastic materials via mechanical and
chemical recycling, but additionally also via biological recycling since they can be broken
down into simple compounds through microbial action. Mechanical recycling is rarely used

on a commercial scale for compostable polymers. It can cause thermal and mechanical
degradation of the material leading to a lowering of molar mass or cross -linking
compromising certain properties of the products , such a s the tensile strength, tensile

strength at break, melt flow index, impact strength or the thermal stability (all decreasing

normally with increasing number of extrusion cycles). Possible solutions might come from

composites of compostable polymers as addi tives to a neat material (natural fillers)
(Sikorska et al., 2021) . Also, compostable plastics might cause problems when they
interfere (unintentionally) in the mechanical recycling of non -compostable plastics (e.g.,
polypropylene, PP), decreasing mechanical and therma | properties due to immiscibility and
incompatibility of blends. Thus, it is important to separate compostable plastics properly.
This can be achieved by employing novel processes to detect compostable polymers ( e.g.,
in the PP recycling process) such as the Fourier t ransform infrared spectroscopy Ltis
important to highlight that mechanical recycling of bio -based polymers (i.e., chemically
identical to their fossil -based counterparts T r ef err ed -a % d@ded mob influence on
recycled petrochemical p olymer properties and can be managed in the conventional
processing and recycling streams without adaptation

Chemical recycling is an interesting end -of-life option for materials that cannot be
mechanically recycled, and depends on the affordability of pr ocesses and the efficiency of
catalysts (see section 3.2). It has not been implemented for large -scale postconsumer
recycling. This option applied to compostable pol ymers includes thermal and chemical
processes, being chemolysis the most common one. Chemical depolymerisation requires
reactants (such as solvents to break the bonds of polymers), heat and catalysts, and a

clean and homogeneous polymer waste, such as sing le stream of polylactic acid or
polyhydroxyalkanoate (PLA or PHA, respectively). Yet, it is almost impossible to
differentiate and separate compostable polymer materials ( e.g., PLA) from non -

compostable plastics(  e.g., PET) using visual discrimination sinc e they are very similar. The
use of labels is crucial for overcoming this issue; by employing them, PLA can be collected

as a separate waste stream and recycled in a profitable way. Thermochemical processes

(and in general waste -to-energy) with energy reco  very have already been implemented
for compostable plastics  (Di Bartolo et al., 2021)

Biological recycling includes composting, either industrial or domestic (home -composting),
and anaerobic digestion (either wet or dry) . The requirements on industrial compostability
of plastic packaging and non -packaging plastics have been introduced by two harmonised
standards (EN 13432:2000 and EN 14995:2006, respectively) that set the criteria
(disintegration, thickness, chemical composition, heavy met als, etc.) for assessing the
suitability. The testing methodologies to evaluate biodegradability are also set in official

standards ( e.g., EN ISO 14855) (Di Bartolo et al., 2021) . For home composting, it is yet
to be specifically described by EN harmonised standards (i.e., EN 17427 and EN 17428),

since conditions are not as controlled as in industrial composting and they vary greatly

depending on the installation. The use of labels and logos that identify compostable
products are common, and different independent certification bodies carry out certification
(Hann et al., 2020) . Thus, those products may be collected with bio -waste, if legally

allowed in the Member State 3, and directed to biological recycling without removing the
remains of their content. It is important to highlight that each component of the
compostable product should be compostable, and materials combining non -compostable
and compostable polymers should not be collected together with bio -waste. The use of
compostable additives in their composition is also required. While anaerobic digestion may

3 For example in Germany only compostable plastic bags are allowed to be collected with biowaste (no other
compostable packaging).
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be appealing for compostable plastics because of the energy recovery (Di Bartolo et al.,
2021) , as opposite to direct composting, the effective degradation of the material in the
digester is not guaranteed (it depends on the retention time) and the plastics may be

sorted out prior to entering the digester to avoid clogging or failures.

Recycling of  w ood waste

Wood waste is typically recycled via mechanical processes . The collected wood waste is
transported to the recycling plant where , at its arrival, the input stream is weighted and a

visual inspection is performed to assess the degree of quality o f the waste and the type of
wood. Then, the wood waste is cleaned , shredd ed into chips and then flakes, dried , and
cleaned again. The flakes are screened according to their size, which depends on their

future use. For example , larger pieces are used to mak e furnishings, whereas small wood
fibres are utilised to produce ani mal beddings. It is noticeable that 80 -90% of the flakes
are later used to produce particleboard . Specifically, particleboard is produced from wood
waste suitable for recycling, which is s hredded and dried. Then, the dried chips are pressed

and organic resins are added to form a solid mat, known as particleboard (Faraca, E djabou,
et al., 2019)

Wood waste can undergo also biological recycling, specifically through composting. When
composting wood waste, it is necessary to add to the waste a source of moisture and
nitrogen. Before being composted, in general, the waste is shredded; this is particularly
important for wood waste as it is inherently difficult to break it down due to the high levels
of lignin  (WRAP, 2007) . Furthermore , wood waste can also contain preservatives and
biocides that further ~ slowdown the composting process , ultimately affecting the technical
feasibility and economic cost of the plantitself  (WRAP, 2007) .

Recycling of textile waste

Prior to its recycling, textile waste undergoes a first pre -treatment which consists in
identifying the textile materials. This is considered as the most challenging task since
fabrics and textiles have a complicated structure. The most promising technologies
implemented to perform this task are near -infrared spectroscopy and chemometric, and
nuclear magnetic resonance (Damayanti et al., 2021) . After being sorted,t  extile waste can
be recycled via mechanical, chemi cal, biological , and thermal processes.

Mechanical recycling is among the easiest and cheapest technologies . It can be classified
into sever al different method s according to the degree of breakdown that the textile waste

has to undergo, such as fibre, fabric, polymer, and monomer recycling (Damayanti etal .,
2021) . For natural fibres (such as wool and cotton), textile waste is shredded, blended and

combed, and, finally, spun into a yarn. However, the yarn obtained is generally of lower
quality relative to the corresponding virgin one as shredding result s in short fibres of lower
quality and strength . Because of this, recycled cotton needs to be mixed with virgin cotton

fibres to improve its quality (Damayanti et al., 2021) . For synthetic fibres (such as
polyester), the process consists in shredding the textile waste, granulate it and form plastic

pellets (nurdles). The plastic pellets undergo further processes so that they can be melted,

extruded and spun into new f ibres . However, textile waste contains a large variety and

amount of different fibres, which cannot be effectively recycled via mechanical processes.
Finally , specifically for the case of blended fabrics (such as polyester -cotton) , mechanical
recycling seems to cause deterioration of the natural fi bres, while not provoking the same

detrimental effects on the synthetic ones . Forthis, chemical recycling appears as a possible
alternative treatment (Damayanti et al., 2021)

Chemical recycling of textile waste comprehends pyrolysis, gasification, ammonolysis, and
glycolysis, which are described as follows (Damayanti et al., 2021)

- Pyrolysis: this technology does not require pre -treatment and, therefore, can accept
multi - material textile waste. The outputs of this process are syngas (used as direct
fuel or as raw material to produce hydrocarbon and alcohols); a liquid product
(mono -polyaromatic and oxygen compounds containing hydrocarbons such as
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alcohols, aldehydes, ketones, and carboxylic acids ), which composition depend s on
the operational temperature; and a solid product (the char can be used as a primary

filler or a hybrid filler, or as graphene oxide in concrete composite applications).

However, pyrolysis r equires high temperatures and, ther efore, high energy
consumptions (Damayanti et al., 2021)

- Gasification: this technology can potentially be fed with mixed textile waste. The
desired product of the process is syngas, which includes compounds such as
hydrogen, COz2, carbon monoxide, and methane, while ethylene and ash can be
formed as by -products. As for pyrolysis, the reactions occurring during gasification
require high temperature, resulting in signi ficant energy consumptions  (Damayanti
etal., 2021)

- Ammonolysis: this process in the primary depolymerisation method used for nylon
6,6 and nylon 6 mixtures. The p rocess consists in heating the mixture with ammonia
at high temperature and pressure to obtain monomers and water, the latter
inhibiting t he conversion of amides formed as intermediates to nitriles. Therefore,
the water is removed to allow the full convers  ion into nitriles. This may be achieved
by passing ammonia through the reaction zone and then passes to a subsequent
chamber as the ammonia is not condensed with the monomers (McKinney, 1994)
The downsides of this process are that it generates a mixture of primary and
secondary amines, it applies a toxic solvent (i.e. , ammonia), and requires high
temperatu re and pressure (Damayanti et al., 2021)

- Glycolysis: this process can be used to convert large molecules into small molecules
and it is largely used for PET fibres and polyurethane. The process is characterised
by low energy consumption, but it has low selectivity and can result in a slow
process if no catalysts are use d. Efforts are focused on developing an eco -friendly
and high -performance catalyst (Damayanti et al., 2021)

Biological recycling  of textile waste  consists in enzymatic hydrolysis. The recycling process
is precede d by a pre-treatment, whichis a crucial step as it affects the yield of the recycling
process. The pre -treatment can be done employing acid, alkaline or ionic liquids. Acid pre -
treatments utilise sulphuric and phosphoric acid and can break the polymeric structures

into monomers, thus increasing the avai lability of cellulose and, therefore, increasing
biodegradability. However, this process can lead to the production of side products (such
as furfural), it is costly and requires corrosion -resistant equipment. Alkali pre -treatments

use bases such as calciu m, ammonium hydroxides, sodium, and potassium. This type of

pre -treatment improves the solubilisation of lignin and decreases the crystallinity of

cellulose by increasing its digestibility, resulting in high glucose yields and reduced
formation of fermenta  tion inhibitors. Finally, ionic pre -treatments are considered to be
more environmentally friendly as they dissolve the cellulose at moderate temperature

without degrading the solvent or the cellulose. After the pre -treatment, hydrolysis occurs

in the prese nce of large amounts of  water and cellulases (catalyst), which are usually a
mixture of three types of enzymes each of which has a different role in the enzymatic

process: (i) endoglucanases degrades the cellulose chain by increasing the number of
accessibl e end parts; (i) exoglucanases degrades cellobiose at both ends of the chain, and

(iii) beta -glucosid ases depolymerises the disaccharide cellobiose into monosaccharides
units . Afterwards, textile waste as cotton, polyester, nylon, and silk can be degraded
through five different fermentation processes: (i) simultaneous saccharification and
fermentation to convert sugars into ethanol; (i) separated hydrolysis fermentation to
produce bioethanol;  (iii) semi -simultaneous saccharification and fermentat ion to produce
bioethanol; (iv) consolidated bioprocessing; and, (v) submerged fermentation (Damayanti
et al.,, 2021) . It should be noticed that biological recycling converts textile into products
other than textiles (see above: bioethanol, cellulose, and derivatives such as biogas).

Thermal recycling of textile waste occurs via hydrothermal processes. The hydrothermal
process is among the most promising technologies to degrade carbon -polymer waste and
organic components into a liquid, solid and gas phase. These can be later used to produce

industrial chemicals. Hydrothermal recycling does not require any pre -treatment and
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utilises water as the main constituent of the reaction. According to the method employed
to utilis e water, five different processes can be distinguished: (i) hot water extraction, (i)
pressurised hot water extraction, (iii) hot liquid water treatment, (iv) hydrothermal
carbonisation,and  (v) hydrothe rmal liquefaction.  The main drawbacks of the hydrothermal
process are high temperatures and pressures (despite being relatively lower than the ones

required for pyrolysis and gasification) and low reaction times (Damayanti et al., 2021)

Recycling of bulky waste

Bulky waste refers to all MSW that cannot be managed through the collection system in

place due to size, shape or weight issues. Being bulky waste highly het erogeneous, this is
sorted at dedicated centres to segregate recyclables such as plastics, paper and cardboard,
metals, wood waste through manual sorting, manual sorting belts and/or automatic

processes ( e.g., air flow or optical separators) (URBANREC, 2020) . As follows, examples
based on the URBANREC project are provided (ECOFRAG, 2019) :

- Wood from furniture undergoes manual separation, cutting and fragmentation and
it is then used for wood plastic composite applications.

- Foam mattresses can be composed of polyurethane or latex. If present, springs and
metal parts are detached and sold, then the foam is fragme nted to obtain a product
of high quality that can be used for fabricating new mattresses, while polyurethane
foam can be converted into adhesives through glycolysis, and textile parts can be
used to produce textile applications, suc h as needlefelts and com  posites.

- Tyres are fragmented, and are then separated into metal parts, textile parts and
rubber. Textile parts can be used in textile applications.

- Jute carpets and polyamide carpets are separated into their front and back parts.
As back parts contain great amounts of glue, only front parts can b e used for textile
applications.

- Artificial grass has a similar composition to that of carpets. This waste is separated
into a front and a back part; the front parts composed of polyethylene (PE) can be
used fo r synthetic textile applications.

Composite materials

Composites materials are polymers that are reinforced with high stiffness and strength
fibers, such as carbon fibers and glass fibers (Cembureau & EUCIA, 2019) . Composite
materials can be recycled through either mechanical, thermal, or chemical technologies.

Mechanical r ecycling can be applied to glass fibres (Technology readiness level - TRL - 9)
and car bon fibres (TRL 6 -7). This technology is effective, it requires low energy inputs and
runs at low costs. Yet, this process drastically reduces the value of the recycled m aterials,

namely short fibres and ground matrix poweder that can be used as reinforcement or fillers,
respectively (Assocompositi, 2022; WindEurope, 2020)

The ther mal technol ogies that can be empl oyed for cor
classified in mature (i.e. , pyr olysis) and emerging (i.e. , gasification, depolymerisation, and
high voltage pulse fragmentation) . Pyrolysis allows the recovery of the fibres as ash and

of the polymer matrix as hydrocarbon products. The recycled outputs can be used as

additives and fillers, yet the value of these recycled materials decreases due to the high
temperatures employed in th e process. Further, pyrolysis requires high investment and
running costs and is currently economically viable for carbon fibres only. High voltage pulse
fragmentation (TRL 6) is an electro -mechanical process that effectively divides fibres from
matrices wi th the use of electricity. Compared to mechanical recycling, high voltage pulse
fragmentation allows obtaining longer and cleaner fibres that, hence, have higher value.

