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Abstract

Construction and demolition waste (CDW) accountsdtnost 40% of all waste generated in the EU. The
European Commission is taking importahinding and norbinding Egislative actions to ensure CDWis
managed in an environmentally soundhannerand contributes to the circular economihis report review,
analyses and reconcile data on CDW generation, composition am@&nagementat EU level It also performs
an environmental andechnoeconomic assessmentfdhe most important management technologies through
Life Cycle Assessmeraind Costingfor individual material fractions. Results show thaubject tothe uptake of
best available technologies, recycling apteparingfor reuseare preferredover incineration and landfilling for
most of the individual material fractions of CDW because of the associated environmental benefits. However,
this shift comes with increased costgwhile indicating positive societal gains when internags externalities)
for most materialfractions, except for soils and dredging spoils, for which uncertaintiessigeificant and for
metals which are already today profitably reused and recycl€le study furtherestimatesthe potential for
recycling aw preparingfor reuse for each individual material fraction of CDWndicating that excluding
excavated soils and dredging spoils due to their significant uncertaByp of CDW can potentially be sefdr
preparing for reuse and recycling (of which potelly 16% for preparing for reise).Taking as the baseline the
status quoof CDW managemenin the EU in 2020for each material fractionand excluding excavated soils
and dredging spoilshis would lead toan additional 33 Mt CQ equivalent (CQ eq.) savingsannualy (more
than for examplethe combined annuaCQ eq.emissions from Estonia, Latvia and Luxembouag)a net cost
of EURG.3 billionwhen assuming recyclingnly (up to 34 MtCQ eq. savings at anet saving of approximately
EURR.9 billion when including excavated soils and dredging spoildhder stylised assumptions and when
consideringthe maximum preparingfor reuse and recycling scenari@also excluding excavated soils and
dredging spoilsa total reduction ofabout 48 Mt CQ eq. with a net saving of approximatelgUR7.3 billion
could potentiallybe achievedup to51.5 Mt CQ eq. savings at anet saving of approximateNEUR19.5 billion
when including excavated soils and dredging spoil$lus, preparing for reuse should Ipepomoted along with
recycling to maxinge potential enviramental and economic benefits.
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Executive summary

The objective of this study ig¢o provide a techneeconomic and environmental assessment of CDW
managementn the EUfocusing on individual material fractions and including soil that is usually excluded from
the scope of most analyse§.he reporti) providesa detailed reviewof the data availableon CDW generation,
composition and treatment at EU level; f@rovidesan overview of CDW management technologiemnd
processesfor the different material fractions to identify key technolog& and compileinventory data; iii)
provides the environmental impacts and costs of managing individual material fractions of CDW via different
technologies and processgand iv) exploresthe potential for improved CDW management dlte EU level
considerilg possible higher preparing for reuse and recycling ratéisally, the economic and nesconomic
barriers are discussed as well as the limitations of the study and the feedbéskrvey results)from
stakeholders.

Policy context

The Waste Framework Direeti (WFD; Directive 2008/98/EEuropean Commission, 20Qd8ater amended in
2018 (European Commission, 2018akgulates the management of CDW in the EU. In Article 11(2)(b) of
Directive 2008/98/EC it is highlighted that by 2020 the preparing for reuse, recydind other material
recovery, including backfilling operations using waste to substitute other mater@édlsion-hazardous CDW
excluding naturally occurring material (i.e. soil and stor&®ll be increased to a minimum of 70% by weight.
For CDW, the cwent average recovery rate in the EU is about 89%, which is éighan the 70% by weight
goal. However, it should be noted thaturrent recoveryuses mainly lowquality recycled aggregates for
backfilling material or road construction stiiases in the bestcase scenarioMetals are already often reused
or recycled for the same function. On the other handsgite the potentidly high market value of some CDW
fractions such as bricks, ceramics, wood goalyvinylchloride PV@, they are typically not reusedr recycled

for the same applicatioror function for which theywereoriginally producednstead they are mostly recovered

to becomeaggregates or incinerated or landfilled=or this reason, the European Commission has accompanied
the WFD with guidancelocuments for examplethe ‘EU Construction and Demolition Waste Management
Protocol (European Commission, 2016onbinding guidelines on how to propertyeat CDW, ‘Guidelines for
audits before demolition of building(European Commsson, 2018b)and ‘Circular Economy - Principles for
Building Design’ (European Commission, 2020#&) general the European Commissi@imsto promote circular
economy approaches in the constructiamd buildings value chain, in line with the 2020 Circular Economy
Action Plan(European Commission, 2020t8ustainable and circular eof excavated soil fromconstrudion

and demolition waste, which is in line with the EU soil strategy for 2@qBO0ropean Commissn, 2021a) is also

an objective.

Main findings

Using Life Cycle Assessmerdnd Costingwe find that materiatspecific preparing forreuse andadvanced
recycling processegreate significantly highergreenhouse gas GHG savings and better environmental
performan@sthan incineration and landfill, andre alsobetter than recycling processes only producing recycled
aggregates for road construction or backfilling. This is true for almost all material fractions, exoceptfew
cases that are duly explained in this document.

We find that atthe EU level he preparing for re use and recycling rate potential could be in the range

of 27 -100% across the individual material fractions of CDW investigataderaging 83% for CDW as a
whole (excluding excavated soils and dredging spoils) (these values should be interpreted as the
proportion of waste generated that can be ‘sent for preparing for reuse and recycling’, i.e. without considering
the losses within therecycling or reusgrocess the value drops t679% when considering lossg¢sNote that
this figure is calculated excluding the mixed inert waste fractioapfesentingca. 14% of the total CDW and
soil and dredging spoilsas they areexcluded from the70% recovery rate taget of the WFD Whendefining
the recovery of the mixedraction as recycling in the equation, the totgdotential preparing for reuse and
recycling rate of CDW would rise to as much @8%. As for thepotential for preparing for  reuse alone
we estimated that this could vary betweer0% and 50% depending on the material fractiorfexcluding

1 Our estimate of 83% is thus not directly comparable with the current EU recovery rate of CDW of 89%, as estimated by Ebexstase
i) Eurostat’s 89% is a recovery rate (not a recycling rate) and ii) Eurostat’s 89% includes mixed inert waste (which we did not include
in the calculation leading to our 83%). If a comparison should be made, our value of 97% should be used instead, whidcveid der
assuming that all of the ‘mixed inert waste’ fraction can be recycled or recovered to some form of recycled aggregates.


https://ec.europa.eu/growth/content/eu-construction-and-demolition-waste-protocol-0_en
https://ec.europa.eu/growth/content/eu-construction-and-demolition-waste-protocol-0_en
https://ec.europa.eu/docsroom/documents/29203/attachments/1/translations/en/renditions/native
https://ec.europa.eu/docsroom/documents/29203/attachments/1/translations/en/renditions/native

excavated soils and dredging spoilsiveraging 16% of the CDW in total (to be interpreted as ‘sent for
preparingfor reuse’; the value drops tol4% when considering Ia®s) Thesevaluesshould be considered as
preliminary estimates, based oexistingliterature and specific case studies, especiaitythe case of preparing
for reuse, and excluding excavated soil and dredging spoil

Based on these figures, two scenarios ateveloped andanalysed Frst, a scenario for amaximum recycling
rate, and, second one for a maximumpreparingfor reuse and recycling rate. The firscenariois done by
reducing landfilling and incineration tthe minimum and assuming implementation of the best performing
recycling processes following a best availalitchnologiesapproach although thereuse rate is kept at the
same levels as today. The secosdenariofollows the exactsame assumptionss thefirst one but prioritises
preparing for reise whenever applicabland to the maximum extent technically possible. The results of the
assessment show thatelative to the baseline gtatus quomanagement of CDW in the EU; using 2020 waste
generation figuresyand excluding soil and dredging spoiéstotal annualreduction of ca33 Mt CQ eqg. at a
net cost ofapproximatelyE UR6.3 billion would be achieved with the maximum recycling potentiaéeario(up

to 34 Mt CQ egq. savings at anet saving of approximateNEUR2.9 billion when including excavated soils and
dredging spoils)Iin the same linewith the maximumpreparingfor reuse andrecyclingscenarioa total reduction

of ca.48 Mt CQ eq.with a net cost saving ofapproximatelyEUR7.3 billion would be achievedqup to 51.5 Mt
CQ eq. savings at anet saving of approximateNEURL9.5 billion when including excavated soils and dredging
spoils) The cost savingslue to a maximumpreparing forreuse scenarioare due to the theoretical savings
gained by reusing istead of processing the waste via incineration, landfilling and recycling (as is the case in
the baseline year 2020) and should be considered as a theoretical tendency rather than @urade cost
estimate. Remarkably, sing a Marginal Cost Abatement Curvihe study shows thatall material fractions
contained in CDW truly have naregligible potential contributissto GHGeductiors and environmental savings
at belowthe current CQ price, except for woodgypsumand concrete waste.