However, only short fibres can be recovered at high quality, which requries high levels of
energy. Depolymerisation (TRL 7) is a two -step process: in the first step, CO 2 is used to
recov er the fibres, while in the second step organic residues are removed while recovering

the resin. Gasification (TRL5  -6) has the peculiarity of being a proces s able to treat mixed
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materials; however, the fibres obtained as recycled material are more degraded than the
ones obtained through pyrolysis  (Assocompositi, 2022; WindEurope, 2020)

Finally, composite materials can be also treated through cement co-processing (TRL 9).
The g lass fibres can be used as a component of cement mixes (or cement clinkers), while

the polymer matrix is burned as fuel for the process (refuse -derived fuel) reducing the
carbon footprint of cement production (Assocompositi, 2022; WindEurope, 2020) . As the
process both recov ers energy and partially mass, it is not yet clear from the current
definition of recycling whether the output of  such a technology can be  defined as recycled
(and the related processing as recycling), to some extent.

3.2 Emerging multi -output  recycling proc esses

This section summarises the literature of studies dealing specifically with e merging multi -
output processes (earlier introduced inthe section 3.1) for MSW treatment . Multi -output
technologies are here intended as technologies that convert input -waste into multiple
products, e.g., chemicals, materials, fuels and energy. To this category belong different
types of emerging technologies, which  could be based on chemical, biological or thermal
processing. In the following sub -sections we focus  specifically on chemical recycling
(mainly treating  polymeric waste such as plastic , wood and tyres ) and advanced biological
recycling (i.e., biorefineries) . Notice that th e scope of the review is on literature studies
published after year 2010 and that provid e quantitative technology data to detail the
processes in terms of input of resources, materials, energy and outputs of materials,

energy and emissions based on either primary or secondary technology data . Studies
providing a general overview/review of pathways and processes, while considered as

valuable background information (e.g., to define qualitatively the processes) , have not
been considered for retrieving quantita tive data in the following sections.  Furthermore,
studies focused on very specific agro -industrial biomasses or biomass residues ( e.g.
cassava, spent coffee ground, citrus waste) or lab -based experimental studies have also

not been considered in the revie w.

Chemical and other advanced recycling  of plastic waste

Chemical recycling can broadly be defined as the collection of therm al and/or chemical
techniques that break down polymeric feedstock ( e.g., plastic, tyres, but also wood or food
waste) into its constituent parts, i.e. , monomers, oligomers or heterogeneous hydrocarbon

mixes for different applications ( e.g., production of virgin  -like polymers, chemicals, or
fuels). Notice that, while  chemical r ecycling is largely employed in reprocessing plastic
waste, the literature review conducted on life cycle assessments (LCAs) o f chemical
recycling alsorevealed studiesconcerning other waste streams,i.e. , food and wood waste ,
which were also included. Finally, notice that as thermal techniques are included within
chemical recycling, hydrothermal carbonisation is also reported as a possible re-processing
technique for food wastein  Table 2.

With respect to plastic waste, t he use of chemical recycling is often seen as an alternative

to mechanical recycling, which suffers from technical downsides such as its inability to treat
contaminated or low quality streams, or to separate the additives that are present in plastic

waste, or the limited number of re cycling loops that a polymer can undergo without
showing structure degradation. Plastcch e mi c al recycling is therefore a
that comprises a number of technologies, which can be divided into different categories

depending on the level of dec omposition that the polymer will be subject to: (i) chemical
depolymeri sation; (ii) thermal depolymerisation ; and, (iii) cracking . Solvent -based
purification , while often classified as chemical recycling (some literature classifies it as a
type of physical (material) recycling as mentioned in section 3.1), does not alter the
polymer structure of the waste. On top of the above -mentioned consolidated chemical
recyclin g processes, a number of emerging technologies are currently investigated. A
summary of the different recycling technologies for plastic waste is shownin Table 1.
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Table 1. Summary of different recycling technologies
PA: polyamide;
polyhydroxyalkanoate

Europe (2019)
terephthalate; PHA:

PC: polycarbonate;

PP: polypropylene; PS: polystyrene; PU: polyur

for plastic waste
PE: polyethylene;

. Adapted from Zero Waste
PET: polyethylene
; PLA: polylactic acid; PMMA: poly(methyl methacrylate);
ethane; PVC: polyvinyl chloride.

Technology Feedstock Output Decontamination Can Maturity
treat
mixed
plastic?
Mechanical PE, PET, PP, | Polymer No Yes Industrial
recycling PS scale
Solvent -based | PE, PP, PVC, | Polymer Yes No Pilot scale
purification PS
(Dissolution)
Chemical de - | PET, PU, Monomer Yes No Pilot scale
2olymer|sat|o PA, PLA,
PC, PHA,
PEF
Thermal de - | PMMA, PS Monomer Yes No Pilot scale
polymerisatio (TRL9)
n (pyrolysis)
Cracking Plastic mix Hydrocarbo Yes Yes Pilot scale
(pyrolysis  or n mix
gasification)
Pyrolysis with Different Hydrocarbo Yes Developm
in-line types of [ nmix ent stage
reforming plastic (TRL 4)
Microwave - Hydrocarbo Yes Laborator
assisted n mix y and
pyrolysis pilot scale
(TRL 4)
Plasma Monomer Yes Laborator
pyrolysis y  scale
(TRL 4)
Plasma All types of Hydrocarbo Yes Commerci
gasification plastic n mix al scale
(TRL 8)

Solvent -based purification (Dissolution)

This type of technologies work s by dissolving the polymer in a specific solvent followed by

the removal of additives and other contaminants through filtration or phase extraction. The
purification process does not change the polymer structure itself but does bring physical

and thermal s tress to it. Additionally, residual additives or solvent s that are not removed
during the purification process may be incorporated in the output , which may affect the
material quality. As mentioned earlier, w hile being often classified under chemical
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recyc ling, i thas been recently argued thatsolvent -based purification should be considered
as physical recycling, thus  equivalent to mechanical recycling , because it goes down to the
polymer level, i.e. , not to its monomers or hydrocarbon mix (Collias et al., 2021; Zero
Waste Europe, 2019)

Chemical depolymerisation

Depolymerisation is the reverse process of polymerisation, i.e. , the decomposition of a
polymer into its monomers. The process usually employs a solvent, which also acts as a
reagent, and it is carried out in the presence of heat and a catalyst. Different types of

depolymerisation processes exist, depending on the type of solvent used. Furthermore,
sub- or super -critical fluids can be used as reaction media for depolymerisation, in which
case the reaction proceed rapidly and selectively (Ragaert et al.,, 2017) . Figure 2

summarises the different types of depolymerisation reactions.

Chemical
depolymerisation

|
[ [ | I [ I |
Methanolysis Glycolysis Hydrolysis Ammonolysis Aminolysis Hydrogenation Sl
y: ycoly ydroly. y! b ydrog critical fluids

Figure 2. Schematic summary of chemical depolymerisation reactions

Thermal depolymerisation

This type of processes involve heating the polymer under specific conditions. They can be
classified into four main technologies, namely: (i) Pyrolysis; (i) Gasification;  (iii) Catalytic
cracking; and, (iv) Hydrogenation (hydro -cracking).

Pyrolysis is the process whereby a hydrocarbon mix or, less commonly, a monomer is

obtained from heat ing the polymer between 400 -600 °C in the absence of oxygen. Water
may be present in the pyrolysis process (hydropyrolysis). In principle, pyrolysis can h andle
any type of plastic feedstock; however, maintaining a certain costant quality of the output

may require selected pre  -treatments and sorting of the input to reach a certain feedstock

quality. From the literature it appears that polyolefins are best su ited to this application.

In gasification processes, the polymer is also heated but in this case a t higher temperatures
(700 -1500 °C) and in the presence of a controlled amount of both oxygen and water (Zer o
Waste Europe, 2019) . The main product of gasification is syngas (H 2 + CO), plus small
amounts of other gases such as methane and CO 2. Similarly to pyrolysis, gasification can
virtually handle any type of plastic feedstock.

A third group of processes within the thermal depolymerisation family fall s into catalytic
cracking, which involves adding a catalyst to a pyrolysis process thereby increasing the

rate at which the pyrolysis reactions proceed while reducing the process temperature to
30017 350 °C (Solis & Silveira, 2020) . At the same time, the yield of products with higher
added value can be increased by employing the right catalyst. The main drawbacks of this
technology lies in the cost of the catalyst and its tendency to suffer from poisoning by
contaminants present in the mixed waste plastic stream.

Finally, hydrogenation, also known as hydro -cracking, involves the addition of hydrogen to

the cracking process at elevated pressure up to 70 atm (Solis & Silveira, 2020) , which
increases the yield of certain products. The biggest obstacle s in implementing this
technology are the cost of hydrogen and high capital and operational expenditures
(Manguch et .al., 2021)

Among the emerging technologies, we acknowledge: (i) mircrowave -assisted pyrolysis, (i)
plasma pyrolysis, (iii) pyrolysis with in  -line reforming, and (iv) plasma gasification.

Microwave -assisted pyrolysis involves the addition of dielectric material or absorbents
(e.g., activated carbon, graphene or silicon dioxide) to the plastic waste. This technology
can solve two main drawbacks of conventional pyrolysis, namely high energy requirements
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and slow reaction times. Yet, this emerging technology suffers from imprecise temp erature
measurements, difficult to disperse the microwaves properly, non - uniformity of the heating
process, it requires large amounts of feedstock volumes, and, finally, it is still unknown the

role in the heating efficiency of the dielectric material as w ell as the efficiency of the
microwave design. The technology has been developed at laboratory and pilot scale only

and, therefore, it has been assigned a TRL of 4( Manguch et .al ., 2021)

Plasma pyrolysis explo its the thermochemical properties of plasma into conventional
pyrolysis to break down entirely plastic waste into monomers to produce syngas (composed

of CO and H 2 mainly) and small amounts of higher hydrocarbons. The process is very fast

(0.01 -0.05 seconds) and requires high temperatures (1730 -9730°C). The high
temperature s employed are able to decompose toxic compounds that may be present in

gas and prevent the form  ation of HCI. The technology has mostly been applied for
hazardous waste and not for recycling of plastic, where it has been only investigated at
laboratory scale (TRL 4) (Manguch et .al ., 2021)

Pyrolysis with in  -line reforming optimises the production of tar -free hydrogen from plastic

waste. The process entails the pyrolysis of plastic in the first reactor and the reformi ng of

the pyrolysis products in the subsequent one. Compared to gasification, the process

requires lower temperatures (500 -900°C) with corresponding  decreased costs in

production, and  avoids the contact between the impurities in plastic waste and the catal yst,

thus minimising the costs of catalysts in the reforming step. The main disadvantage of this

technology is the absence of its application at the industrial scale (TRL 4) (Manguch et al
2021) .

Plasma gasification exploits the heat produced by thermal plasma, which is usually

generated by direct current non -transferred arc plasma torches. The reaction time range S
betwe en 30 minutes to 3 hours while the reaction temperatures can reach 14000°C , and
the process of the plasma gasification is highly dependent on the flow rates of the oxidant,

plasma gas, and stea m streams. The process can tolerate low -quality feedstock while
resulting in high purity syngas with low tar content. Due to the high investment and

operating costs, on top of high energy intensity, needs for adequate waste sorting systems

and limited understanding of the process, the process cannot be currently scale d up to an
industrial scale (TRL 8) (Manguch et .al ., 2021)

Outcome of the | iterature review on LCA of chemical andoth eradvanced recycling

Twelve LCA studies that provide disaggregated input -output inventory of chemical
recycling technologies  for plastic waste reprocessing have been found in the scientific and
technical literature . The assessed technologies include pyrolysis, gasification,
hydrocracking, chemical depolymerisation and solvent -based purification, with TRLs
ranging from 4 to 7. Different input plastic waste fraction s were considered, but most of
them deal with mixed plasti ¢ waste, polyolefins, PET or PLA. As for the outputs from the
chemical recycling process, a wide range of products ha ve been identified. Hydrocarbon
mixes are typically the main products of thermochemical technologies, i.e. , pyrolysis,
gasificationandhyd ro-cr acki ng, while the polymerbés constituent
the products of depolymerisation and solvent -based purification technologies. On top of
these studies, Table 2 includes assessments on chemical recycling of food waste (Albizzati
etal.,,2021a) andwood waste (Ajao et al., 2021; Papageorgiou et al., 2021) by employing
pyrolysis, chemical extraction and hydrothermal carbonisation characterised by TRLs

spanning from 3 to 7. Recycling food waste through pyrolysis or hydrothermal
carbonisation leads to the production of biochar (amending material) and hydro char or
coal -like char (multiple utilisations, e.g., as fuel or amending material), respectively
(Albizzati et al., 2021a) . Inthe study by  Ajao et al. (2021) a mass balanc e and techno -
economic evaluation of chemical extraction of wood waste and production of tannins

extracts, lignin  -based polyurethane foam and cellulose -based composites was performed.
While the technology is at a lab -scale, the analysis was complemented wit h the AspenPlus
simulator to estimate full -scale production flows and costs. Little information is however
provided on the outputs quality. Finally, Papageorgiouetal. (2021) studied the production
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through pyrolysis of biochar (25% of the wood waste in input) and syngas (75% of the
wood waste in input) from wood waste for soil remediation; literature data and simulations
were used by the authors to perform the mass -balance exercise (see  Table 2).

Table 2 summarises the reviewed studies with details on the type of waste treated, the

chemical recycling technology and its TRL, as well as the main inputs/ outputs of the
process. Table 2 isfollow ed by a brief summary of the environmental assessment results,
when available from the studies analysed.

Table 2. Overview of literature studies providing techni cal data on chemical and other advanced
recycling technologies treating plastic waste , food waste and wood waste as input -feedstock. MPO:
mixed polyolefins; MPW: mixed plastic waste; PE: polyethylene; PET: polyethylene terephthalate;

PLA: polylactic acid; PP: polypropylene; PS: polystyrene; TRL: Technology Readiness Level
(estimated , when possible ). Data are expressed on a wet weight basis, unless differently specified.

Study Input Technology and Outputs (kg/kg waste
wast TRL input)
e
Al-Salemetal. (2014) MPW Low temperature Gases (C 31 Ca) 0.147 kg/kg

pyrolysis, TRL6& -7 1 | auid (Naphtha) 0.265 MJ/kg

Wax 0.448 kg /kg

CaO 0.04 kg/kg

CaCl2 0.017 kg/kg

Steam 1.48 MJ/kg

Sand and coke 0.076 kg/kg
Waxy filter (deposit) 0.046

ka/kg
Al-Salem et al. (2014) MPW Hydro -cracking, Syncrude 0.822 kg/kg
TRL6-7 Methane 0.09 kg/kg
HCI 0.005 kg/kg
CaClz 0.0041 kg/kg
Solid waste 0.05 kg/kg
Residue 0.066 kg/kg
Civancik -Uslu et al. PP, Hydro -cracking, Dependant on input waste.
(2021) PE, TRL 6 Mainly hydrocarbon mix.
PS,
MPO
Cosate de Andrade et PLA Chemical PLA 0.97 kg/kg
al. (2016) depolymerisation,
TRL 4
Cossu etal. (2017) MPW Gasification, TRL Electricity 24% eff. LHV
6-7 Heat 22% eff. LHV
Demetrious & Crossin MPW Two -stage Syngas 0.82 kg/kg
(2019) pyrolysis -

Residue 0.048 kg/kg
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gasification, TRL 6
7

Faraca, Martinez - MPW Pyrolysis, TRL6 -7 Pyrolysis oil 0.66 kg/kg
Sanche z, etal. (2019) Steam 0.103 kglkg
Residues 0.069 kg/kg
Jeswani etal. (2021) MPW Pyrolysis, TRL6 -7 Pyrolysis oil 0.637 kg/kg
Steam 1.2 MJ/kg
Electricity 0.28 MJ/kg
Residues 0.07 kg/kg
Khoo (2019) MPW Pyrolysis, TRL6 -7 Diesel 0.65 kg/kg
Khoo (2019) MPW Gasification, TRL Ethanol 0.278 kg/kg
6-7
Maga etal. (2019) PLA Chemical PLA 0.8 kg/kg
depolymerisation,
TRL 4
Maga etal. (2019) PLA Solvent -based PLA 0.9kg/kg
purification, TRL 4
Perugini et al. (2005) MPO Low temperature Gas fraction 0.147 kg/kg
pyrolysis, TRL.6 -7 Heavy fraction (waxes) 0.448
ka/kg
Light fraction (liquid) 0.265
kg/kg
CaO/CaCl 2 0.057 kg/kg
Sand 0.076 kg/kg
Residues 0.046 kg/kg
Perugini etal. (2005) MPO Hydro -cracking, Syncrude 0.822 kg/kg
TRL6-7 Methane 0.09 kg/kg
HCI 0.005 kg/kg
CaCl2 0.0041 kg/kg
Residues 0.11 kg/kg
Shenetal. (2010) PET Glycolysis, TRL 4 PET flakes 0.98kg/kg
Residue 0.02 kg/kg
Shenetal. (2010) PET Methanolysis, TRL PET flakes 0.9kg/kg

6-7

Residue 0.1 kg/kg
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Shonfield (2008) MPO Pyrolysis Gas fraction 0.05 kg/kg

Heavy fraction (waxes) 0.45
ka/kg

Light fraction (liquid) 0.26
ka/kg

Residue 0.18 kg/kg

Shonfield (2008) PP, Pyrolysis Diesel oil 0.79 kg/kg
PE, PS Residue 0.16 kg/kg
Ajao etal. (2021) Wood g;?;?:'t?g:] Cellulose -rich residue 0.6 -0.7
waste kg, Effluent 0.03 -0.05 kg,
TRL 3 Lignin 0.1 -0.2 kg, Tannin 0.03 -
0.06 kg
Albizzati etal. (2021a) | Food | FYrosis Biochar (0.23 kg), syngas (0.77
Waste | TRL 6-7 kg)
Albizzati etal. (2021a) | Food Hydrothermal Coal-like char (0.45 kg)
Waste | carbonization TRL
3-4
Papageorgiou et al. Wood Pyrolysis Biochar (0.25 kg), syngas (0.75
(2021) waste | TRL 2-3 ka)
Environmental performance of chemical recycling

In terms of its environmental performance, there is not a clear trend indicating that

chemical recycling is more or less favourable compared with other management options

for plastic waste such as mechanical recycling or energy recovery. It appears clear that
further research is required to support any conclusion with respect to such treatment
hierarchy. Often, the ranking between technologies appears to be strongly dependent upon

the type of waste feedstock p rocessed (i.e. , quality, purity, contamination, etc.), which call

for waste fraction -specific investigations. These shall investigate on how and where
chemical recycling could well complement mechanical recycling, rather than supporting a
supremacy of one  route over the other (as the feedstock processed are often different,

i.e., the two technologies fulfil different functions/services).

With respect to the specific studies short -listed within our review, t he study by Al-Salem
et al. (2014) showed that plastic waste management scenarios including hydro -cracking
and pyrolysis had lower global warming potential (GWP) than those including just
mechanical recycling. A similar conclusion was given by Civancik -Uslu et al.  (2021) , who
argued that hydro -cracking perform ed better than incineration with energy recovery and
mechanical recycling for the analysed environmental impacts (resource consumption, GWP,
terrestrial acidification). However, mechanical recycling perform ed better than hydro -
cracking when the  recycling products can substitute virgin materials in a 1:1 ratio
highlighting that the quality of the derived products is critical to the LCA results . The study
by Shonfield (2008) goes inthe same direction since it demonstrated that the two pyrolysis
scenarios that were assessed had broadly comparable environmental performance in most
impact catego ries and generally performed better than landfill and incineration but worse

than the mechanical recycling options. Similarly , Faraca, Martinez -Sanchez, et al. (2019)
concluded that advanced mechanical recycling provided the largest savings in the highest

number of environmental impact categories, including GWP. In the same study by Faraca,
Martinez -Sanchez ,etal. (2019) , conventional mechanical recycling (a very simple material
recovery facility = complemented with mechanical recycling) typically ranked as the second
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best option , apart from the case of GWP w  here the pyrolysis alternative appeared instead
to be more beneficial because of the high losses involved in such simple mechanical
pathway . In line with this outcome, Perugini et al. (2005) claim ed that the mechan ical
recycling option assessed wa s always environmentally preferable to pyro lysis with the only
exception of energy consumption. It was also found , though , that chemical recycling
(particularly th e hydro -cracking process) had  a number of valuable environmental indices.
Jeswani et al. (2021) demonstrated that chemical recycling of mixed plastic waste via
pyrolysis ha d about 50% lower climate change impact and life cycle energy use relative to
energy recovery from plastic waste . However, for most of the remaining impact categories,
such as acidification and eutrophication, waste -to-energy (WtE) recovery perform ed better
than pyrolysis due to the higher credits received for the recovered energy. Similar results
were obtained by Khoo (2019) . A controversial conclusion was given by Demetrious &
Crossin (2019) who argued that the trea  tment of mixed plastic waste was better met
environmentally by not following the waste hiera rchy, and disposal in landfill wa s
preferable to thermal treatments such as two -stage pyrolysis -gasification.

As for chemical depolymerisation and solvent -based pur ification, Cosate de Andrade et al.
(2016) found that chemical depolymerisation of PLA perform ed better than incineration
with energy recovery for the analysed environmental impacts. However, mechanical

recycling seemed preferable to chemical recycling when the recycling products could
substitute virgin materials in a 1:1 ratio. Similar conclusions where reached by Maga et al.
(2019) , who found that m echanical recycling of PLA resul  ted in lower GWP (277 kg CO  »-
eq./ tonne waste managed ) than both chemical depolymerisation (700 kg CO 2-eq./ tonne
waste managed ) and solvent -based purification (521 kg CO 2-eq./ tonne waste managed ).
In line with  this trend, Shenetal. (2010) claim ed that mechanical recycling of PET waste
had lower impacts than chemical recycling via depolymerisation. However, the authors
acknowledged that fibres produced from chemical recycling could be applied more widely

(in terms of market applications) than fibr es produced from mechanical recycling

Focusing on the case of food waste as feedstock for chemical recycling technologies, recent
studies showed that pyrolysis and hydrothermal carbonisation of food waste lead to
environmental savings ( again of 130 kg CO 2-eg/tonne food waste and 2 kg CO 2-eg/tonne
food waste, respectively ; Albizzati et al., 2021a) despite not being full  -scale. However, the
authors also stressedth  at such savingsarel owerthan whatcould be achieved by managing
food waste with alternative recycling technologies such as anaerobic digestion . For wood
waste, Ajaoetal. (2021) only reporte d economic costs of the technology and Papageorgiou
et al. (2021) assessed the use of biochar produced from wood waste to re mediate
contaminated soil, i.e. , the studies do not provide a comparison between mechanical,
chemical recycling and energy recovery . In general, it should be noticed that, while few
LCA studies are available specifically on wood waste, many deal with more clean and
homogenous streams of lignocellulosic (agricultural or forestry) biomasses.

Advanced biological recycling

Technologies that employ innovative biological recycling technologies are herein intended

as Oadyvanc drdtbe cant®é of this project, we focus on studies that investigated
MSW, municipal organic waste (food and garden waste), and wood waste as input
feedstock “. Please, notice that only studies providing detailed input -output inventory  (in
terms of input of resources, materials, energy and outputs of materials, energy and
emissions , either based on primary or secondary technology data) were retained for the
analysis. Studies focusing on  very specific agro -industrial biomass es or biomass residues
(e.g., cassava, spent coffee ground s, citrus waste) , lab-based experimental studies that
do not provide technology data as well as qualitative reviews were also excluded.

() Key words used for  search: Wood waste refinery, Wood waste biorefinery, Organic waste refinery, Organic
waste biorefinery, Biowaste refinery, Biowaste biorefinery, Food waste high -value products, Food waste
refineries, Food waste biorefineries, Waste refineries.

25



QOutcome of the | iterature review on LCA of advanced bhiological recycling

With respect to food waste, t o date the most  up-to-date and comprehensive study is that

of Albizzati et al. (2021a) that, collecting data from all the food waste -focused studies
published prior to year 2021, assessed the techno -economic, environmental, and economic
performance of advanced biological recycling technologies using food waste as input -
feedstock. The study provides a detailed disaggregated input -output inventory of the
technologies (i.e. , quantitative inputs in terms of fuel, resource, materials and outputs in

terms of products and environmental emissions; estimates of costs and labour are also

provided). With respect to biological recycling, the technologies covered in the above -
mentioned study included processes with TRLs ranging from 3 to 6 (see Table 3). The
outputs of these technologies were animal feed 5, levulinic acid, lactic acid, succinic acid,
sophorolipid, dymethylfuran ( DMF) and hydroxymethyfurfural ( HMF) (all food grade),
polyhydroxyalkanoate (  PHA) and polylactic acid (PLA) (both plastic grade ). A common
denomi nator of all the  biological recycling technologies studied in  Albizzati eta |. (2021a)
is that the abovementioned high -value products are produced alongside biogas and
digestate, i.e. , afuel carrier and an organic fertilising material. Additionally, the amount of

chemicals produced is typically low compared with the amount of biogas and residual

digestate (Albizzati et al., 2021a, 2021b) , as shown in Table 3. From a sustainability
perspective, the results of the stu dy from Albizzati et al. (2021a) highlight ed that the
technologies produc ing chemicals (levulinic acid, lactic acid, succinic acid, sophorolipid,
HMF, DMF, sophorolipid, PHA, and PLA) still need optimisation to be economic and
environmental competitive with those using conventional fossil feedstock. Instead,
biological recyclin g technologies producing protein -feed appeared to be already more
sustainable compared with their traditional counterparts ( e.g., typically soymeal
production). Furthermore, Andreasi Bassi, Boldrin, et al. (2021) investigated the
production of PHA from municipal food waste and wastewater sewage quantifying the

material flows ( Table 3), but also the corresponding environmental and economic impacts

Finally , Tonini et al. (2013, 2014) studied an enzyme -based liquefaction technology
capable to take mixed MSW (e.g., household waste) and produce a port folio of output
products, notably metals, plastics, bioliquid (liquefied organic and paper/cardboard waste
to be sent to anaerobic digestion), and solid residues ( remaining non -recyclable
combustible materials , e.g., wood, shoes, non -recyclable plastics )8. According to the EU
legislation (e.g., Waste Framework Directive as amended in 2018 and Commission