Key conclusions

Current recycling and/or recovery of CDW is mainly basethemproductionand/or useof recycled aggregates
mostly for road bass or backfilling.However more advanced processes and techrgs exist thatcan
increasethe value of the products recovered and the environmental performance of the teaydself. These
span from preparing forreuse of selected material fractions (e.g. bricks, aluminium, steel, waodcretg to
advanced processes that recover cement and higtlue recycled aggregates for structural uses from concrete
waste. While such processes and technologies available or may be available irthe short term, they are
generally more costly than landfiig and incinerationwith the exception of metals for which reuse or recycling
are the most profitable routeThe costs are higheeven when an average landfill tax on inert waste disposal
is in place The reasos are the increased costs for processing @rselective demolition. However, when
accounting for external costs.€.monetised environmental emissions), recycling pathways bring overall societal
savings. From a purely financial perspective, significantly higher landfill t{absvethe levels in he current
study of EUR19 t1), as applied in selectedlember States (upto or more thanEUR100 t?, e.g.in the
Netherlands), have proven to discourage disposal and favour recycling or recovery operations. Still, this does
not ensure that recovery is sered towards higfguality material recycling for use in higkialue markets and
applications. To this aim, other complementary measuaesi/orinstruments may be necessary. The findings
of this study indicate that significant environmental benefitartbeobtained from improved rese and recycling

of individual material fractions of CDW\e show that not only concretebut basically all waste material
fractions have a relevant contribution to GHissionreductionsand environmental savings/hen recovered
rather thandisposed of or incinerated

Related and future JRC work

The information contained in this report is supported and complemented by the analyses presented in the
following additional studies: Damgaard et al. (202Zaro etal. (2024), Crisbbal et al. forthcoming, and
Pristeraet al. forthcoming. Alsothe JRC plans to perform a subsequent studyidientify policy measures to
improve CDW management.

Quick guide

This report iorganisedin 10 sectionsas follows. Section 1 presents the introduction and the ppbackground
of the reportand the objectives of the study. Section 2 focusen the CDW characterisation including the
quantification and the omposition of the different fractions at EU level. It includes a theoretical material
fraction generation potential estimated viilaterial Flow AnalysisMFA, which is estimated withouthe mixed



inertfraction. Section 3 summarises the main technologied to manage the individual material fractions of
CDW. Section 4 details the management of each individual CDW material fragticlading a final summary

of the current management pathways in the EBection 5 introducgthe methodology and results ahe Life
Cycle Assessmerdnd Costingperformed for the different waste management options of the different CDW
fractions. Section 6 assess two scenarios to unravel the potential benefits of increasing the recycling and
preparing for reuse of the diffenet CDW fractions. Section 7 analyses the economic and @oonomic market
barriers for CDWpreparing for reuse and recyclinections 8 and 9 present the limitations of the study and
the stakeholder consultatioresults, respectively. Finallye&ion 10derives the conclusions of the study.



1. Introduction and p olicy background

All waste generation has social, economic and environmental impassociated with itas well as a loss of
valuable materials and resources within the econor@anstruction and dewilition waste (CDWaccounts for
almost 40% of all waste generated in the EUhis makesit an important target for the EU to ensure its
management in an environmentally sound waynd to ensure itcontributes to the circular economyhus, in
the last two decades, the European Commission has taken ct@pstowards the efficientuse of resources
including waste preventignmainly through different communications, legislatiomgluding Directivego be
transposed at national level), and guidelines.

Management ofCDWn the EUs regulated by the EU Waste Framework Direc(iW=D Directive 2008/98/EC;
European Commission, 2008ater amended in 2018(European Commission, 2018&)he target set in Article
11(2)(b) of Directive 2008/98/EC reads: “by 2020, the preparing for reuse recycling and other material recovery,
including backfilling operations using waste to substitute other materials, of-hezardous construction and
demolition waste excluding naturally occurring material defined in category 17 05 04 inigieof waste shall
be increased to a minimum of A by weight” The main changg in the management/reporting of CDW
introduced by the amended WFD as of 2018 consisfsi) a revised definition of backfilling, to further clarify
the distinction between bekfilling and other recovery operations, notably recyclimnd ii) an increased
frequency of reporting to the Commission via Eurostaty@ar instead of 3year)

As for the revised definition of backfiling , the amended WFDeads “backfilling means any recovery
operation where suitable nehazardous waste is used for purposes of reclamation in excavated areas or for
engineering purposes in landscaping. Waste used for backfilling must substitutewaste materials, be
suitable forthe aforementioned purposes, and be limited to the amount strictly necessary to achieve those
purposes”. This is stricter tha the earlier definition in Commissiorbecision 2011/753/EU(European
Commission, 2011)which reads “backfilling means a recovery operation where suitable waste is used for
reclamation purposes in excavated areas or for engineering purposes in landscaping and where the waste is a
substitute for nonrwaste materials”.

The rulesfor the calculati on of the recovery rate 2 and for the frequency of the related reportingto the
Commission via Eurostatre detailed inCommissionDecision 2011¥753/EU later amended in @mmission
Implementing Decision 20191004/EU (European Commission, 2019Furostat's guidancedocument for
reporting of CDW recovery according to the abovementioned rideavailable to Member States, and is
regularly updated European Commission, 2022&DWreporting has a frequency of 2ears, and mustfollow

the format detailed in2019/1004/EU(European Commission, 2018hd must include the data collected within

1 calendaryear. As for the measurement poinfor reporting the amount of CDW material recovered (the
numerator of the recovery ratefrticle 2(2) of Commission Decision 2011/753/EU sets out that “the weight of

the waste prepared foreuse recycled or materially recovered shall be determined by calculating the input
waste used in the preparation fahe final recycling or other final materialecovery processes. A preparatory
operation prior to the submission of the waste to a recovery or disposal operation is not a final recycling or
other final material recovery operation. Where waste is collected separately or the output of a sorting plant i
sent to recycling or other material recovery processes without significant losses, that waste may be considered
the weight of the wastewhich is prepared for nese has undergone other material recovery.” In other words,

the amount of CDW reported as reeered reflects the amount of waste that enters the final material recovery
process. As for the generated CDW (the denominator of the recovery MemberStates have two options to
calculate and report iti.e. a general method provided by Eurostat the guidance documen{European
Commission, 2022adr their own national data, if deemed to be moeecurate

The current recovery ratef the EUfor the year 2020varies from63% (Finland}Yo 99% (Luxembourgvith an
average of 89% for the E¥ As illustrated later in this document, such recovery often reflects recovery pathways
that mainly produe low-quality recycled aggregategRA)from the mineral fraction of CDWor use as
backfilling material or road constructiossub-bases in the bestcasescenarioFor examplea relatively lowshare

of suchRAis currently used for structural concrete applicatiof@2%) (Pacheco et al., 2023while cement (a
carbonrintensive material) is not recovered at all. Other material fractions of potentially high market value such

2 The recovery rate fo€DWand the calculation methods are defined in AnnexdlR011/753/ECand is equal to ‘CDW material recovered
divided by CDW material generated’. The recovery includes preparing for reuse, recycling and other materigicovery operations
including backfilling operations

3 These figures may be found on the Eurostat website under the Circular Economy Indicators (CEI WM_040) and are alsomegeutio i
4 of this document.



as bricks, ceramigswoodand PVC are typically natused or recycled for the same applicatiéfanction for
which they originally wergroduced, but rather recovered as aggregates in the best scenarm lfricks and
ceramics) or incinerated or landfilled (PVahd wood) These recoverypathways, notably recycling into
aggregateswhile certainly diverting the waste from landfi, resultin products with low market value and
often low quality (process denominated agowncycling) overall incurring low environmental benefits and
circularity.

To foster better management practices atide circular economy in the construction and demoliticecsor, the
European Commission has accompanied the revisé#eDwith guidance documentsuchas the ‘EUConstruction
and Demolition Waste Managementd®ocol (European Commission, 2016onbinding guidelines on how to
properly handle thisvaste strean), ‘Guidelines for audits before demolition of buildihEuropean Commission,
2018b) and ‘Circular Economy Principles for Building Desig(European Commission, 2020&)Jlore recently,
in the context of theconstruction and buildings key value chain under @Be&cular Economy Action Plan
(European Commission, 202Qkhe Commission has pointealit the following

- It would and subsequently did adopt a proposal forravised Construction Product Regulatiam 30
March 2022 taking this opportunity to improve the sustainability performance of construction
products, introducing recycled content réqaments for certain construction products

- Promote circular economgpproaches in the construction industry ecosystéBuropean Commission,
2022b) and the development of digital logbooks for buildings

- Use Level(s), which is the European framework for sustainable buildings, to intediéteCycle
Assessment in public procurement and the EU sustainable finance frameftloekatter was achieved
by the adoption of Annex 2 to the Commission Delegated Re@grasupplementing Regulation (EU)
2020/852 on the EU Environmental Taxonoifiuropean Parliament and tHeéouncil, 2020)

- Consider a revision of EU waste legislation, focusingmeparing forreuseand recyclingobjectives
for construction and demolition waste and its materapecific fractions(Article 11(6) of the WFD)

- Promotesoilrelated initiatives, aiming to increase safe, sustainabknd circular use of excavated
soils.This last point is in line with the EU soil strategy for 208Buropean Commission, 2021ahich
promotes the waste hierarchy introduced in the WFD and states that excavated soils shoutdibel
in the same or another location (most excavated soils are cldartile and healthy), and if not possible
they should be prioritised for recycling or some other form of recovery rather than landfilling.

The European Commissiorah also published a Transition Pathway for Construct{&uropean Commission,
2023c), which aims to offer a bottomup and cecreated umerstanding of the scale, cost, and conditions for
resilience, competitiveness, and the green and digital transition of the construction ecosysteloding actions
related to CDW.