Implementing Decision EC 2019/1004 ), the digestate derived from treatment of not
source -separated MSW cannot be used in agriculture, but may be used for lan d restoration
purposes.
Table 3. Overview of literature studies providing techno -economic data on multi - output biorefineries
treating food and wood waste as input -feedstock. DMF: dymethylfuran; HMF: hydroxymethyfurfural;
MSW: Municipa | Solid Waste; PHA: polyhydroxyalkanoate; PLA: polylactic acid. TRL: Technology
Readiness Level (estimated). Data are expressed on a wet weight basis, unless differently specified.
Study Input Technology Outputs (kg/kg waste
waste input )
Albizzati etal. (2021a) | Food Black soldier flies Protein -feed (0.018 kg),
Waste - based compost, digestate and
treatment TRL 6 biogas
Albiz zati etal. (2021a) | Food Fermentation HMF (0.04 kg), levulinic acid
Waste TRL 4 (0.0079 kg), digestate and
biogas

(°) As targ ets are intended for re  -use and recycling, animal feed derived from food waste is herein considered
despite being a technologgelbelpongifogi Do the Ore

() See full -scale waste refinery established in UK to treat household waste; available at
https://orsted.com/en/our -business/bioenergy/renescience
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Albizzati etal. (2021a) | Food Fermentation DMF (0.022 kg), levulinic

Waste TRL 4 acid (0.009 kg), digestate
and biogas
Albizzati etal. (2021a) | Food Fermentat ion Sophorolipid (0.1183 kg),
Waste TRL 3-4 energy -feed (0.214 kg),
digestate and biogas
Albizzatietal. (2021a) | Food Fermentation PHA (0.009 kg), digestate
Waste TRL 6 and biogas
Albizzati etal. (2021a) | Food Fermentation Lactic acid (0. 055 kg),
Waste TRL 3-4 digestate and biogas
Albizzati etal. (2021a) | Food Fermentation Polylactic acid (0.0275 kg),
Waste TRL 3-4 digestate and biogas
Albizzati etal. (2021a) | Food Fermentation Succinic acid (0.062 kg),
Waste TRL 3-4 digestate and biogas
Tonini etal. (2013, Mixed Enzymatic Metals 0.07 kg , Plastics 0.17
2014) MSW hydrolysis kg, Bioliquid 0.56 kg (for
(liguefaction) further anaerobic  digestion),
TRL 6 and solid fuel 0.2 kg

(remaining non -recyclable
materials; for ene rgy) ’

Andreasi Bassi, Municipal Fermentation, PHA (0.02 -0.024 kg/kg
Boldrin, etal. (2021) food waste TRL 6 municipal food waste)
and digestate and biogas
wastewater
sludge
Environmental performance of advanced biological recycling
Overall, the results of the environmental assessments show that advanced biological
recycling handlin g food waste have the potential to bring increased environmental savings
relative to alternative waste treatment technologies such as anaerobic digestion or
incineration with energy recovery, especially under decarbonised energy systems . This will
likely be the case for the EU in next decades (Alb izzati et al., 2021a, 2021b; Tonini et al.,
2013, 2014) . The reason for this lies in the larger environmental savings achieved via
material and resource recovery, as opposite to maximising the recovery of electricity and

heat in energy -oriented waste installations , asitis the case for incineration and anaerobic
digestio n. Onthe otherhand ,t he assessments performed by Albizzatietal. (2021a,2021b)
also stress the low maturity of some of these processes (notably the biological processes
producing chemicals such as lactic acid, polylactic acid, succinic acid, sophor olipid, HMF,
DMF, and levulinic acid) . The authors suggest the need for further research and
optimisation to reduce the consumption of energy (mainly industrial steam for distillation )
and increase the yield of products from food waste  (currently poor) , wh ich appear to be
the main limitations for making these technologies environmentally and economically
competitive with the conventional production processes (see especially the analyses of
Albizzati etal., 2021b) . Finally, theresults obtainedin  Andreasi Bassi, Boldrin, et al. (2021)
highlighted that it is more beneficial to produce PHA from municipal food waste (and
wastewater sludge) than from polyurethane or first -generation biomass; yet, this
conclusion highly depends on the avoi ded alternative treatment of municipal food waste,

(") The mass balance is expressed on a dry matter basis from Toninietal. (2014) . Plastics include soft and hard
plastics.
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the management of the residues generated at the refinery and the local framework
conditions making these results not generally applicable

28



4 Proposals for recycling calculation rules

4.1 Policy background

According to the Commission Implementing Decision 2019/1004 (European Commission,
2019a) fwhere municipal waste materials enter recovery operation whereby those
materials are not principally used either as fuel or other means to generate energy, or for

material recovery but result in output that includes recycled materials, fuels or backfill ing
materials in significant proportions, the amount of recycled waste is determined by a mass

balance approach which results in t aking account only  of waste materials that are subject

to recycling 0. While the mass balance approach is mentioned in the Comm  ission
Implementing Decision 2019/1004 for MSW and similarly in  Commission Implementing
Decision 2019/665 for packaging waste  (European Commission, 2019b) , howto practically
calculate the recycling material that results fr om multi - output operations such as chemical
recycling processes is still not sufficiently clear. This calls for an improvement of the
calculation rules to calculate the share of recycling for such processes . In this chapter we
propose a framework and a set of rules for calculating the share of recycl ing for processes
that are not well -addressed in the rules provided in Commission Implementing Decision s
2019/1004 and 2019/665, such as ch emical recycling processes.

Pragmatic definitions of the calculation pointsfor mostofthe material s have been provi ded

in both Commission Implementing Decisions 2019/1004 and 2019/665
- For glass, the calculation point is defined as (i) s orted glass that does not undergo
further processing before entering a glass furnace, or (ii) the production of filtration
media, abra sive materials, glass fibre insulation and construction materials.

- For paper and cardboard, the calculation point is defined as sorted paper/cardboard
that does not undergo further processing before entering a pulping operation.

- For metals, the calculation point is defined as sorted metal that does not undergo
further processing before entering a metal smelter or furnace.

- For textiles, the calculation point is defined as sorted textile that does not undergo
further processing before its utilisation for the production of textile fibres, rags or
granulates .

- For wood, the calculation point is defined as sorted wood that does not undergo

further treatment before utilisation in particleboard manufacture.

- For plastic, the calculation point is defined as plastic se parated by polymer that
does not undergo further processing before entering pelletisation, extrusion, or
moulding operations , and plastic flakes that do not undergo further processing
before their use in a final product.

- For waste items composed of multip le materials, the calculation point is defined as
plastic, glass, metal, wood, textile, paper and cardboard and other individual
component materials resulting from the treatment of waste items composed of
multiple materials that do not undergo further proc essing before reaching the
calculation point established for the specific material

Besides, for specific materials, the definition of the calculation point is provided in
Commission Implementing Decision 2019/1004:

- For waste electric and electronic equipm ent ( WEEE), the calculation point is defined
as the WEEE entering a recycling facility after proper treatment and completion of
preliminary activities

- For batteries , the calculation point is defined as the input fractions entering the
battery recycling pr  ocess.

Thus, t he description of calculation point above mentioned for plastic clearly refers to
mechanical recycling and does not fit chemical recycling since not all the materials or
substances derived from chemical recycling may necessarily be used to s ynthesize new
plastics resulting in a closed loop material recycling. Thus, the concept of calculation point
appears not to be appropriate for chemical recycling and similar multi -output tech nologies .

Instead, the mass of material accoenoyededdr fas bédiengudpose
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the targets istheresultof a mass balance that relies on appropriate measurement points 8
on inputs and outputs.

Starting from this, it is needed to establish the system boundaries of the mass balance

(i.e., defining a  mass balance beginning  point and a mass balance ending point ), and to
set in place rule s which would allow  to determine the amount of material recycled. Note
that p rocess losses shall not be accou  nted as part of recycled material, except for inherent
process losses in the recycling process, which would occur regardless of the nature of the

input -feedstock (i.e. , waste or virgin material). These inherentlosses shallnot be deducted
from the recycli ng yield similarly to what proposed in European Commission (2019a) and
European Commission (2019b) for mechanical recycling.

The selection of the system boundaries of the mass balance depends on the definition of

recycling and recycled material , and for certain chemical recycling  processes ( e.g.,
pyrolysis) they are opentointer pretation due tothe complexity of the recycling chain . For
example, in a pyrolysis process, it can be claimed by operators that the pyrolisys oil is a

recycled product if it achieves EoW status (pyrolysis oil from waste tyres is currently
considered a product by REACH (status: intermediate substance, not waste) ). Having this
in mind, one may argue that the system boundaries of the mass balance could be placed
earlyinthe recyclingvalue chain, i.e., afterthe pyrolisys when the pyrolisys oil is produced

This would clearly lead to a higher yield when compared to a mass balance that includes

the whole waste -to-polymer (or -monomer) process, and it would neglect possible losses
and fuel production  that certainly occur later in the  conversion process (at the refinery)
Thus, the selection of the boundaries have clear implications in the recycling yield
calculation and the reported recycled material.

Having in mind the o bjectives of the circular economy and the spirit of recycling, aiming at
maximising material recovery, the best practice would be to include the whole recycling
value chain in the system boundaries and report the recycled gquantities at the level of the
dinal 6transformation  to monomers or polymers .1 ncasethisisnot possible , the traceability
of the material have to be acknolewdge d and one of the options explained later could be
implemented (section 4.3). The example depicted in Figure 3 shows the ideal mass balance
for a pyrolysis process where the system boundaries include the whole recycling value
chain and five different measurement points are needed to quantify the inputs of both

waste and virgin feedstock, as well as the different outputs of the process. It is necessary
to distinguish betwee  nwaste and virgin feedstock soasto correctly estimate  the recycling
yield from waste (see section 4.2).

8 Note that herein measurement point does not strictly refer to the definition stated at the Commission
Implementing Decision 2019/1004 (European Commission, 2019a) where it refers to

it he

materials measured with a view to determining the amount of

refers to a general measurement point for di fferent materials (i.e., waste, non -waste, intermediates)
necessary to conduct the mass balance.
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Figure 3: The recycling value chain of plastic waste thermally treated with pyrolysis. The figure shows the  mass balance beginning and ideal ending points
and the measurement points (MP) at different positions of the value chain. MPs are the points  where the mass of materials is measured with a view to
determining the amount of recycled material  at the mass balance ending point . Notice that the ending point of the mass balance may as well be positioned

earlier if the monomers are sold as recycled ma terial (i.e. , recycled outputs include also materials other than polymers)

31



In the following sections  , different chain of custody models are described (ISO 22095) and

a suggestion for the mathematical implementation of the mass balance model is provided,
setting the rules for calculating the share of recycling. While this is generally applicable to
all processes, it is especially relevant for complex multi -output chemical recycling

processes, such as pyrolysis and gasification

4.1.1 Chain of custody models

The fo llowing sections are largely taken from ISO 22095 (ISO, 2020) and are intended to
provide an overview of the different models a vailable. 1SO 22095 details terminology and
principles of the models that can be used to control inputs and outputs and associated
information in a particular chain of custody system . ISO 22095 states that t he

organization s conforming to ISO 22095 shall establish and implement one or more of the

chain of custody models for all materials or products with specified characteristics and shall

be transparent about the model chosen. The organization shall only use the same chain of

custody model as its su  pplier or a model with lower physical presence (of the specified
characteristic in the output ; see Figure 4). The list of (chain of custody ) models, ranked
from highes t to lowest physical presence of the specified characteristics is illustrated in

Figure 4. It should be noticed that in the fibook and claim model 0 the administrative f  low
is not connected to the physical flows throughout the chain of custody . T herefore , within
the same chain of custody, it is not possible to switch from the fibook and claim model 0 to
other chain of custody models.

High overall Low overall No physical
physical physical presence
presence presence
Identity
preserved

<

b Segregated

=

>

]

S

o Controlled

g blending

b

S

'E Mass balance

=

Book and claim

Figure 4. Chain of custody models ranked according to the physical presence of specified
characteristics (taken from ISO, 2020) .

The different models are defined as follows:

- ldentity preserved model : Chain of custody model in which the materials or
products originate from a single source and their specified characteris tics are
maintained throughout the supp ly chain . The material or product can be traced all
the way back to the source from which it originates. This model is applicable when
there is no mixing of materials in input.

- Segregated model : Chain of custody model in which specified characteristics of a
material or product are maintained from the initial input to the final output. A ddition
of material with different characteristics and/or grade to the input is not allowed.

Commonly, material from more than one source contributes to a chain of custody
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under the segregated model.  This model is applicable when there is no mixing of
materials in input.

- Controlled blending model : Chain of custody model in which materials or products
with a set of specified characteristics are mixed according to certain criteria with
materials or products without that set of characteristics resulting in a known
proportion of the specified characteristics in the final outpu t (also called ‘'single
percentage method' ).

- Mass balance model : Chain of custody model in which mate rials or products with a
set of spe cified characteristics  are mixed according to defined criteria with materials
or products without that set of characteristics. The proportion of the input with
specified characteristics might only match the initial propor tions on average and
will typically vary across different outputs. It derives that there is no way to confirm
the physical presence of the materi akg,wtheh fAspec
recy cled material) in the output -product from the process. Two implementation
methods are specified: (i) rolling average percentage method; (ii) credit method.
The rolling average percentage method is based on the use of a fluctuating
proportion of input , bearing specified characteristics , entering the organization ov er
a defined claim period, allowing a claim of an average percentage to be made for
the output over the claim period. The organization (i.e., company running the
processing facility)  shall calculate the average percentage of the inputs and outputs
for each material or product. For each material or product, the organization shall
define claim periods, which shall reflect the input in relation to the output. These
input and output claim periods shall not exceed the specified timeframe. Int he
credit method the recorded output amount of each type shall be equivalent to the
physical input, taking into account a conversion factor.  Such conversion factor shall
be defined within each material or product at each processing site. The credit
account balance shall be ¢ alculated for each balancing period (see details in  1SO
22095 ). The balancing period shall not exceed the evaluation period and should be
as short as possible. The length of the balancing period shall be evaluated
considering the varying needs of different sectors and the desired effectiveness of
the system.