1.1 0Objectives of the study

The overall aim of this report is toompiledata and providea techneeconomic and environmental assessment
of the CDW management options, focusing on individual material fractigmduding the excavated soils that
are usually excluded from the scope of most anadgk This report intends to support fther policymakingon
proposals for CDWobjectivesfor preparing forreuse and recyclingand its materiatspecific fractionsin
accordance with the WFDhe specific objectives of thistudy are as follows

- Review analyse and reconcile data on CDy&nheration, composition and treatment at EU level to be
usedin subsequent analysi

- Reviewthe literature on CDW management technologies for the different fractions in ordedémtify
key technologies andompile techital data for further modelling

- Establish life cycle inventories for selected CDW management technologies ftbenreviewed
literature.

- OGonduct alife Cycle Assessment (LCAgnd Environmental andSocietal Life Cycle Costing @.CCand
SLCCfor the selected CDW management options for theidiedindividual CDW frations

- Explore the potential for improved CDW management at EU leviirough two scenarios in which
preparing for reuse and recycling rates are significantly impraved

Note that this report is supported by the followingpmplementary studies and associated publications:


https://ec.europa.eu/growth/content/eu-construction-and-demolition-waste-protocol-0_en
https://ec.europa.eu/growth/content/eu-construction-and-demolition-waste-protocol-0_en
https://ec.europa.eu/docsroom/documents/29203/attachments/1/translations/en/renditions/native

Damgaard et al. (2022): providing a detailed review of the data reported acidssnber Statesor
CDW generation and management as well as a material flow analyses of CDW from buildirtlgs in
EUfor 2020 and 2050.

Caro etal. (2024): providing a detailed environmental (via LCA) and s@tonomic assessment (via
ELCGnNd SLCYof CDW management.

Cristbal et al. forthcoming: providing a detailed environmental (via LCA) and see@nomic
assessment (vilELCGnd SLCYof excavated soil and dredging spoil management.

Pristea et al. forthcoming: providng a detailed analysis of selective demolition and design for
deconstruction measures as means of achieving a reduction of CDW and a pgatidti of preparing
for reuseand highquality recycling options.



2. CDWocharacteri sation: generation and composition

Based on a literature review and on the previous stuldy Damgaard et al. (2022)this sectionaims at
charactersing and quantifying the generation and composition of CDW for the Bulis, this section tries to
reconcile data for CDW, setting the biagor further analysis performed in subsequent semtis.

2.1 Relevant material fractions for CDW

in the European Waste Code (EWC)

CDW is compa of different waste fractionsand materialsthat are registered under specific codescording
to the two main coding systemsappliedwithin the EUthe List of Waste (LoW) antthe European Waste Code
Statistics EWEStat). The formeris the waste classification in the EU for administrative purposes and is
structured in 20 chapteramainly according to the source of wasted.the economic sector qurocess of origin).
The latter is a substanceriented aggregation of the waste types defined in the LoW.s possible to
unambiguously convert the waste types classified according to the LoW into the-EtMtGvaste categories
that is the main method rported in the Commission Decision 2011/753/EBuropean Commission, 2011)
setting out the rules and calculation methods for the compliance monitorifiguropean Commission, 2022a)
Tablel shows the relation of LowW and E\A&Iat codes for the CDW material fractions considered in this report.

Table 1. Description of the CDW fractions considered in this study with a correlatitimthe List of Waste LoW andthe
European Waste Code Statisti&\W/Cstat) codes

CDW fractions Considered in scope LoW code EWGstat
Mineral waste Mineral waste 1701 Wwi2.1
Concrete Concrete 170101 W12.11
Bricks Bricks 17 01 02 W12.11
Tiles and ceramic Tiles and ceramic 17 01 03 Wi2.11
Other. .materlals from road EXCLUDED
demolition
Mixed/other mineral/inert M?xed/ot_her 17 01 07 W12.11
waste mineral/inert waste
Bituminous mixtures
Asphalt waste . 17 03 020 W12.120
containing coal tar
Plastic Plastic 17 0203/19 12 04®@ W07.42
Metal Metal 17 04 WO06
Mixed metals, incl. cables Mixed metals 1704 07,1704 11 W06.32, W06.26
Ferrous Ferrous 1704 05/19 12 02@ W06.11
17 04 01, 17 04 02, 17 04 | W06.24, WO06.23, WO06.25
Nonferrous Nonferrous 03,1704 04,1704 06/19 | W06.26
12 03@
Glass Glass 1702 02/19 12 05@ WO07.12
Wood Wood 170201/191207®@ WO07.53
Gypsum Gypsum 17 08 02 Ww12.11




Insulation Insulation 17 06 04 W12.13
Paper and cardboard Paper and cardboard NA® 19 12 01@ W07.23?
Mixed waste, generic
Mix of nonrhazardous, non
inert wastes
Mixed waste, generic | 17 09 04 /19 12 09®@ W12.13/ W12.81@
Mix of inert andhon-hazardous,
norrinert wastes
Others
Soil Soils
Unpolluted Soils and stones 17 05 04® W12.619
Soils and stones
Polluted containing dangerous | 17 05 03* W12.619
substances
Dredging spoil Dredging spoils
Unpolluted Dredging spoils 17 05 06® W12.710
Dredging spoils
Polluted containing dangerous | 17 05 05*V W12.719
substances
Track ballast Track ballast
Unpolluted Track ballast 17 05 08W W12.119
Polluted Track ballast containing 17 05 07*® W12 110
dangerous substances
1701 06* 170204*, 1703 | W12.11, W12.12, W10.22
Hazardous waste * * *
Hazardous waste (excl. . 01* 17 03 03*, 17 04 09*,| W12.13, W12.21, W07.73
hazardous  soil.  dredain (excluding hazardous | 17 04 10* 17 06 01*, 17 06
ok bt 9M9 | soil  and dredging | 03* 17 06 05*, 17 08 01*,
spoil, track ballast) spoil) 1709 01*, 17 09 02*, 17 09
03*

(1) In greenthe codes that were excluded Damgaard et al. (2022put included in this study.

(2) Inredthe LoWentries that according to the Commission Decision 2011/753/EC (Annex IIl) shall also be included in the calculation
of CDW recovery targets bubat in this study have not been considered since it was not possible to kwbetherthey were
generated fromthe treatment of waste coming from construction and demolition activities

(3) There is no LoW code for Paper and Cardboard within the Construction and demolition waste category (Chapter 17) of the
European Waste Catalogue (EWC, Commission De@8IbH955/EC).

Note:Any waste marked with an asterisk (*) in the list of waste shall be considered as hazardous Wastemportant to highlight

that reporting obligations are onlfor non-hazardous wastes excluding soils and dredging sp@ésnaturally occurring materials)

SourceAdapted fromDamgaard et al. (2022)

2.2CDW characterisation based on a literature review of reported data

According to the literature review dyamgaard et al. (2022)which includes more than 90 reports and articles
(comprising Eurostat sources, techsoientific literature, and countrgpecific data obtained via stakeholders
and environment agencies), the generation of CDW in the EU in 2018 amounted to ca. 848 Mtimdheding
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soil, track ballast, dredging spoils, and asphdlable2). When excluding soil, track ballast, dredging spoils, and
asphalt thequantity of CDW generated amounted to ca. 276 Mt. The authors provide a detailed breakdown of
the CDWmaterial fraction composition athe EU level Table3) as well as atMemberState level for the latter,

the reader is referred to the original document IBamgaad et al.,2022).

The nmain messages from the literature revieware the following

A high variation in the amount of reported CDW generation exists acfdember States, from
0.02t/capita in Bulgaria to 3.72 t/capita in Maltgexcluding soil, track ballast, dredging spoils and
asphalt)

The largest material fraction on average in CDWhen excluding excavated soil wasie the mineral
fraction (77%). It consiss mainlyof concrete and brickdpllowed by metal (4.3%), wood (2.3%), and
gypsum (1.4%). However, great variation exists acrglesnber States, notably for wood (reaching 18
21% in Sweden and Finland).

A high variation in the amount of reported soil waste generation exists acidember States, from
almostzero in Malta to significant amounts in Finland and Luxembourg, where soil waste is the largest
fraction of CDW. This is likely related to the way soil from excavation is classifiedexhbér State

level (byproduct versus waste) andhus reported.

The level ofdetail reported forthe material fraction composition varies greatly acrostemberStates.

Fa some countries€.g.Denmark, Germany, Luxembourg, Netherlandata are available for almost

all material fractions, including a breakdown into the different components of the mineral fraction
(concrete, bricks, tiles and ceramic), which might indicate a good level of source separation. Other
countries,e.g.Belgium,Bulgaria, Cyprus and Finland, only report mineral waste data in aggregated
form, possibly reflecting poor practices within source segregation and selective demolitiaddition,

these countries also report data for plastic, metal, glass, wood and hdaas waste. This further
supports the argument that the reported CDW data do not necessarily represent the actual material
composition, but rather reflect CDW management practices.

Many Member States report a high share of ‘mixed CDW’ fraction. This fraction ranges from 5%
(Germany) to 100% (Poland), possibly suggesting poor practices within source segregation and
selective demolitionNotethat data for the “mixed CDW” fraction are not available in Eurostat datasets

as Eurostat does not includg.

The data for insulation are likely to refer only to mineral insulation as polyntesed insulating
material would be likely sorted and classified as plastic wadtewever this remainsunclearin the
reporting.

CDW datdor Italy wereadjusted as the categdsation of the main Italian CDW fraction dWcode

17 09 04 (indicating a mix of waste from construction and demolition) was understood as a
misclassification as this main fraction is, to a large extent used to produceRA A more accurate
classification that better reflect the actual material composition of Italian CDW was suggested to be
LoWcodel7 01 07. The revised CDW composition for Itédyused for further assessment.

Table 2. Current CDW generation in 29 European countries, as well as total CDW generation for all 27 Membern$tates
the EUand for EU + NorwayCDW dta are presented as bottmcluding {ncl) andexcluding éxcl) soil, track ballast, dredging
spoils and asphaltwith a detailed focus on soil waste generation

Per capita Per capita
Total CDW Total CDW CDW CDW
generation generation generation | generation
incl. soll, excl. soil, Total soil excl. soil, excl. track Per capita
track track waste track ballast, soil waste
ballast, ballast, generation ballast, dredging generation
dredging dredging [t] dredging spoils and [t/capita]
spoils and spoils and spoils and asphalt,
asphalt [t] asphalt [t] asphalt incl. soil
[t/capita] [t/capita]
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Austria 48961 689 | 11521240 | 37440449 1.29 5.50 4.21
Belgium 26791280 | 22960 461 2973938 1.99 2.25 0.26
Bulgaria 384 408 161 090 74 535 0.02 0.03 0.01
Croatia 1239 094 646 163 582 492 0.16 0.30 0.14
Cyprus 1048 713 333 468 715 245 0.38 1.18 0.81
Czechia 14 422 791 4262 791 9 442 000 0.40 1.28 0.88
Denmark 14 162 000 3818 000 9 139 000 0.66 2.23 1.57
Estonia 2917 272 1260 097 1599 472 0.95 2.15 1.20
Finland 23676 196 1871918 21789 333 0.34 4.28 3.94
France 252951500 | 53151500 | 175110 000 0.79 3.39 2.60
Germany 201345300 | 72215800 | 108582 300 0.87 2.17 1.31
Greece 3244 848 1440 182 1730 862 0.13 0.30 0.16
Hungary 7399 179 3520 557 3808 105 0.36 0.75 0.39
Ireland 2 857 434 733745 2123689 0.15 0.58 0.43
Italy 56 681821 | 43045079 | 13600 000 0.72 0.95 0.23
Latvia 390 530 385 959 4571 0.20 0.20 0
Lithuania 934 554 890 240 44 297 0.32 0.33 0.02
Luxembourg 5121118 432 067 4481 481 0.69 7.85 7.16
Malta 1975105 1915 040 65 3.72 3.72 0
Netherlands 101562751 | 24317000 | 7766598 1.40 1.84 0.45
Poland 15 322 360 4523831 10 071 815 0.12 0.38 0.27
Portugal 2035326 1 696 938 338234 0.16 0.20 0.03
Romania 1584 229 965 633 618 596 0.05 0.08 0.03
Slovakia 3322470 859 643 1542 577 0.16 0.44 0.28
Slovenia 4934 998 1 085 440 3022189 0.52 1.96 1.44
Spain 39539766 | 14807048 | 24729 360 0.31 0.84 0.52
Sweden 12 959 008 3627928 8 885 143 0.35 1.21 0.86
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Norway 4 650 868 1750 394 2702226 0.33 0.83 0.50

UK 145116 633 71788 216 62 009 410 1.07 2.00 0.93

Total EU 847 765740 | 276 448 858 | 450 216 346 0.78 1.86 1.08
Total EU + Norway | 852 416 608 | 278 199 252 | 452 918 572 0.76 1.82 1.06

SourceDamgaard et al. (2022)

Table 3. Current aerage CDW composition (expressed as % of the total per capita CDW amdonEl) and EU+Norway
CDW dta are presented botexcludingand includingsoil, track ballast, dredging spoils, and asphalt

Total CDW generation excl. soil, Total CDW generation incl. soil, track
track ballast, dredging spoils ballast, dredging spoils and asphalt

CDW and asphalt

EU EU+Norway EU EU+Norway
Mineral waste 77.0% 76.6% 275% 274%
Concrete 24.0% 23.9% 8.6% 8.5%
Bricks 5.0% 4.9% 1.8% 1.8%
Tiles and ceramics 1.2% 1.2% 0.4% 0.4%
Mixed/other mineral/inert waste 46.9% 46.6% 16.8% 16.7%
Plastic 0.2% 0.2% 0.1% 0.1%
Metal 4.3% 4.3% 1.5% 1.6%
Mixed metals 0.5% 0.5% 0.2% 0.2%
Ferrous 3.4% 3.4% 1.2% 1.2%
Non-ferrous 0.4% 0.4% 0.1% 0.1%
Glass 0.2% 0.2% 0.1% 0.1%
Wood 2.3% 2.5% 0.8% 0.9%
Gypsum 1.4% 1.5% 0.5% 0.5%
Insulation 0.3% 0.3% 0.1% 0.1%
Paper and cardboard 0.2% 0.3% 0.1% 0.1%
Mixed waste, generic 12.3% 12.0% 4.4% 4.3%
Hazardous waste (total,
excluding hazardous soil and 1.8% 2.0% 0.6% 0.7%
dredging spoil)
Soil (hazardous and non- i i 54% 54.2%
hazardous)
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Dredging spoil (hazardous and 9.2% 9.1%
non-hazardous)

Track ballast and asphalt - - 1.0% 1.0%

TOTAL 100% 100% 100% 100%

Source: Adapted froPamgaard et al. (2022)

2.3 Theoretical m aterial fraction generation potential via Material Flow Analysis
(MFA) modelling

The data reported to EU or national authoritiesd.Table2), from which theEUaverageis reported inTable3,

is derivedandis highly affected by the demolition, separation and management practiapplied This can be
easily seen aslmost 50% of the material is reported asnixed. To estimate the theoretical potential of each
individual material fraction of CDW.€.how muchis theoretically present in CDW regardless of the demolition
and separation/management techniquesnd that could potentially be recoveredpamgaard et al.(2022)
performed MFA modellingThe MFAmodelling was establishedy dividing the EU in four macreregions
(northern, southerrgastern andwestern).The material stock and flows ithe EU in 2020 were calculated for
four Member States as representatives of the four regions. Material stock refers to the mass of materials
contained in the building stock. The flows refer to both the inflow andflow of materials from and to the
building stock. Inflow describes the materials used for construction and renovation, while outflow refers to
waste originating from demolition at end of life and renovation. For this, several input datasets were required.
Once the dta on the building stock composition in 2020 the EU was establishedising the stock quantities

as a baseline, the flows originating from the building stock were subsequently calculated using construction,
demolition and renovation rates. illy, the stock and flow quantities were multiplied with the material
intensities (materials in the different building stocks) that represent the four regions, building types, and
construction years. A similar approach wagpliedfor 2050, taking howeveinto accountprojected increases

in renovationwavesandin relateduse of specific materials, such as insulation.

The benefit of usinghis MFAmModelling approach over theeportedCDWdata is the added detail the modelling
can offer regarding the individual material fractions and the origin of materials (building types and building
ages). This modelling approach also allows sepergand excluihg infrastructure waste from building CDW
While modelling assumptions and background data used are thoroughly detailedimgaard et al(2022), the
MFA for year 2020 ard 2050 are illustrated inFigurel and Figure 2 respectively, and th&€€ DW composition

for both points in timein Table4.
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Figure 1. MFA showinghe origin of buildingrelated material flows from countries, regions, building types and demolition and renovatianitees in 2020 in the EU (infrastructure waste

not included)n kt. Notethat the total inflow of material to construction and renovation was estimatedideca. 1004 000 kt. Dashed lines in the Sankey diagram represent flows under 210
kt.
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Figure 2. MFAshowing origin of buildingelated material flows from countries, regions, building types and demolition and renavatitivities in 2050 in the EUinfrastructure waste not
included)in kt. Notethat the total inflow of material to construction and revation was estimated tdbe ca. 1594 000 kt. Dashed lines in the Sankey diagram represent flows under 600 kt.
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The mainmessages from the MFA modellirage the following

- In 2020, cemolition is responsible for 83% of materiaflows (ca. 110Mt), while renovation is
responsible for 17%ca. 22Mt; (Figure 1)). Projecting waste generation to 2050, demolition will be
responsible foil87% of material flows(ca.282 Mt), while renovation fol.3% (ca.44 Mt; Figure 2).

- In 2020, the total outflow from demolition and renovation represents only abdd%s of the inflow to
construction and renovatio(l004 Mt; from Damgaard et al. (2022) In 2050, the total outflowfrom
demolitionand renovatiorrepresents abou0% of the inflowto construction and renovatio(il 594
Mt; from Damgaard et al. (2022}. From a circular economy perspective, thieans that even if all
material outflowswere to bepreparedfor reuseand recyakd, only ashare of the primary material
needed for construction and renovationud be substituted

- The material compositionf waste from demolition and renovation differsignificantly.For instance,
renovation is responsible for krger share of the ceramics, glassand insulation naterial
(e.g.replacement of kitchen, bathroom, toilets and energlated interventions see Figurel- Figure
2), whereas demolition is mainly about concrete

- The material fractions most abundant in the outflow are concrete, other construction minerals, and
bricks (Table4). These materials are mainly used in the foundation and structaféebuildings, and
typically have a highlembodiedcarbon density. From a circular economnynaterial efficiency)and
climate change mitigatiorperspective, this is an argument in favour of thieansformation ¢euse of
buildings as opposed to new construction. Building transformation maintains the structural elements
of a building, which allows for the retention 0f890% of the materials onsite, while only substituting
the outfitting, finishes and mechanical and electrical installations, which represematively small
fraction of the total material mass.