- Book and claim model : Chain of custody model in which the administrative record
flow is not necessarily connected to the physical flow of material or product
throughout the supply chain . This chain of custody model is also referred to as
ocertifiicagemodado oringoediThet badk and cl ai m moc
ensure that for each purchase for which a claim is made, materials or products with
the same specified characteristics have been produce d. The book and claim model
is most suitable for intangible physical materials or products (e.g.,, green
electricity) and in circumstances where the entire market is controlled.

4.1.2 Application of chain of custody models for recycling technologies

Based on th e feedback from researcher s and stakeholder s, Eunomia Research & Consulting

Ltd (2022) summarised the relevant ¢ hain of custody models application s for recycling

technologies (see Table 4). Both the fidentity preserved model 0 and the fbook and claim

model 0 were ruled out because the formeris not applicabletot he case of waste recycling

(multiple sources) , while the latter is considered not suitable for (plastic) recycling and not

transparentenough. It seems cl ear that the devel opment of a fAmass
only really needed for thermal depolymerisation technologies such as pyrolysis and

gasification because the remaining physical (mechanical and dissolution) and chemical

(depolymerisation) recycling technologies can apply chain of custody models with higher

physical pr esence, therefore  with higher credibility and transparency. For example, both

33



depolymerisation and dissolution can apply a controlled blending model similarly to
mechanical recycling  of PET bottles . With this in mind, section 4.2 will focus on the
definition and implementation of calculation rules specifically for a mass balance model to

be applied primarily to the case of thermal depolymerisation technologies. Itis i mportant
to notice that if the specifi ¢ characteristics of the system are known ( e.g.,, the
stoichiometry), then one should implement one of the methods with higher physical

presence; the mass balance approach should be used if these are not known.

Table 4: Application of Chain of Custody models for recycling technologies (from Eunomia Research
& Consulting Ltd, 2022)

Physical Recycling Chemical Recycling
Chemical Thermal
Model 1! Mechanical Dissolution depolymerisati depolymerisat
on ion 2
Segregation Partly Partly Partly No
Controlled blending Yes Yes Yes No
Mass balance Yes Yes Yes Yes

1§LRSydAGe LINBaASNBSR: lyR 06221 FyR OtlFAYé Y2RSta 6SNB
2 Thermal depolymerisation (i.guyrolysis and gasification

(o]
N
<,

4.1.3 Unit of measurement

To achieve a correct mass balance, th e unit s of measure ment of inputand output ha ve to
be consistent with each other. For the purpose of calculating and verifying the attainment
of the targets set in the Commiss ion Implementing Decision 2019/ 665 (European
Commission, 2019b) , itis stated that the weight of recycled packaging waste , as well as
the input and output materials , shall be measured applying a natural humidity rate for the
packaging waste comparable to the humidity rate of the equivalent packaging put on the
market. Whenever the two differ, the amount of packaging waste atthe calculation point
shall be corrected to  reflect the humidity of equivalent packaging placed on the market.

Following this approach, we propose that for any material, product or substance  recovered
in the recycling process, the quantity at the measurement point within the mass balance
is corrected using a natural humidity rate comparable to that of the equivalent virgin
material, product or substance placed on the mark et. This applies to both input (  e.g.,,
packaging waste entering the recycling process) and output ( e.g., chemicals and materials)
of the process .

4.1.4 Input/Output

In the mass balance, the inputs should be distinguished between waste feedstock, virgin
feedstoc k, and co -materials for each process. With respect to the outputs, these should be
distinguished between intermediates, energy recovered, and recycled materials obtained.

We define as inputs for each process:

- Waste feedstock (WF): Amount of waste that is used in the process to produce
secondary materials. The waste feedstock contributes to the recycling yield.

- Virgin feedstock (VF): Amount of virgin (primary) feedstock that is used in the
process (either fossil or bio -based feedstock). The virgin feedstock does not
contribute to the recycling yield.

- Co-materials (CoM): Amount of ancillary materials aiding the process and usually
recovered at the end of the recycling process ( e.g., water, enzymes). Co -materials
do not contribute to the recycling yield and ar e not included in the calculations.

We define as outputs for each process:

- Intermediates: Substances that are manufactured for subsequent processes or sub -
processes further down the recycling process chain and consumed in or used for
chemical processing to be transformed into other substances.
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- Energy recovered: Amount of mass that is converted into either energy products or
useful energy needed during the recycling process.

- Output materials: Amount of mass converted into valuable materials, substances,
or products.

- Losses: Amount of mass that not recovered as output materials and energy
recovered.

It is important to highlight that the amount of recycled outputs must not be higher than
the amount of input  -waste.

4.2 Calculation rules for the mass balance

4.2.1 Methodological approach

In order to establish a protocol to define and measure the recycling, energy recovery, and

loss yields in multiple -output recycling processes (producing a mix of energy, fuels,
materials, etc.), a chain of custody method is applied. Among the different approaches of

the chain of custody, the mass balance has some characteristics that make it useful for

this application. The mass balance encloses the physical mixing of materials and

interme diates coming from WF, VF and CoM, and also the chemical reactions of the
materials and substances. It should be noted that the system boundaries in the procedure

herein presented for calculating the recycling yield refer to the recycling process, which

can be composed by one or several sub -processes, that occur after the sorting of the
material ( Figure 5b). Further, as explained in section 4.1, the system boundaries would
ideally account for the whole recycling process of chemical recycling, i.e. , from
refining/purification processes, up to the production of chemicals and/or mate rials that do
not need further treatment before their subsequent use for production/manufacturing.

For this reason, we herein use the term Arecycling vy
recycling process it s elof-liferecgclingn ptoesce d¢RRpdhatireéers to

the efficiency of the entire recycling chain ( Figure 5a). By using these system boundaries

we can consider the  RY herein calculated as the  fraction of the total waste feedstock that

eventually is converted into any of the output materials of the entire recycling process.

The EoL-RR can be then obtained by multiplying the RY with the sorting and

collection /segregation rate.

Finally, it should be noted that RY differs from recycled content. While they are both a
quotientof massand insome cases they may share the same numerator 9 (i.e ., the amount
of recycled material), in the recycling yield the denominator is the total amount of input

waste feedstock (to a recycling facility), whereas in the recycled content the denominator

is the amount of output material of a given sub -process (inten ded as the total mass coming
from both virgin and waste feedstock, which end up in a final output ).
EoL R
a RY
b RECYCLING PROCESS

| 1
! 1
| 1
| 1
! : 1 1
! l SUB- SUB- SUB- - RECYCLED 1
! SEGREGATION [ COLLECTION [ SORTING HM o~ rc = o torce, | procESSn MATERIAL |

B 1
i L |
| 1
! 1

Figure 5: The approach used in the framework for calculating the recycling yield (RY) in terms of

system boundaries. The RY here calculated refers to the recycling process up to the final recycled
material (b) and not to the entire end -of-life recycling rate (EoL  -RR) including segregation, collection,
sorting, and final recycling (a). Notice that the recycling process (blue dashed | ine) can be made up
by n sub -processes.

® The numerator will be the same under the following conditions: the recycling process only produces polymers
and the same allocation method is used.

35



The scope of the procedure is based on traceability
between actors)

the amount of waste that is recycle

either used as fuel or energy
the current study. Yet, to close the mass balance, we

losses.

(not within the process itself but

and chain of custody. The main principle is to give the possibility to track

d along the whole recycling process, from the WF until
the final recycled output. It also includes energy recovery, albeit this does not count as

recycling. Indeed,
this could be further ex

in the method herein proposed

energy and losses are accounted for

panded to investigate if, for example, mass recovered as energy is
the process. However, this is out of scope of
have to account for energy and

or internally in

The starting point of the mathematical framework presented herein is the standard
1ISO22095 (ISO, 2020)
considered identical in terms of mass and, therefore, identical within the calculation rules
of the mass balance. However, for our purposes, the estimation of the RY should only be
luding the VF, even if it is part of the input.
Therefore, an adjustment of the method proposed by the ISO 22095 is herein presented
in order to take into account the proportion between WF and VF as input to the recycling

based on the amount of WF and thus exc

process and the corresponding calc

4.2.2 Mathematical framework

. According to ISO 22095 th

e amount of either WF or VF would be

ulation of recycling, energy recovery and loss yields.

By properly defining all inputs and outputs, the mathematical framework herein proposed
calculates:

- The recycling yield (RY) of the recycling process defined within the system

boundaries.

- The energy recovery yield (ERY) of the recycling process defined within the system

boundaries.

- Thelossyield (LY) of the recycling process defined within the system boundaries.

Figure 6 illustrates a generic recycling process composed of two sub

intermediates, output material, energy recovery and losses.

-processes resulting in

System boundaries

ENERGY PLASTIC ENERGY
RECOVERY MATERIAL WASTE RECOVERY

ER,

SUB-PROCESS1

VF,

LOSSES

WF,

ER,

SUB-PROCESS

2

LOSSES

Oas i
~

Figure 6: lllustration of a generic recycling process

sorting and pre

produces three outputs: output material 2

Notice that in

5

ho Qut put

materi

-treatment, plastic waste (input

1,2). The intermediates flow into sub
the sub -process as input together with an additional input of plastic waste (WF

al

composed of two sub
; WF 1 and WF ;) enters into sub  -process 1 and sub
process 2. Sub -process 1 produces four outputs: output material 1 (O
(ER1), losses (L 1) and intermediates (|

-processes. After undergoing

1,1), Mass recovered as energy
-process 2 contributing to
2). Sub -process 2

(O21), massrecovere dasenergy (ER:)andlosses (L »).

m

Figure 6 the following inputs/outputs are defined as follows:

( woroteB pm=£ Wwé k h iprluwmbh) [ t]
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‘0'Y: Mass transformed into energy from sub -process p (with p=1én) [t]
0 :Materiallossfromsub -process p (with p=1én) [1t]

®W"O: Wasteinputtosub -process p (with p=1én) [1t]

@"Q Virgininputtosub -process p (Witth p=1én

‘G, : Intermadiate material flowing from sub -process p (with -procdsgs(witht o sub
s=1én, under the condition that pis) [1t]

The CoM are not considered in the calculation as they do not affect the RY.

The approach herein proposed provides a mathematical way to calculate the RY (expressed

as %) of the total waste feedstock (WF) fed to a recycling process. Indeed, recycling only

refers to mass coming from waste inputs. The framework also allows for calculating the

yield of mass reco vered as energy and the yield of mass lost in the recycling process. All
yields are referred to mass coming from waste inputs only.

As the yields are all expressed with respect to waste feedstock only, it is necessary to

quantify how much of material outp ut, mass recovered as energy and losses are obtained
from it. This is done by calculating three different allocation factors , using mass as
allocation key, for material outputs, for mass recovered as energy, and for mass lost. The

allocation factors are ca Iculated for each sub -process that contribute to the recycling
process chain and denote the fractio  n of each input converted into output material, energy
or material loss. It is expressed as a percentage (%) and, in a mass balance method, it is

independent from the type of input (waste or virgin) . The allocation usually starts with the

sub -process that exhib its no production of intermediates and, therefore, one needs to

proceed backwards in the calculation up to the first sub -process of the recycling proces s
chain.

Calculation of recycled output material and recycling yield

The framework herein presented allows for calculating the RY of a recycling system  defined
by appropriate boundaries . As it was already mentioned, the RY is defined as the efficiency

of converting WF into output material. To be able to calculate the RY, the amount of output
material generated from waste only needs to be defined. This is done by means of a

material allocation factor ( MAF,) that is defined for each sub -process p of the recycling
process chain and is multiplied by the corresponding input waste feedstock. As it was
already mentio ned, one needs to start calculating the mass allocation factors from the sub -
process that does not produce intermediates and then proceed backwards in the calculation

up to the first sub  -process of the recycling process chain . By proceeding backwards the
allocation factor takes into account the partitioning of mass in the sub -processes where
intermediates are used. By allocating the masses o f the recycled output products to the
waste inputs, it is then possible to calculate the RY of the recycling process.

Hereafter, the MAF |, and RY are calculated starting from the most simple recycling process

chain (i.e., one that is composed by only one su b-process) and gradually we generalize
the corresponding equations for more complex non -linear processes. Figure 7 displays the
simplest recycling process, i.e. , one that is only composed by one sub -process .
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System boundaries
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Figure 7: lllustration of a recycling process com posed by only one sub -process (sub -process 1)
transforming waste (WF 1) and virgin feedstock (VF 1) into an output material (O 11), mass recovered

as energy (ER1) and material losses (L 1).

In this particular case illustrated in  Figure 7,the mass allocation factor ( MAF1) corresponds
to the RY, whi ch can be calculated as the ratio between the total mass of output material
(O1.1) and the total output of the process (including mass recovered as energy and losses)
as reported in  Equation 1.
YO B850 0 j

W LO —
oY 0 Uy
Equation 1

Note that yields are usually defined as the ratio between outputs and inputs. However,

since the systems considered herein are assumed not to have any mass accumulation , the
sum of the total outputs equals the sum of the total inputs (see Equation 2;VF is the virgin
feedstock in input ). Therefore, the denominator can mor e simply be defined as the sum of

the outputs of the recycling process.
w0 w0o 0Y 0 Uy
Equation 2

The amount of waste feedstock (input) that is recycled into the output material (RM p), IS
given by t he waste feedstock e ntering the sub -process (WF p) multiplied by the allocation
factor of the sub  -process ( MAFp), as shown in  Equation 3.