- lItis projected thatby 2050 the relative fractions ofcorcrete and insulatiorwill increase, whilghe
relative fractions ofwood, plastic, ceramics and glassgll decrease slightly. Since concrete is such a
dominant fraction(from a weight perspective}he percentige change in the other fractions is relatively
small (Table4).

- Overall, concrete represents by far the largest material fraction in 2020 and 2050, w#&t2% and
57.6% respectively. Other construction minerals increase frbBn7% to 15.6%, while bricks decrease
from 6.5% to 5.5%. Steel remains roughly the same. Wood decreases fican 3% to 2.3%, while
insulation increases from 6% to 0.8% (Table4).

- Plastics are responsible for 1.4%nd 1.2%of the total outflow of CDWn 2020 and 2050 respectively
(Tabled).

Table 4. Theoretical CDW compositifom buildingdemolition and renovation activitiesstimated via MFANotethat this
compositiononly refers toCDW frombuildings and excludesinfrastructure waste and soil wastefs such,it cannotbe
directly compared to thefractional composition reported for CDW as a wholeTiable3.

Year 2020 Year 2050

Material fraction
kt % kt %
Aluminium 2323 1.8% 4 883 1.5%
Brick 8 583 6.5% 17 937 5.5%
Cardboard and Paper 9 0.01% 45 0.01%
Ceramics 7 340 5.6% 15632 4.8%
Concrete 74 169 56.2% 187 891 57.6%

4 Damgaard et al.2022 (see Figure 22 for 2020 and Figure 27 for 2050 and related additional matexial

17



Copper 97 0.07% 266 0.08%
Electronics 3 0.002% 9 0.003%
Glass 5328 4.0% 10 895 3.3%
Gypsum 750 0.6% 2187 0.7%
Insulatiort 839 0.6% 2 547 0.8%
Other Construction Minerals 1809 13.7% 50 85 15.6%
Other Metal 184 0.1% 402 0.1%
Paint and Glue 1148 0.9% 2562 0.8%
Plastic 1889 1.4% 3921 1.2%
Sand 1195 0.9% 3004 0.9%
Steel 6174 4.7% 15 893 4.9%
Wood 3835 2.9% 7 351 2.3%
Total 131 956 100% 326 275 100%

*) Insulation materials in tB MFA modelling include wall, floor, and roof insulation of various material compositions: inorgequgléss
wool or stone wool), organie(g.cellulose insulation) or polymer based.¢.EPS and PUR).

Source(Damgaard et al., 2022laborated fromTable F15 and F20 of the supplementary information providgdng with the main
repord.

2.4 Focuson infrastructure waste (besides buildings)

According toDamgaard et al (2022), infrastructure waste is waste fromnfrastructure activitiesbesides
buildings i.e. construction, maintenance, renovation and demolition of roads, bridges, tunnels, and other
infrastructures.Thus,infrastructure CDW includesthe different asphalt waste fractions (i.e.bituminous
mixtures not containing coal tar- LowW code 17 03 02hat mainly consist of aggregates, a binder (such as
bitumer? binder) and additivese(.g. rejuvenators, antistripping agnts). According toArm et al (2014), the
asphaltwaste fraction includes three major types of prodts,i.e.asphaltbased paintgthat represent a very
small minority of the use of asphaland arenot subjectto recycling activities)roofing asphalts and paving
asphaltsthat are a mixture of mineral aggregate, bituminous binder (up to 7%) and filkem( et al, 2014).

Along with the asphalt stream,ational CDW datdrom Austria (BIO by Deloitte, 2015a)Germany(BIO by
Deloitte, 2015b) and SwederiBIO by Deloitte, 2015a@onfirmtrack ballast as infrastructure waste from the
construction/disassembling of railroad track&inally, concrete is a CDW stream belonging to both
infrastructure and buildingvaste and therefore it is reported as a wholenaking it difficult to identify the
guantity originating frominfrastructureonly.

Amini-literature review ishereinperformed based on the systematic approaploposed byDenyer & Tranfield
(2009) to assess the qualitativeguantitative characterisation and management practicas inclusive as
possible, ando produce a general picture of the current situation avoiding b&gcifically, based on literature
information in ScienceDireéf we herein refer to ‘qualitative characterisationwhen there is a correlation
between CDW and infrastructure activitiesnd refer to ‘guantitative characterisation’ and ‘management
practiceé when information on quantity anénd-of-life (Eol) management practicess available respectivelyA
synthesis of themethod of analysigs provided inFigure3.

5 Bitumen is the product of the nedestructive distillation of crude oil in petroleum refining.
5 https://www.sciencedirect.com
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Figure 3. Materials and methodgor the literature review on infrastructure CDW

Database search (31 May 2023) — | Publications after screening and data cleaning (title, abstract, text)
ScienceDirect Deletion of duplicates
(Title, abstract or author-specified keywords) Validation of the coherence and usefulness
Keywords selection 1
construction and demolition waste Results are extracted from publications
AND Qualitative characterisation
management OR Quantitative characterisation
recovery OR Management practices
infrastructure OR
road OR
building

Source: Own elaboration

As shown irFigure3, the following keywords were entered conduct the searchconstruction and demolition
waste’; “management”; “recovery; “infrastructure”; “road”; “building”. Keywords weraputted onMay 31, 2023.
The choice of keywords is based on the aim of the reseaiaid theresults of the bibliographiageview are

shown inTableb.

Table 5. Numbers of publications according to the material collection process

KEYWORD 1+2
KEVWORD 1 KEYWORD 2 N® of publications N° of publications aftesscreening
and data cleaning
Management 325
Recovery 73
. 112

Construction and | ¢ sy cture 54

demolition waste
Road 91
Building 236

Source: Own elaboration

Given the base keyword “construction and demolition waste” and each of the five measurement evaluation
keywords mentioned above, manyiplicationsare detected(column “N° of publicationy. From this pool of
articles, a subsebf 112 studiesis identifiedfrom the ScienceDireafatabaseafter screening and data cleaning
processesn the form of deletion of duplicates and validation of the coherence and usefulrfesshe purpose
of the mini review At the end of the sorting procesk3 relevantpapers arecharacterisedn which acorrelation

betweeninfrastructure waste anctoncret, asphalt or track ballast is deteatigseeTable6).

Table 6. Qualitativecharacterisatiorof the detectedpublications

Qualitative characterisation
Reference
Concrete Asphalt Track ballast
Arm et al., 2017 X X
Lederer et al., 2020 X X
Menegaki & Damigos, 2018 X X
Mhatre et al., 2021 X X X
Youcai & Sheng, 2017 X X
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EFHaggar,2007 X

Zhang et al., 2022

De Melo et al., 2011

Fatta et al., 2003

GéalvezMartos & Istrate, 2020

Saez et al., 2014

XX X | X X | X |X

X X X

Cristiano et al., 2021

Roque et al., 2016 X
Source: Own elaboration

Eight of the selected sources apply to the EU context (either to couspecific or general frameworks).
Concerning thejualitative characterisation , asphalt is recogised as infrastructure waste either alon@e

Melo et al., 2011; Fatta et al., 2003; C. Zhang et al., 20@2)ogether with concretéEFHaggar, 2007; Galvez
Martos & Istrate, 2020; Lederer et al., 2020; Menegaki & Damigos, 2018; Saez et al., 2014; Youcai & Sheng,
2017) or track bdlast (Maria Arm et al., 2017; Cristiano et al., 2021; Mhatre et al., 2021; Roque et al., 2016)

No detailed information is availablén the 13 studies analysedo perform a systematiccharacterisation of
infrastructure waste in terms ofjuantity generated. These studiesoweverconfirm concrete,asphalt and
track ballast asthe most relevant CDW flows related to infrastructufdsingthe Eurostat database, it is not
possible to determine the amounts of infrastructure waste alf the Member Statesas this is reported apart

of the mineral waste fraction i(e. W121 Mineral construction and demolition wastes) and not as individual
category (.e.LoW code 17 03 0Zor bituminous mixtures, and 17 05 08 for track ballast

Additionalliterature insidits (seethe first column of Table 7) reportinfrastructure (asphalt)waste data for 7

of the 23 analysed countries. Due to thHack of data, two secondary raw materials streams deriving from
infrastructure CDWthe reclaimed asphalt pavement and asphalt recycled aggregates, consideredas
possible proxiesand compared with the asphalt waste fractiomo obtain a more completepicture. The
reclaimed asphalt is generated due to maintenance, reconstruction, resurfacing, or to obtain access to buried
utilities and is covered by harmosed European standards, while thesphalt recycled aggregates are
reprocessed granular materialsgviously used in construction of infrastructu(eEPG, 2023ppecific dta for
reclaimed asphalt from the European Asphalt Pavement Association (EAPA) are (AR, 2023)covering

12 of the 23 countries analged in the current studyife.Austria, Belgium, Croati&zechia Denmark, France,
Germany, Hungary, Ireland, Slovakia, Slovenia, Spain). These data are reportedd@ndhd column ofrable7

while data from the Aggregates EuropeUEPG are shown in the third colurfibEPG, 2023nd apply tol6 of

the 23 countriesanalysed(i.e.Austria, Belgium, Bulgaria, Cyprus, Denmark, Finland, France, Germany, Greece,
Malta, Netherlands, Poland, Portugal, Slovakia, Spain, Swederighifecantdifferencesbetween the asphalt
waste fraction andthe two secondary raw material flowge.g.asphalt recycled aggregatess up to 7 times
largerthan the asphalt waste fractionin Francg s related to the fact thatboth reclaimed asphaland asphalt
recycled aggregates areften not reported as waste, especially if prepared f@used/recycled orsite, as also
highlighted inArm et al. (2017) However, the lack df suitable level of detail oflata does not make it possible

to perform a systematic comparison and thereby draw any overall conclugibareforeyoom forimprovement
exists.

The annual reportingn material recovenfrom CDW according to Commission Decision 2011/753/Elopean
Commission, 2011pand Commission Implementing Decision (EU) 2019/1q&4ropean Commission, 2019)
could represent a starting point from which to extrapolate the individual fractions of the Member States, with
a particular focus on infrastructuravaste asphalt (LowW code 17 03 02) and tc& ballast (LoW code 17 05 08)
(seeTable3). In this respect, though the asphalt and track ballast average compositdmnot exceed the 1%

of the overall CDWamount onlyfive of the 27 Member Stategi.e.Czechia, Denmark, Frandgermany and
Luxembourghpre represened within that percentagemakingit less significantand very uncertainlt would be
desirable to standarde the data collection methods athe European level so that all Member States can
contribute with the same leveof detail (e.g.indicating the individual LoW codes rather than E\&t&t category).

Table 7. Amountsand comparisonbetweenasphalt wastefraction in the European countrieand asphaltsecondary raw
materials (reclaimedasphaltand asphalt recycled aggregates)
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Country 2022; . BIO by Delo!tte, (Source: EAPA between (1) aggrega.tes between (1)
2015a; BIO _by Deloitte, 2021) [t year] and (2) (Source: QEPG and (3)
2015d) [t year] 2021) [tyear ]

Austria 2 402 000 900 000 167% 4 000 000 -67%

Belgium - 1 506 000 22 000 000

Bulgaria - - 1 000 000

Croatia - 390 000 -

Cyprus - - 400 000

Czechia 508 000 2 500 000 -392% -

Denmark 1169 000 1172 000 -0.26% 3000 000 -157%

Finland - - 5 200 000

France 9 300 000 6 042 000 54% 67 900 000 -630%

Germany 15 416 500 11 600 000 33% 76 000 000 -393%

Greece - - 600 000

Hungary - 160 000 -

Ireland - 500 000 -

Italy 636 902 - -

Luxembourg | 203 599 - -

Malta - - 300 000

Netherlands | - - 24 300 000

Poland - - 7 000 000

Portugal - - 200 000

Slovakia - 70 946 600 000

Slovenia - 79 000 -

Spain - 2 495 000 3 500 000

Sweden - - 5800 000

Source: Own elaboration.

2.4.1 Management practices for infrastructure waste

Concerning the asphaivaste fraction, mainly asphalt pavementiecyclingprocessesncludeoperations such

as milling, crushing, sieving (screeningjending(Ali & Rojali, 2023; EAPA, 2028hd clearing with magnetic
separators(EFHaggar, 2007)Recyclingasphalt to produce new asphdlin either stationary or mobile plants is
well-establishal, using different techniques to include the reclaimed asphalt in hot mix, warmMvalfim mix

or cold mix. There are often restrictions on the quantity of reclaimed asphalt to be used in thacoording to
the standard EN 13108 (EAPA, 2023Besides, it is possible to recycle the reclaimed asphalt through hot in
place recycling processes performed by specialised machines where the road surface is heated, milled and the
asphalt mix is recycled in plad@rm et al., 2014)It is also possible to recycle asphalt as unbound aggregates
through a crushingprocess Specifically, reclaimed asphatould be used as road base with other crushed and
screened aggregates, new paving material, and asphalt products by mixing it with new asphalt biRuthegy,
reclaimed asphalt can be sometimes mixed with other recovered materials for backfilling pagor used in

7 According toArm et al.(2017), it is not considered preparing for reuse since formally it does not fulfil the WFD definition.
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unspecified backfilling as it isArm et al, 2017). For some countries, such &ermany, available data from
stakeholdergKreislaufwirtschaft Bau, 20233how that for bituminous mixtures (LoW code 17 02), in 2020,
92.9 % were recycled, 3 % were backfilled and 4.1 % were dispadad landfills.Roofing asphalt can also be
recycled into paving asphalt by existing techniqu@srry et al., 2014)acknowledging that even if the quantity
of this material is small compared to paving asphalt, the bitumen content is not negligihtm(et al, 2017).

For the track b#ast, preparing foreuseagain as track ballast is possible through a cleaning process using rail
mounted machines, where a residuaie-grainedfraction that cannot be used as track ballast is removédm

et al, 2017). Track ballast when resulting from demolition or excavation of rail tracks is commonly recycled as
aggregate in asphalt production or unbound applications. The recycling operation can include crushing in order
to produce a certain desired particléze. The substitutability factor for both options (preparing feeuse and
recycling is usuallyone, i.e. the quality of the recycled material is equivalent to that of the primary material
Finally, track ballast can be recovered through backfilligpstituting other aggregates/soil in backfilling
operations(in this case the substitution factor will depend on the filling materials’ properties as compared to

track ballast)(Arm et al., 2014)Finally, for concrete,isce asmentioned beforethis fractionis a CDW stream
belonging to both infrastructure and buildirartivities the main managemenoptions are reported irsection

3.1
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3. Technologies and processes for CDW management

Based on a literature review, this section summarises the main technologiéth (shifferent Technology
Readiness LevelsTRL) used to manage the individual material fractions of CDW (Eable 8). Note that
management options for contaminated fractions or containing hazardous substances are different from the
processes used for nenontaminated wastes. Since the quantity of contamied or hazardous waste is limited
(around 2% of the total generated), and the management options are cagpecific depending on the specific
contamination levels and substances, herein only management options forawsnaminated and non
hazardouswastesare reported A reference to the demolition process, either conventional demolition (CD) or
selective demolition (SD), that foster the different management technologies is dBesides, this section
makes a reference to the enabling measure known as ‘Design for Deconstruction (DfD) referring to a group

of measures taken at the design phase of buildings and construction products that contribute to increasing
circularity within the sector, by promotinmguseand recycling at the end of life of a building

By way of a literature review, information was collected pertaining to different building materials and their
(potential) handling in three contexts: conventional demolition (status quo), selective demolition and DfD, with
the goal of describing currenpractice and highlighting areas for improvemeriurther infoon this can be
accessed in a separate publicatigRristera et al.forthcoming that goes deeper into the analysis considering
four building types differentiated on the basof their structural materialconcrete, masonry, steel and timber;
this classificatiorhas its roots in the EurocodeEuropean Commission, 2023b)

Table 8: Summary of management optionseported in the literature for the different CDW material fraction€D:
Conventional demolition; DfD: Design for Deconstruction; SD: Selective demolition.

Enabling Potential
Waste Management . .
. process/ . Main output material Reference TRL
fraction option .
measure substituted
sp, pfip | Preparingfor | Concrete Concrete | (Mash etal., 2022) | 9
reuse material
Cementitious Cement _
material (Gebremariam et al.,
CD, SD Recycling 2020; C. Zhang et al| 7-8
Concrete Recycled 2020)
. Recycled (C. Zhang et al.,
)
CD Recycling aggregates Sand/Gravel 2020) 9
CD Landfill - - (Data by Ecoinvent)| 9
Preparing for Structural (Whittaker et al.,
DfD, SD reuse timber/wood Wood 2021) 9
. . Particle (Faraca, Tonini, et al
SD, CD Recycling Particle board board 2019) 9
Wood - -
SD, CD Incineration Electricity & Electricity & Multiple refd? 9
heat heat
CD Landfill - - (Data by Ecoinvent)| 9

8 Design for adaptability, design for disassembly, desfgn longevity and durability and reversible building design, henceforth grouped

under the termdesign for deconstruction (DfD), are all methods by which this goal can be achieved.
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Preparing for