YO 00CwO
Equation 3

In the example provided in Figure 7, Equation 3 would be written as  shown in Equation 4.
YO 000G
Equation 4
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Note that recycled material (RM p) only refers to the fraction of the output material that
originates from waste feedstock. When a generic process requires virgin feedstock , part of
the output material will originate from thi s non -waste feedstock. In the mass balance
approach, the fraction of recycled material originated from non -waste feedstock is  not
considered as recycled material. In general, the amount of recycled material will be lower

than the output material. Notice th at when a process requires only waste feedstock the
amount of output material is equal to the amount of recycled material.

Let us now focus on a more complex recycling process chain composed by two sub -
processes, as displayedin  Figure 6.Inthiscase thewasteinputs of eachsub -process need
to be allocated to the output materials . This is done by performing a mass allocation and

the procedure entails starting fr omthe sub -process thatdoes not produce any intermediate

and proceeding backwards . Sub -process 2 is the last process of the recycling process chain

and it does not produce any intermediate that would contribute as input in subsequent

sub -processes. Theref ore, for sub -process 2, the input waste is entirely allocated to the

output material obtained. The allocation factor of sub -process 2 ( MAF») is calculated as
shown in Equation 5.

oo on Ui

VOO YT b
Equation 5

When calculating the allocation factor of sub -process 1 (MAF1), we have to consider the
influence sub -process 2 has on the intermediate resulting from sub -process 1, as shown in
Equation 6.

0p 0O 'TG

3 80 08T
VoY oYy 6, o

Equation 6

Where G, is the intermediate produced in sub -process 1 that is used as input into sub -
process 2. Focusing on the numerator of Equation 6, the first term coincides with the
amount of input waste feedstock resulting as output materi al of sub -process 1. The second
term represents the share of input waste feedstock of sub -process 1 flowingtosub  -process
2 as an intermediate and contributing to the production of output material. Notice that the

allocation factor relative to sub -process 2 (MAF2) would take into account the influence of
sub-process 3/ 4/ é/ n if t hpeocessesver e mor e sub

Hence, Equation 5 and Equation 6 can be generalized as follows for calculating the
allocation factor of a sub  -process p .
B 0y B "Gg®»0OO
060 — _ O — ianasn i
oY 0 B U0p B G

Equation 7

Orp: Output materi al m ( wpirtohc ens= 1pé k()wiitnh spu=hl én) [t ]

‘G, : Intermediate material flowing fromsub -process p (with -precdsga(yitht o sub
s=1én, under the condition that pis) [t]
0 0 "OMass allocation factorof sub -pr ocess s (with s=1én, under the co¢

[t]
‘0O'Y: Mass converted intoenergyfromsub -process p (with p=1én) [ 1t]

0 : Material lossfromsub -process p (with p=1én) [1t]

In Equation 7, the first term of the numerator coincides with the amount of input waste
feedstock that is converted directly into an output material, while the second term
represents the fraction of each intermediate that is converted into an output material in
subsequent sub-processes adjusted by the corresponding allocation factors. Notice that
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intermediates cannot be negative and only material flows towards a subsequent sub -
process are considered  (i.e. , loops are not allowed).

Thus, to calculate the amount of waste feedstock that eventually flows into the output

m aterials, the allocation factors obtained by means of Equation 5 and Equation 6 need to
be multiplied by the corresponding amount of waste entering as input to the specific sub -
process ( Equation 8 and Equation 9).

YO 00Cwo
Equation 8
O0r 006 0COG
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Equation 9
The total mass of recycled waste (RM) in the entire recycling process is calculated as the
sum of the masses obtained through Equation 8 and Equation 9, as shownin Equation 10.

YO YO YO
Equation 10

Further, Equation 10 can be generalized in Equation 11 as follows:

YO YO

Equation 11

Then, it is possible to calculate the recycling yield of the recycling process by dividing the
total mass of recycled waste by the total input waste ( see Equation 12).

vo YO YO
w0 wo
Equation 12

Finally, Equation 12 can be genera lised in Equation 13 as follows:
YO B YO

“B 60 B @O
Equation 13
Notice that with in the current framework, we propose a mass -based allocation of inputs
(that is proportional between WF and VF) , Which we believe is more appropriate than

energy - or price -based or other allocation options in the specific context of a mass balance

The mass -based allocation should be applied a  cross all recycled materials produced in the
recycling process, regardless of the type ( e.g., polymers ornon -polymers) as long as they
can be considered as recycl ed products °. It should be noted that CoM are not conside red
here as they do not affect the recycling yield as well as the amount of recycled material.

All products used for energy (internal consumption or as fuels) are not considered as

recycled material following the definition of recycling

It is important t 0o highlight that the applied mass -based allocation framework herein
proposed determine s the total quantity of any waste -based output , but it does not allocate
the input waste feedstock to a specific output material obtained from the recycling process ,
as t his is closely related to determining the recycled content of an output stream (that is

10 Other o ptions for allocation exist, e.g. allocating only across polymer -products (thus excluding all materials
that are not used to produce new plastics), including fuel -products in the allocable products, or using a so -
called free allocation option (i.e. up to t he company reporting how to allocate the input -waste across the
output -products).
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beyond the scope of this report). The calculation method to determine the recycled content

of the output materials based on a mass balance approach can be developed by using the
same mathematical reasoning as presented in this chapter , but , again, this is not the scope

of this report as mentioned before. In case an operator wants to allocate the total quantity
of waste -based output (obtained fro m Equation 11)among output streams (when multiple
output exists), it should be done according to the methods proposed in literature (Eunomia
Research & Consulting Ltd, 2022) . As an example of those methods , Figure 8 illustrates
the case of an allocation in a one -step recycling process  with three different outputs. Thus,

the recycled quantity obtained can be ( i) allocated to the different outputs by using a
proportional allocation method or (ii) be freely allocated (i.e., non -proportional) to one or
more output streams of the total process as lo ng as the total allocation does no t exceed
the amount of recycled material.

Proportional Non- Proportional

Outputs Outputs
Inputs
90 units

sy ik 2 10 units r(:(ycl("d
45 B units, 5 recycled B units [ N

Inputs

90 units

10 units recycled
N

—

A: 10 units

1 el o it
9 Aunits, 1 recycled A unit (contributed 1 recycled unit to B) j

N B: 40 units, 10 recycled B
—
C: 40 units

i 4 BV > "
36 C units, 4 recycled C units (contributed 4 recycled units to B)

Figure 8: | llustration of the propo  rtional and non -proportional allocation method in a one 0 step
recycling process . In the proportional method, the allocation is applied to each output to guarantee

an actual physical and chemical relationship of the recycled material o r product with the waste
feedstock. Inthe non  -proportional, the allocation is applied entirely to one single output. The choice

of what kind of allocation is used, is out of the scope of this report and is up to the operator. What

matters for the calculat  ion of the recycling yield is the total amount of recycled material (sum of

individual recycled materials).

Calculation of mass recovered as energy and energy recovery yield

The calculation of allocation factors and ERYs follows the same reasoning as explained for
the output material and RY. If mass is converted into energy from a sub -process p,
Equation 14 can be used to calculate th e cor responding allocation factor (E RAFp), which is
defined similarly to the allocation factor calculated for the output material.

0OY B g6 0

@ & N
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Equation 14
Where:
‘0'Y 0 =OEnergy recovery a llocation factor for the mass converted into energy in sub -process
p [%]
‘0'Y 0 =CEnergy recovery a llocation factor for the mass converted into energy in sub - process
s [%]
As for the allocation factors cal culated for output materials, the allocation factor for mass
converted into energy of sub -process p is affected by the allocation factors of other sub -
processes if the former results in the producti on of intermediates. In Equation 14, the first

term of the numerator coincides with the mass of input waste feedstock converted into
energy, while the second term represents the fraction of input waste feedstock contributing

to the production of energy in other sub -processes as the former results in the production
of intermediates. On the other hand, the denominator is simply the sum over the total
outputs of sub -process p.

The amount of input waste feedstock converted into e nergy in sub -process p can be
calculated by implementing Equation 15.

oY 0OYO WO

41



Equation 15

The total quantity of input waste feedstock recovered as energy throughout the recycling

process is calculated by applying Equation 16.
oY oY
Equation 16

Finally, the ERY can be calculated as the ratio between the total quantity of input waste
feedstock re covered as energy (ER) and the total input waste feedstock to the recycling
process (see Equation 17).

oY B 0OY
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Equation 17
The ERY accounts for the part of the waste feedstock that is used to produce energy or
fuels, including self -consumption. Notice that a distinction between self -consumption and
other fuel products can easily be made, but it is not an objective of our exercise. Finally,
it is important to note that the presence of CoM, usually recovered at the end of the
recycling process, does not affect the amount of energy recovered and , consequently , the
ERY.

Calculation of mass loss and loss yield

The calculation of the losses, as mas s, and LY is derived analogous ly to that of recyc led
output mass and energy recovery.

First, the allocation factor of mass lost for a sub -process p (LAFp) is defined in  Equation
18. Notice that the same  reasoning as for the output mass and mass recovered as  energy
applies.

0 B Q6O
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Equation 18
Where:
0 0 *© Loss allocation factor of the losses generated in sub -process p [%]
0 0 O Loss allocation factor of the losses generated in sub -process s [%]
The quantity of input waste feedstock lost in sub -process p is calculated as described in
Equation 19.

0 00w
Equation 19

While the total input waste feedstock lost over the recycling process is obtained by
summing all losses occuring at each sub  -process p ( Equation 20).

Equation 20

The LY is calculated as the ratio between the total input waste feedstock lost over the
recycling process and the total input waste feedstock needed in the recycling process
(Equation 21).
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Equation 21

It is important to note that the condition reported in Equation 22 needs to be satisfied to
ensure a correct mass balance, namely the total input waste feedstock needs to equal the

total amount of recycled output mass, mass recovered as energy and input waste feedstock

lost over the recycling process.

®O YO oY 0

Equation 22
Finally, Equation 22 corresponds to the sum of the recycling yield, energy recovery yield,
and lossyi eld that needs to be equal to 100% (  Equation 23).
YO OYDO® primb

Equation 23

4.2.3 Example s

In this section we apply the derived equations on some specific cases. In Table 5, four
different cases are shown to illustrate the effect of modifying the input and output of a

recycling process composed by onesub -process onthe RY,ERYandLY.In Box A we provide
an example of a more complex recycling process

Table 5: Four different cases of single  -step recycling processes and their corresponding RY, ERY and
LY. Since the recycling process contains only one sub -process, the allocation factor coincides with
the recycling yield . Values are given as tonne or percentage and rounded.

Case 1 Case 2 Case 3 Case 4

Waste feedstock 6000 4000 4000 4000
Inputs Virgin feedstock 0 2000 2000 2000

Co-materials 2000 2000 2000 2000

Output material 3000 3000 1000 1000

(WF+VF)

Co-materials 2000 2000 2000 2000
Outputs Mass recovered 2000 2000 4000 3000

as energy

(WF+VF)

Material loss 1000 1000 1000 2000

(WF+VF)

RY 50% 50% 17% 17%
Yields ERY 33% 33% 67% 50%

LY 17% 17% 17% 33%
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Total input | Recycled output 3000 2000 667 667
waste material
feedstock
converted into Mass recovered 2000 1333 2667 2000
output as energy
material,
energy, losses Losses 1000 667 667 1333
The inputs and outputs reported in Table 5 are the actual physical material flows that can
be measured at the measurement points ( Figure 3). Ingeneral, the RY, ERY andLY canbe

calculated using Equation 13, Equation 17, Equation 21, respectively, but since the
recycl ing processes in Table 5 are described by only one sub  -process, the RY, ERY and LY
coincide with the corresponding mass, energy, and loss  allocation factors , calculated using
Equation 7, Equation 14, Equation 18, respectively . Thus, considering case 2 of  Table 5,
RY, ERY, and LY equal 50%, 33%, and 17%, respect ively.
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The total waste that is converted into recycled material, energy recovery and loss, is
calculated using Equation 3, Equation 15 and Equation 19, by simply multiplying the input
waste feedstock with the corresponding allocation factor.
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Note that the equations for calculating the yields only depend on the output of the process,

and not on the input s. Therefore, in case the total input quantity is maintained but the
proportion among WF, VF and CoM inputs changes (Table 5), the yields are not affected.
This can be clearly obse rved by comparing case 1 with case 2. Although the distribution of
the inputs among WF, VF, and CoM differ s, the yields remain unchanged . Yet, w hen
calculating the recycled  output material, energy recovered and losses , the amount of input
waste feedstock affects the results (  see Table 5). The presence of CoM in the recycling
process does not affect the calculation of the RY, ERY, and LY, as itis shown by the example

reported in Table 5. Indeed, CoM does not appear in any of the equations.

The mass balance approach presented constitutes an aligned framework for calculating
yields in systems with multiple input/output such as chemical recycling operations.

Conforming to the calculat ion rules proposed, a calculation framework developed in
Microsoft Excel has been made available to support researchers and stakeholders (Annex
4).

Box A: Recycling yields calculation T complex recycling process example

For the sake of clarity, we hereby illustrate an example of a recycling process that includes

three sub -processes in which two output materials are produced and ene rgy is recovered
from both waste and virgin feedstocks (see Figure Al ). The process is non -linear in the

sense that some  sub-processes produce multiple intermediates that are used by the
subsequent sub -process, but also by other sub -processes further down the recycling
process chain . Specifically:

- Sub-processes 1 produces two intermediates used as input for sub -process 2 and sub -
process 3;
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- Sub-process 2 rec eives an intermediate (as input ) from sub-process 1 and produces an
intermediate used as input for the subsequent sub -process 3;

- Sub - process 3 receives intermediate s as input s from both sub -process 1 and sub -proc ess
2.