DfD, SD Steel Steel (Coelho et al., 2020)[ 9
reuse
Steel SD, CD Recycling Iron ingot Iron ingot (Rigamonti et al., 9
2009)
CD Landfill - - (Data by Ecoinvent)| 9
DfD, SD Preparing for Aluminium Aluminium (Diyamandoglu & 9
reuse Fortuna, 2015)
Aluminium : L Aluminium (Rigamonti et al.,
SD, CD Recycling | Aluminium ingot ingot 2009) 9
CD Landfill - - (Data byEcoinvent) | 9
. : . . (Faraca, Martinez
SD. CD (nll?eecchyacrl:irégl) Polyvmeylchlorld Poly;ghnglchlo Sanchez, et al., 9
2019)
i Polymer Polymer
Plastic PVq  sp,cp | Reeveling _ Base (Lase etal., 2023) | 4-9
(chemical) | Basechemicals ;
chemicals
SD, CD Incineration Electricity & | Electricity & Multiple refd? 9
heat heat
SD, CD Landfill - - (Data by Ecoinvent)| 9
SD, CD Recycling Polystyrene Polystyrene (European 9
' (mechanical) y ysty Commission, 2023a)
R li Polymer Polymer
ecycling
i q SD,CD : (Lase et al., 2023) | 4-9
Plastic EPS (chemical) | Base chemicals Base
chemicals
SD, CD Incineration Electricity & Electricity & Multiple refd? 9
heat heat
SD, CD Landfill - - (Data by Ecoinvent)| 9
SD, CD Recycling Plasterboard | Plasterboard| (Pantinietal., 2019)| 9
Recycling Recycled Natural
SD, CD (retarder in ij sum (Pantini et al., 2019)| 9
cement) ayp ayp
Gypsum Recycling (in
SD, CD sewage Recycled Natural | - o i et al., 2019)| 9
sludge gypsum gypsum
treatment)
sp,cp | Recyeling Recycled Lime | (Pantinietal,2019)| 9
(agriculture) gypsum
SD, CD Landfill - - (Data by Ecoinvent)| 9
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Preparing for Ceramic Ceramic (Whittaker et al.,
SD, DD . . 9
reuse material material 2021)
. Cementitious G oo X,
Ceramic & SD Recycling material Cement (Foft & Cerny, 2020) | 6-7
Tiles
SD,CD | Recycling Recycled | o, /Gravel| (Fort & Cerny, 2020) | 9
aggregates
CD Landfill - - (Data by Ecoinvent)| 9
(Hendriks & Janssen
2001)
SD Recycling G|?SS wool Nf.atural _ | 8
ibres ibres (Vantsi & Karki,
Glass wool 2014)
. Recycled (Vantsi & Karki, i
SD, CD Recycling aggregates Sand/Gravel 2014) 6-7
CD Landfill - - (Data by Ecoinvent)| 9
(Hendriks & Janssen
2001)
sD Recycling Sto_ne wool N_atural ' | 8
fibres fibres (Vantsi & Karki,
2014)
Stone wool Recycled (Véantsi & Karki
SD, CD Recycling aggregates Sand/Gravel 2014) 6-7
CD Landfill - - (Data by Ecoinvent)| 9
SD, Dfp | Freparing for Brick Brick (REBRICK023) | 7-9
reuse
. Cementitious oo X
SD Recycling material Cement (Foft & Cerny, 2020) | 6-7
Bricks CcD Recycling Recycled | oo ndiGravel| (Fort & Cerny, 2020) | 9
aggregates
SD Recycling Alkali activated | - o (Fott & Cerny, 2020) | 6-7
blocks
CD Landfill - - (Data by Ecoinvent)| 9
SD, DD Preparing for Glass Glass (Pristera (_et al., 9
reuse forthcoming)
Glass SD, DfD Recycling Flat glass Flat glass (Rigamonti et al, 9
2009)
Other glass
CD Recycling produpts Container (Hestin et al., 2016) | 9
(container glass
glass)
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Recycled

(Mohajerani et al.,

CD Recycling aggregates Sand/Gravel 2017)
CD Landfill - - (Data by Ecoinvent)
) Preparing for . (Kataguiri et al.,
reuse Soil Sand/Gravel 2019)
. Individual Sand/Gravel
- Recycling components (Huang et al., 2022)
(sand, clay) Clay
Excavated i Concrete
soil . ecyelng | stabilised soi or (Firoozi et al., 2017)
Sand/Gravel
(Guyer, 2012)
- Recoye_ry Soil Sand/Gravel| (Haas et al., 2020)
backfilling
- Landfilling - - (Hale et al., 2021)
. Depending
Preparing for on the use: (Maryland
reuse (use on Dredged
- ) . Department of the
aguatic sediments Sand/Gravel )
habitat) N Environment, 2017)
Fertiliser
Depending
Recycling (usd Dredged on the use: (Bates. et al., 2015)
) on upland) sediments Sand/Gravel (Apitz, 2010)
(Ferrans et al., 2022)
Fertiliser
. Individual | sand/Gravel
Dredging - Recycling components (Henry et al., 2023)
spoil (sand, clay) Clay
Concrete
) Recycling Stabilsed or (Svensson et al.,
stabilisation sediments 2022)
Sand/Gravel
) Recovery Dredged .
backiilling sediments Sand/Gravel (Apitz, 2010)
Disposal (Bates et al., 2015;
- (landfilling/op - - Svensson et al.,
en sea) 2022)

(1) This can also be considered as recovetyackfilling depending on final use
(2) Tonini et al. 2013; ARC, 2015; MartinBanchez et al. 2015; Bisiila et al. 2018; Fruergaard et al. 2010
Source: Own elaboration.
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3.1Established and prospective recycling and preparing for reuse processes

What follows is a description of typicakecyclingand preparing forreuse processes that may apply to the
individwal fractions of CDW, but that are not necessarily applied in all circumstances and across &iéEUer
States. Additionally, possible recycling processes that may apply in a future perspective are also briefly outlined
to the extent that these descriptianare available in the techngcientific literature or from stakeholders. Note
that, while preparing forreuseis currentlymarginally taking place and only for some niclapplications, we
nevertheless describe the possible enablers for increased (pregddn) reuse inselective demolition oDfD
(largelytaken, as mentioned befordrom the study of Pristera et al. forthcoming). Notethat, for simplicity,

we generically talk aboutreuse’, indicating bothindirect and direct reuse and preparing foreuse.While
landfilling andincineration(e.g.for high calorific content waste such as wood or plastics) are also mentioned
as possible treatment routes for CDW material fractions, they are not described in detail as these pathways are
well-known and thoroughly detailed elsewhere.

3.1.1 Concrete

Following convetional demolition, concrete waste is typically used in the production of recycled aggregates
(RA), which are themsedmainly for road construction and backfillinglthough higher value applications are in
principle possibleg.g.in concrete production)rhe use of RA from concrete waste (typically technically referred
to as recycled concrete aggregate®RCA or sometimescoarse recycled concrete aggregateS8RCA for the
production of structural concrete is currently limited suggestedin a recentJRC study (Pacheco et b, 2023)
The authors underline that, in most Member Statesgycled aggregate concret®AQis hardly (or not at all)
produced (RA account for only 8.2% of all aggregates produced in the EU in the year of 2B0E3ame authors
estimate that 10-20% incorporation of RCA in current structural concrete productiauld berealistic {.e.
indicating a possible technically feasible recycled contiemtconcrete in the EU markeiNote that the European
Standard EN 206 allows for RA to be used with a nmadim replacement percentage of 30% of the total
aggregate bay mass for most concrete applicatiotfghe concrete fraction is contaminated by other materials,
notably organics and sulphategndfilling is also apossible managemenbption.For athoroughdescription of
the state-of-play for RAmarket, the readers are referred to the detailed study Bgcheco et al. (2023)

Recycling

As for recycling, there are different technologies as describe€byhang et al. (202@)r Pacheco et al. (2023)
The simplest and most widely appliezherelies on a crushing process in order to mostly produce RA, while a
minor fraction iSRCA To produce the RCA, the wet process is widely used (note that a dry process is also
possible) poducing coarse aggregate arntd/o by-products sieve sandand sludge. The formedoes not meet

the quality standard of fineconcrete aggregatgtherefore,it cannot be used in new concrete manufacturing,
and itis usually either used like RA for roadnstuction orbackfilling operations or disposeuf in site elevation
Sludge is subject to waste operations and sentlamdfill (C.Zhang et al., 202Q)When selective demolition is
implemented the inert waste fraction normally has fewer impurities adn be used for the production of RA

to be used for the production of structuralbacrete.This is typically recognised as a higher value application
because of the circular and higher valud the end application (bounded use #tructural concrete relative to
less demanding unbounded use in roddsis and backfilling) and because of the higher revenues for the
recyclers. Potentially, the material can then be recycled multiple times.

Perspectives for recycling

An enhanced recycling process has been studied in the literature to produce a secondary aggregate that can be
used for concrete productiofGebremariam et al., 20203.Zhang et al., 202Q)This process is an extension of

the process producing RA explained before and includes two innovative technolodi@prove recycling of
concretewaste, namely Advanag Dry Recwery (ADR) and Heating Air classification System (HAS). While ADR
is used to sort out clean coarse aggregatés use in the production of structural concretélAS is used to
produce clean fine aggregates by heating and separating the ultrafine hydrateder# components that can

be used toreplace virgin cemen(i.e.relative to the production of solelfRA this allows to recover a share of

the treated concrete waste as cement).

Perspectives for (preparing for) reuse

DfD measures aimed at enablinguseinclude modular construction and prefabricatiare(the use of precast
concrete elements). The use of dry mounting jointing methods, or other removable connections, can further
facilitate disassembly and reduce the damages incurred by the concrete elentaniag the process. DfD can
have varying results depending on the building element to which it is appeglprecast columnand beams
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can often be recovered anctused though there is a lack of an established market; the right typeaifj can
makeit possible to raise concrete floor systems and precast concrete facades; interlocking concrete blocks can
be used to building walls that can be easily disassembled.