System boundaries

SUB-
PROCESS 2

SUB-
PROCESS1

SUB-
PROCESS 3

ER,

ENERGY
RECOVERY

Figure A 1: lllustration of non  -linear recycling process involving 3 sub -processes. In sub-
process 1 and 3 two output materials are produced (green circle s), in allthree sub-process
energy is recovered (pink circle s) and losses occur in all three sub -processes (yellow

circles) . Sub-process 1 generates intermediates that flow into sub -process 2 and sub-
proce ss 3, while sub -process 2 generates i ntermediates for sub-process 3 (red/green
circles). The recycling process is not linear since the three sub -processes do not form a
straight consecutive line in the mass flow.

The recycling process under study starts when 10000 t of waste fe  edstock enters sub -
process 1 to produce 1000 t of output material 1, 2000 t of energy, and 4000 t and 2000

t of intermediates that flow into sub -process 2 and sub -process 3, respectively. Sub -
process 2 receives 4000 t of intermedia tes from sub-process 1 together with 2000t of
waste feedstock and 12000 t of virgin feedstock , and converts 14000 t into energy and
produces 3000 t of intermediates that flow into sub -process 3. The inputs of sub  -process
3 (namely, 2000 t of intermediates from sub -process 1 and 3000 t of sub  -process 2) are
converted into 2500 t of output material. All three sub -process es have material losses,
namely 1000 t, 1000 t and 2500 t in sub-process 1, 2 and 3, respectively.

Table Al reports all input s and output s, the allocation factors for the output mass, mass
recovered as energy andlossesofeachsub -process, aswell asthe mass of waste feedstock
that is converted into recycled material, energy recovery and losses from the waste
feedstocks entering different sub - processes.
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Table Al: Inputs and outputs of a non -linear recycling process entailing three sub -
processes. The calculated allocation factors for the output materials (MAF), mass recovered

as energy (ERAF), and losses (LAF), together with the input waste feedstock converted
into recycled output material (RM), energy (ER) and loss (L) are reported.

Sub-process 1 |Sub-process 2 |Sub-process 3
WF 10000 2000 0
VE 0 12000 0
Input .
Intermediate from sub-process 1 0 4000 2000
Intermediate from sub-process 2 0 0 3000
Output material 1000 0 2500
Intermediates to sub-process 2 4000 0 0
Output Intermediates to sub-process 3 2000 3000 0
Energy recovered 2000 14000 0
Material loss 1000 1000 2500
Allocation MAF 0.23 0.08 0.5
Factors ERAF 0.51 0.78 0
LAF 0.26 0.14 0.5
RM 2333 167 0
Waste conversion |ER 5111 1556 0
L 2556 278 0
First, all allocation factors (for the output mass, mass recovered as energy, and losses)
need to be quantified. As sub -process 3 is the last sub  -process of t he recycling process
chain (i.e. , it does not produce any intermediate), Equation 7, Equation 14, and Equation
18 are applied starting from this sub -process and proceeding backwards.
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Having calculated the allocation factors for sub -process 3, itis now possible to quantify the
allocation factors of sub  -process 2 that produces intermediates flowing into sub -process 3
that, therefore, influences the allocation factors of su b-process 2.
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Finally, the allocation factors of sub -process 1 can be quantified taking into account the
allocation factors calculate  d for sub -process 2 and 3, as these two sub -processes receive

intermediates from sub  -process 1.
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Sub-process 1 and 2 receive a direct input of waste feedstock. Having calculated the
allocation factors of each of these sub -processes, it is possible to quantify how much of

each input waste feedstock is converted into recycled output mass, mass recovered as
energy and how much is lost. Note that since sub -process 3 does not receive direc t input
of waste feedstock, RM 3, ER3, and L 3 equal O.
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The total recycled mass corresponds to 2500 tonnes, while the total mass recovered as
energy 6667 tonnes and the total mass lost 2584 tonnes (Table A2).
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The recycling yield, energy recovery yield and loss yield of the recycling process can be

guantified by implementing

Equation 13, Equation 17,and Equation 21
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Table A2: Overview of results obtained for the recycling process described. The following

acronyms are used: ER T

mass recovered as energy, ERY T

energy recovery yield, L )

mass lost, LY 1 loss yield, RM i recycled output mass, RY recycling yield.
Recycling Energy recovery Loss Mass balance
RM (t) RY (%) ER(t) | ERY (%) L(t) LY (%) | Total (t)|Total (%)
2500 21% 6667 56% 2833 24% 12000 100%

4.3 Traceability

A system is needed to trace information on the material that is transferred from one actor

to the other in the recycling chain. This could be the case when pyrolysis oil produced from

one facility (belonging to one organisation) in one site is transferred to a second plant
(belonging to a different organisation), which uses the pyrolysis oil as input to e.g., the
cracking unit. The tracking would be needed up to the production of building blocks from

the cracker (i.e. , at the level of refiners) such as ethy lene, propylene. Such traceability
allows subtracting the fraction of pyrolysis oil that is directly sold as fuel (after the pyrolysis
unit) or subtracting the portion of pyrolysis oil mass that is sent to cracking units but is
transformed into fuels or us ed for internal energy
converted into valuable outputs) in the cracking owing to the process inefficiencies. A
similar logic applies to the case of syngas produced in a gasification unit, which is then
transferred to a chem ical refinery for upgrading to building blocks to be used in the
chemical industry. Having the above in mind, it is suggested that a traceability (auditing

and compliance) system similar to that of renewable energy (under the Renewable Energy
Directive (EU ) 2018/2001) or of recycled content certification is established also for
recycling declaration  regarding recycling

Economic operators shall provide third party verification and traceability and be subject to
annual auditing. Certification schemes follow ing standard EN 15343 (Plastics recycling
traceability and assessment of conformity and recycled content) are presently designed for
mechanical recycling and may be used to support verification and certification of recycled
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plastic as well. Certification schemes that cooperate with independent third party
certification bodies that conduct the audits already exist and with their auditing and

certification approaches this type of traceability system can be established ( e.g.,
International Sustainability and Carbon Certification, ISCC). All value chain actors that take

legal ownership of the material must be certified by a third party and each site audited

annually. This includes recyclers (including pre -treatments) until the point in which the
product is placed on the market. While the point of origin of the plastic waste does not

necessarily require certification or auditing, an annual self -declaration could be provided
from each point of origin to the collector/recycler so to certify that the material is a waste
and not a byproduct, for example. The point of origin must hold appropriate licenses and

permits to act as a legal waste management company or as an entity that generates

recovered material as defined in 1ISO 14021:2016. In addition , based on the self -
declarations, additional verifications (on plausibility of volumes, types of wastes, etc.) can

be done in cases of doubts and audit at the point of origin could still take place on sample

basis.

However, traceability systems for carbon , Sustainable energy or recycled content are
typically thought to track a flow of information downstream, up to the final user of the
secondary material that could be a cracker or a converter or a brand owner ( Figure 9).

This means that the information on the mass balance and yields would be available to the
cracker/refiner using the pyrolysis or syngas, rather than to the pyrolizer or gasifier that

is positioned earli er in the value chain, in case these are two distinct actors. This creates

a problem about who should report recycling (amounts) because if pyrolysis oil and syngas
were considered intermediate substances (i.e. , hot having a waste status), the
cracker/refi ner may not be subject to the legal obligation of reporting recycled amounts

from management of waste. At the same time the pyrolizer or gasifier, which is managing

the waste into intermediates such as oil or syngas, would not be able to report recycling

yields corrected via a mass balance approach if it is not able to receive information on the
downstream operations (conversion yields, use of the cracker products as fuel or material,

etc.) because of confidentiality reasons.

Therefore, we envisage the following possible options for traceability and reporting:

- The recycled quantities are reported at the level of the final transformation, using
the mass balance approach and appropriate traceability schemes.

- The recycled quantities are reported by the first waste management operator, e.g.,
pyrolizer or gasifier, adjusted via a mass balance approach with information on
conversion and yields provided by the downstream operators via traceability
schemes.

- Therecy cled quantities are reported by the first waste management operator, e.g.,
pyrolizer or gasifier, adjusted via a mass balance approach with conversion
factors/yields provided by the Commission.

The last option would not need traceability schemes in place a nd would be based on default

conversion and yield factors based on literature data . In particular , to derive these factors,

the Commission could make use of existing internal studies 1 or launch a simple literature

review study with the aim of aggregating a Il the data collected by existing Commission and

non -Commission studies on chemical recycling technologies such as pyrolysis and

gasification .

11 For example the study commissioned by DG GROW and performed by JRC (Garcia -Gutierrez et al., 2023; in
press).
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Figure 9: Flow of information in the value chain and traceability of waste and recycling. Elaborated
after ISCC System GmBh 2022 website (ISCC PLUS Certification for the Circular Economy and
Bioeconomy 1 Mass Balance Approach and Verification).

4.4 Calculation rules for biodegradable waste and compostable
plastic waste
Biodegradable waste (i.e., bio -waste ) differs from the other waste types since itis mostly
compos ed of water (up to 90%) and is not inert. For this reason , the existing calculation
rules for this waste stream , as well as for compostable plastic waste when collected along
with it, differ from the  other streams of MSW as detailed in the fAGuidanc

compilation and reporting of(Ewoatat,202b)n anduancipesenteal! wast e o
herein.

4.4.1 Existing calculation rules for b io - waste

The calculation rules for bio  -waste are laid down in Commission Implementing Decision
2019/1004 , and earlierin Directive s 2008/98/EC as amended by Directive 2018/851 , and
have been summarised in Eurostat (2021) as follows :

- The calculation pointis just before entering the aerobic/anaerobic  process, after the
initial sorting and separation activities, and subject to subtraction of either non -
biodegradable materials which remain in the output , as well as all materials
(including biodegradable) removed mechanically at the input or from the outputs
(see Figure 10). Notethat according to actual practice itis possible that the material
rejected at the initial sortin g and separation process (before the calculation point)
might be collected (and weighed) together with the material mechanically removed
from the output (after the calculation point), and thus, in order to avoid
miscalculations and/or misinterpretations , it is important to keep track of both
quantities separately

Substances to aid the and moisture

nherent

water/enzymes)

Calculation
point Dige statece;i'rllcrn'upcrst

. Other outputs
Anaerobic

Separately collected Initial sorting and
municipal bio-waste separation

Digestion/Composting
ar Non-biodegradable
Other process materials that remain
in the otuput

All materials
mechanically removed

Material not entering the anaerobic
digestion/composting or other process

(including biodegradable
materials)*

* This includes onlythe materials sentfor disposal or energy recovery. It does notinclude the materials that are recirculatedinto the next batch
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Figure 10: Calculation point and calculation rules for bio -waste. As for the calculation rules: grey
boxes indicate flows that are not considered in the calculation : blue boxes indicate flows that are
included in the calculation  ; r ed boxes indicate flows that are subtracted from the input quantity at

the calculation point ; finally, g reen boxes indicate flows that  are ignored in the calculation. Adapted
from Eurostat (2021)

- Biodegradable quantities entering a process that produces compost or digestate
count as recycling (inline with the previous rule) ,andit is notnecessary to deduct
evaporation or losses from biological degradation (i.e., considered inherent losses)
as shown in Figure 10.

- Quantities ente ring other bio -waste treatment process different from
aerobic/anaerobic processes that produces outputs that are not compost or
digestate , only count as recycling where the quantities of outputs are similar to the
input quantities and where these outputs are used as recycled product. When those
output quantities are not similar to the amount of input biodegradable waste,
recycled reported qu antities should be  scaled downwards accordingly.

- Biodegradable quantities reprocessed into materials which are to be used as fuels
or other means to generate energy, which are disposed of, or which are to be used
in any operation that has the same purpose as recovery of waste other than
preparing forre -use and recycling, should not be counted as recycled. For processes
where recycling and energy recovery of bio -waste are combined ( e.g., anaerobic
digestion), subject to the solid/liquid output material bei ng used as a recycled
product, the input material (net of rejects and non -biodegradable waste) is deemed
to be recycled. When the output varies along the year for their different uses (i.e. ,
compost, backfilled and thermally treated for energy production), then the amounts
reportable for recycling, energy recovery and other recovery should be scaled
according to the proportion of output used for each purpose.

- Where outputs (i.e., compost or digestate) are used on land, then ecological or
agricultural benef its must be documented for the process to be considered
recycling. This can be done either using compost standards and EoW criterion or
establishing the source of the waste.

4.4.2 Existing calculation rules for compostable plastic waste

Compostable plastic  can be collected together with bio -waste , if legally allowed in the

Member State > when it present s f[é] similar biodegradability and compostability

properties which complies with relevant European standards or any equivalent national
standards for packagingrec over abl e through composti nagstatedih bi odegr
the Directive 2018/851 . In that case, they might enter aerobic/anaerobic processes along

with bio -waste, and thus they will follow the calculation rules  explained in section 4.4.1 .

However, when compostable plastic waste is included in the recycled amounts, it needs to

be classified /recorded under the total plastic recycling and total pla stic waste generation
figures. According tothe Commission Implementing D ecision 2019/665, this relates to the
municipal compostable plastic packaging but can be extended to other compostable

municipal plastic waste . To this end , the amount of compostable plastic entering a bio -
waste treatment facility must be determined through waste composition analyses
(acknowledging that it is very difficult to differentiate compostable materials from non -
compostable plastics using visual discrimination)

12 For example in Germany only compostable plastic bags are al lowed to be collected with biowaste (no other
compostable packaging).
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443 Issues conce rning bio -waste/compostable plastic waste calculation
rules

Some of the above -mentioned rules applied to the quantification of recycled bio -waste and
compostable plastic waste are not sufficiently clear. Further more, some calculation rules
differ within t he bio-waste stream depending on the technology applied (anaerobic
digestion/composting versus all the remaining) . This cr eates a discrepancy in the  overall
calculation framework reported in section  4.2.2 as well as a non -neutral playing field for
recycling technologies . The main issues are pointed out and further discussed as follows:

- One issue concerns the inclusion of the inherent losses in the recycling vyield for
aerobic/anaerobic processes when producing compost or digestate. The reasoning
behind this rule is that w here by organic matter is applied directly onto soils,
degradation occurs spontaneously: these process losses are thus considere d as
6i nherent degradation of recovered organic mat t
subtracted from the tonnages dee(Medetal.p2020)av.e been

On the other hand, when the same feedstock enters a treatment different  from
aerobic/anaerobic processes, a downscale in the quantity deemed 6recyasl edd
expected based on the proportion input/output (e.g., for biochemical technologies
producing starch for paper or paperboard strengthening , for pyrolysis or
hydrothermal technologies producing biochar -like materials ). This means that for
these other technologies a mass -balance approach needs to be taken . We argue
that there is no objective reason why degradation of organic matter occurring in
composting /anaerobic  digestion is treated differently than in other
fermentation /biochemical processes if such degradation would occur anyway in a
natural state. It should be noted, as an example, that the degradation rate of
organic matter in composting is different than in anaerobic digestion. However , we
acknowledge that another re ason for this differentiation between anaerobic
digestion/composting and the rest of technologies in the calculation rules is the
strong need to foster technologies that help on stopping the existing degradation

of EU soils , by returning significantamount s of organic matter  to the soil (as stated
in the EU soil strategy for 2030 (European Commission, 20  21) . In line with that,
anaerobic digestion/composting appeared as the only technologies ready to be

implemented at large scale for the biological treatment of large amounts of bio -
waste feedstock (as recognized by the BREF document ; Pinasseau et al., 2018)
producing outputs destined to amend sail . However, we argue that emerging
technologies are able to produce outputs that can be used as s oil amendments , in
similar quantities compared to anaerobic digestion/composting and some of them
inTRLsupto6 -7 (i.e., close to the full deployment phase) (see Table 2).

- Another issue related to theinherentlossesi nthe case of fossil -based compostable
plastics isthat the origin ofthe carbon releasedisnot biogenic , as occurs with  bio-
waste and bio -based compostable plastic s. The origin of the carbon will not have
an impact on the recycling yields addressed herein, but it does affect the
environmental impacts

- Another element not clear from the calculation rules reported in Eurostat (2021)
concerns processes where recycling and energy recovery are combined. There is a
discrepancy of two rules since biogas from anaerobic digestion  could be considered

as an inhere nt loss , and thus accounted in the recycled quantities , or as material
which is to be used as fuel or other means to generate energy and, thus, not
considered in the recycled quantities . The general approach is to count biog as as

recycling under the condition that digestate is used as a recycled product, material
or substance (e.g., on sail) .
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- Finally, an issue appears in the need to document ecological or agricultural benefit
when outputs (i.e., compost or digestate) are us ed on land in order  for the whole
process to be considered recycling. Some literature claims that there is no evidence
regarding the ecological benefit of compostable plastic waste in the
compost/digestate. We argue that the same could be claimed for other waste
material fractions that enter aerobic/anaerobic processes along with the bio -waste
stream such as paper tissues or napkins (mainly carbon -rich and containing
negligible nutrients). Anyway, i t is important to highlight that the criteria is the
ecolog ical or agricultural benefit of the output as a whole ( as a result of treating all
bio-waste fractions , not only compostable plastic waste ), and not limited to the
nutrient contribution (nitrogen and phosphorus) . It is well documented that
compost and dige state applied on land are a carbon source and a soil improver even
if they do not provide nutrients . See Box B for further discussion.

Box B: Ecological and agricultural benefit on land of outputs from biological recycling
processes .

As mentioned in the legislation, there is a need to document ecological or agricultural

benefit of outputs (i.e., compost or digestate) on land, and it seems tha t the positive
contribution of those as a ca rbon source and a soil improver, when properly produced, is
beyond discussion.  The problem is that compost obtained from incompatible feedstock
materials and from a bad composting process, will be either immature (thus potentially
phytotoxic), contaminated with foreign objects , or containing hazardous chemicals and
metals. Spreading this type of compost on soil might lead to agronomic damage s and, in
any case, it would not bring the expected benefits to agricultur e or ecological
improvement s. Based onthat,t he core of the discussion in this topic is concerning the role
of compostable plastic waste in the composting or anaerobic digestion process, and the
contribution to the final output (i.e, compost or digestate, respectively).

Concerning the benefit of compostable plastic waste on compost, o ne of the main  topics is
about compostable plastic waste being nutrient -free and , therefore , not bringing any
benefit to the compost. Most likely, this refer s tothe lack of nitrogen compounds , which in
fact are generally not present in these materials. However, the statement that the lack of

nitrogen makes a feedstock useless for the composting process and the formation of

compost seems not correct . The contribution of materi als to composting can be catabolic
(energetic), anabolic (structural), or both (Degli -Innocenti, 2021) . Itis well known that the
composting process, like all biological processes, needs a balanced carbon - nitrogen ratio.
For this reason, nitrogen -rich fractions (bio -waste, manure, etc.) are mixed with low -
nitrogen fractions ( e.g., cellulose) to avoid ferment  ation imbalances. Materials rich in
carbon (polymers such as cellulose and biodegradable plastics) are necessary for the
composting process as they bring energy and carbon. Without these components the
composting process does not happen and compost is not produced. Actually, the chemical
energy of feedstock evolves as heat leading to the very high temperature reached by the

composting pile. The composting mass reaches temperatures of 60°C and higher, without

any external heat source. High temperatures are n eeded to speed up the biodegradation
process and to kill the pathogens present in the original waste. Thus, the carbon is oxidised
to heat the composting pile and make the composting process, including pasteurisation,

happen without any external energy sou rce. Therefore, the statement that compostable
plastic does not contribute to the value of the compost product, since it does not conta in
nutrients in its composition , is scientifically  groundless (Degli -Innocenti, 2021) . It is
important to highlight that the amo unts of compostable plastics, and their relative carbon
contribution, are extremely small nowadays, in comparison to the vast volumes of bio -
waste entering aerobic and anaerobic digestion.
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Another topic , claimed by some stakeholders , is that compostable p lastic waste contain
additives whose harmlessness has not been evaluate d, or that they are just as toxic as
conventional plastics with regards to the chemicals they contain (Zim mermann et al.,
2020) . At this moment there are no rules or policies looking at avoiding the use of non

biodegra dable additives, which could harm the quality of compost. Even the EN 13432
standard allows for 10% non -biodegradable additives in packages. Further research is
neede in this topic.

A further discussion topic is about compostable plastic waste releasing microplastics in the

final output hence promoting their dispersion in the environment (Qin et al., 2021; Wei et
al., 2021) . On the other hand, several studies in different EU countries provide evidence

that compostable plastic fit the composting process and do not result in microplastics in

the output (Edo et al., 2022; van der Zee & Molenveld, 2020) . Again , further research is
needed in this topic.

Apart from that, there are many other arguments not strictly related to the ecological and
agricultural benefit on land that needsto be enumerated (but not considered for the scope
of this study):

- Technological constraints - Some technologies are unsuitable for compos table plastic
waste , causing in some cases technical problems in composting facilities where they are
rejected as refusal . Besides, some stakeholders claim that biodegradation is only achieved

in industrial plants (with a clear distinction between industrial composting and home
composting).

- The contribution of compostable plastics , when treated in compos ting facilities , to the
achievement of circular economy targets and their environmental performance (usually
measured through LCA)

- Claimed additional co -beneifts of ¢ ertified compostable  plastic packaging:
- Increases the separate collection of bio -waste/organic waste/food waste

- Allows to recover bio -waste that is attached to the packaging, that would be discarded
and sent to incineration or landfilling, if the packaging is sieved from the bio -waste going
into composting

- Reduces the contaminati  on from plastics in compost

- Reduce s the moisture content and increase s the bulking effect, useful when composting
food waste.

4.4.4 Proposals for calculation of recycling

It is important to unify criteria and calculation rules along waste fractions and treatment
technologies in order to set a common playground and avoid inconsistencies.

Bio - waste

When bio -waste is the only fraction entering the recycling process, in light of the issues
raised in section 4.4.3 , the following calculation method is proposed

- When the processg enerates similar output quantities as the benchmark composting
and anaerobic digestion process  es, and this output is used as a recycled product,
material or substance , i nherent losses (i.e., evaporation and losses from biological
degradation) are accounted as recycled material in the output , regardless of the
process occurring, whether biological, physical, or chemical . This follows the current
logic as in Eurostat (2021) (at least for aerobic/anaerobic degradation processes)
(see Figure 10). The mass balance as detailed in section 4.2 is not required, and
the input quantities can be claimed as recycled subject to subtraction of non
biodegradable materials which remain in the output and all materials (including
biodegradable) removed mechanically at the input or from the outputs.
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- When the process generates very low amount of output co mpared with the
benchmark of composting and anaerobic digestion processes, and under the
condition that this output is used as recycled product, material or substance,

Inherent losses are considered as process losses instead of accounting as recycled
mater ial (see Figure 11). For simple processes the math can be simplified and input
quantities can be claimed as recycled subject to subtraction of non -biodegradable
materials which remain in the output and all materials (including biodegradable)

removed mechanically at the input or from the outputs, and to su btraction of the
inherent losses. In case of complex multi -process and/or multi  -output, then the
framework in section  4.2.2 for a mass balance approach can be applied .

A possible issue is the selection of the unit of measurement of the mass balance for
composting/anaerobic digestion processes (i.e., dry basis or wet basis) and the
quantification of the water added to the process since comp ost/digestate are wet
product s with varyingwaterco  ntent, especially for digestate. Accordingtothe rules,
water added to aid the process should be ignored in the calculation, and thus the

amount of output product reported should be corrected according to the natural
humidity of the  product when this is placed on the market

Substances to aid the Gaseous and moisture

process (e.g.
water/enzymes)

Calculation
oint Digestate/Compost
P or

. Other outputs
Anaerobic

Separately collected Initial sorting and Digestion/Composting
municipal bio-waste separation or Non-biodegradable

Other process materials that remain

in the otuput

All matenals
mechanically remaoved

Material not entering the anaerobic

digestion/composting or other process (including biodegradable

materials)*

* This includes onlythe materials sentfor disposal orenergy recovery. It does notinclude the materials that are recirculatedinto the next batch

Figure 11: Calculation point and calculation rules for bio -waste process generates very low amount

of output compared with the benchmark of composting and anaerobic digestion processes . As for the
calculation rules: grey boxes indicate flows that are not considered in the calculation; blue boxes

indicate flows that are included in the calculation; red boxes indicate flows that are subtracted from

the input quantity at the calculation poin t; finally, green boxes indicate flows that are ignored in the
calculation.

Compostable plastic waste

In case compostable plastic waste is collected and treated along with bio -waste, the
following adaptations have to be made to the general mathematical framework presented

in section 4.2.2 . to be ableto accountand report compostable plastic recycled quantities
in the total plastic recycle d quantities (note that there is an obligation for packaging
acknowledging the technological difficulties earlier mentioned in section  4.43.1):

Quantification  of compostable plastic waste entering the process

The system boundaries start with the materials after the initial sorting just before entering

the recycling process. If the individual material fractions (i.e., garden waste, food waste,
compostable plastic waste, etc.) are only quantified before the initial sorting, then the

material rejected before the treatment process must be subtracted from the input to

calculate an Input compostable plastic corrected . If the material rejected is traceable to

the specific material (  e.g., compostable plastic  packaging ), then Equation 24 is applied
(see Figure 12a)
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Equation 24
In case this quantity is not traceable because rejects are reported together (i.e., total
rejected m aterials), it will be proportionated with the inputs accordingto Equation 25 (see
Figure 12b). Note that this option is not the preferred one since it would lead to an
overestimation of the Input compostable plastic corrected and it should only be used in
case composition analyses are not possible and no further data is available
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Equation 25

Food

Aerobic composting
or anaerobic
digestion

Initial sorting,
separation actmities

Food Garden Compostable
waste waste plastic

Material not entering the aerobic
composting or anaerobic digestion
process
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Figure 12: Quantification of compostable plastic waste entering the process. a) When the material
rejected (i.e., orange boxes) is traceable to the specific material; b) when the material rejected (ie.,
orange box) is not traceable because rejects are reported together

If necessary to apply the framework as in section 4.2.2 ,thiscan be adapted by considering
the compostable plastic waste as waste feedstock and the remaining bio -waste (i.e., other
waste) as the virgin feedstock. Simplifying and assuming that the degradation of
compostable plastic waste is the same as the remaining bio -waste . Note that the mass
balance approach might not be required in some cases and a simple calculation could be

applied. However, similarly to what explained before for bio-waste , the following
calculation method is proposed

- When the process treating compostable plastic waste generates similar output
guantity as the benchmark composting and anaerobic digestion processes, and this
output is used as a recycled product, material or su bstance , inherent losses are
accounted as recycled material in the output regardless of the process occurring,
whether biological, physical, or chemical.

- Onthe other hand, when the process generates lower amounts of outputs compared
with the benchmark of composting and anaerobic digestion processes, and under
the condition that this output is used as recycled product, material or substance,
inherent losses are considered as losses (instead of accounting as recycled
material).

13 Alternatively, one should know the stoichiometry of degradation/conversion of the compostable plastic waste
and the remaining bio  -waste. This is hardly known, therefore a mass -based pr oportion seems the most
reasonable approach.
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