3.1.2 Wood

Wood waste from CDW sometimescontaminated with preservatives and therefore classified as wood waste
to be treated via incineration, other forms of energy recovery or lanidfile.g.category IHIV in DK, Germany
(Hoglmeier et al., 2017)

Recycling

The most common recycling process for wood weass$ the production of particleboard panel®uring this
processthe waste undergoes préreatment (wood waste shredding followed by sieving, milling, and sorting of
metals and other impurities contained in wood waste), then it is drikxvn to a~6% moisture content (as
percent of the wet weight% ww) and sprayed with uredormaldehyde resinbefore being hotpressed into a
mat (Faraca, Tonini, et al., 201%Vood waste constitutes ca3% ww of the feedstock for partictboard in
Europe (80%when including primary processing 4pyoducts such as sawdust and offcytswhile urea
formaldehyde resirtypically constitutes ca. 10% ww of the final produ¢Rivela et al., 2006)Any wooden by
products originating from the wood waste reprocessing stage are usually combusted in -sizallbiomass
boilers. Foreign materials found in the collected wood waate generally separated at collection points and
sent to recycling (ferrous and neferrous metal impurities), landfilling (glass, stones, composite building
materials), and incineratdin (plastics, textiles, cardboard, garden waste). Fly and bottom ashes originating from
the combustion and incineration processes are generally sent to landfills for fly and bottom ash, respectively.

Perspectives for (preparing for) reuse

Following selectivedemolition, $ructural timber sections hold great potential to beeused with minimal
treatment (.g.cleaning and cutting), provided thdhey are free of damage. If not suitable for structural
elements,timber could still potentially bereused in nonstructural elements(Whittaker et al., 2021)Reaise is
possible to some extent, for both lightweight and heavyweight constructitlwever, large timber elements
designed for key structural roles can be challenging to reuse or recycle effectively, as they are often used in
combination with other materials from which separation is difficult. Smaller wood elements, as opposite to
structural timber sections, are easier to damage during the demolition process and it is therefore more common
for them to be recycled, incinerated or landfilled.

DfD measures have different applications in lightweight and heavyweight construction: in theefocase, they

tend to focus on individual building elements.§.walls), while in the latter they also include the production of
three-dimensional reusable modules. DfD approaches aimed at facilitatiruseinclude prefabrication and
modular construction, as well as a focus on the employment of easily identifiable and removable connections
(e.g. mechanical connections, metal plate connectors), in order to reduce any potential damage to building
components. Mreover, it is often advisable to avoid superfluous treatments and finishes, thus reducing
contaminants which may compromise the dirgetusepotential of timber elements.

3.1.3 Metals: steel and aluminium
Recycling

Virtually, almost all steel and aluminiurare collected for recycling regardless of the type of demolition process.
Even when conventional demolition practices are appliedding to collection of mixed CDW, downstream
sorting processes can efficiently recover metals via advanced sorting technoldpfeay fluorescent, Eddy
current, laser induced breakdown spectroscopy, etc.) whiehirareasinglyused toobtain high quality metal
scrap fractionsln the recycling process producing iron scrap, iron waste is cut/sheane@dgnetic separator is
then used to remove impuritigssuch aspaper, plastics and neferrous metals The separatederrous metals
thus obtainedare cleaned at 96-95% andcanbe sentdirectlyto a steel smelter(Rigamonti et al., 2009)The
reprocessing of sap ferrous metal is a welestablished industryAs for aluminium, the recyclingrocess
which results in the production afluminiumingot, consists ofaluminium waste undergag pyrolysis and then
beingmelted in a rotary kiln fed with natural gas heresultingingots are then sent to foundry for remelting
(Rigamonti et al., 2009)The reprocessing of scrap aluminium metal is a wedtablished industry.

Perspectives for (preparing for) reuse
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Selective demolition can enable preparing faruse of selected components as steel purlins, columns and
rafters, by reducing the damage incurred when the building is demolisMateover steel products are easily
prepared forreuseowing to the methods of construction used, including use of bolted cotioes (Coelho et
al., 2020) Similarly,selective demolibn can enable preparing for vse of duminium productsthat is the case
for windowframes, which can becollected from a building angirepared for reuse in their original application.

By implementing DfD measuresguse can be enabled to different degrees, from-Bitu reuse without
component removal from the structure, t@useof the whole structure in another locatiomo reuse of sgcific
building components and their constituent products. Prefabrication and modular construction are effective DfD
strategies for steel, as they are for timber and concrete, and bolted connections are recommended as a way to
facilitate disassembly andsubsequently, rase; fire protectants, however, can I obstacleto the reuse of

steel if they cannot be safely removed.

3.1.4 Polyvinylchloride (PVC)

Followingconventional demolitiorPVVQs sometimeslandfilled or treated in wasteto-energy treatment plants

such as in the RecoChlprojecf, in whichchlorine from difficultto-recycleEoLPVC productss recovered and
recycledby producing hydrochloric acid (HCI), which is then reused in the chemical industry to obtain new
products.

Recycling

Followingconventional demolitioysoft polyvinylchloride (PV@nds to be collected, sorted and sent to recycling

to produce roofing sheets, while hard PVC is often recycled to PVC dust, chips and granulate. PVC pipes, in
particular, can be recycled into new pip&elective demolition generally leads to increased recycling rates and
better recycled material quality.

In the mechanical recycling process producing PVC, waste undergoesteeptment where it is shredded and
sieved. Metal and other impurities aremoved and the plastic flow is sent to further processing and mechanical
recycling. Any remaining materials are incinerated. The plastic reprocessing steps includaegyrindshing,
drying and pelletigg into recycled pellets that substitute for cornesnding virgin material¢Faraca, Martinez
Sanchez, et al., 2019)

While mechanical recycling is a more established recycling option due to low energy resource demand, chemical
recyding technologies are being developed to foster recycling and avoid reducing the quality of the recycled
material relative to the quality required for plasticpplicatiors in building and constructiore(g.by solvolysis,
dissolution, pyrolysis, gasificatiohisis exemplified inthe VinylPlus projeéi.

Perspectives for recycling

Via selective demolitionwindow profilesmade of PVCcan be recycled and used in the production of new
profiles, though thigs a niche applicatiorDirect reuse is a marginal option.

3.1.5 Expanded polystyrene (EPS)

Following conventional demolition, E®8sed insulation is typically landfille(even if officially banned within
the EU)or incinerated. It is important to highlight #t polymerbased eternal thermal insulation composite
systems are often difficult to dismantle and individually collecbut EPSoased insulation in other applications
such as roofing or flooring is easy to dismantle during demolition since it is mecladlgifixed.

Recycling

Expanded polystyrene (EP&n go through closedbop recycling, to produce new insulation, or ogeop
recycling, to produce lightweight concrete, car parts, gtahe recycling process producing EPS, plastic EPS is
shredded to tle right dimension and separated from other impuriti€Sonsidering that 98% of EPS actually
consists of air, solutions involving EPS compression are recommentiade the residues of waste products
are generally incinerated, a recyclipgocessbased on asolventbased separation (dissolutiowpn be applied
(GarciaGutierrez et al., 2013)The resulting granules can be melted and remoulded imtnious products
usually the same product from which it came.

Swithin VinylPlus project https://www.vinylplus.eu/
10 VinylPlus project https://www.vinylplus.eu/
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Perspectives for recycling and (preparing for) reuse

Selective demolition is expected to increase recycling rates of insulation plastaterials, while DfD can be
applied to select the most appropriate insulation materials, in order to enablese when possible, or further
foster recycling. For instance, sprayed insulatierg(cellulose fibre, urea formaldehyde) should be avoided, as

it is difficult to salvage during deconstruction. On the other hand, blown insulation can be safely extracted using
appropriate techniques. Additionally, slab insulation solutions carebeed though from a practical perspective

the difficulty in reusingthem lies mostly in the type of adhesive used.

3.1.6 Gypsum

Following conventional demolition, gypsum is generally landfilled. However, plasterboautttbe recycled into
new plasterboards (closed loppr used in cement production or as a soil improver (opeop).

Recycling

In the recycling process of gypsum, recyclers adequately segregate the plasterboard material (around 84% of
the material), from cellulose materials (15.2%) and ferrous metals (0.02%) (to be recyakdvel). Then,
different recyclingroutesare possibleaccording toPantini et al. (2019)In the recycling process producing new
plasterboards (ugo the recommended maximum content of recycled gypsum in new plasterboards of 30%),
gypsum waste is already suitable for the use in the manufacturing process, as natural gypsum, when the
dimension is below 15mm. Thus, shredding and secondary milling mashmight be needed. It is recycled
through a cycle of calcination and rehydration, requiring a relatively pure starting matéxieancken &
Laethem, 2000) Other recycling pathways will produce recycled gypsum to be used as additive in the cement
production (with an addition limited at 5% of natural gypsunugply to avoid technical problems and a
substitutability factor of 0.991 perkg natural gypsum)or in sewage sludge treatment plants for further use

in agriculture (with no restriction of dosage as long as the final product has a CaO content of at1&4stand

a substitutability factorof 0.9:1 per kgof natural gypsum), and theidect use in agriculture to improve soil
propertiesis also an option(to substitute agricultural lime with a substitutabilitfactor of 0.37:1).

Perspectives for recycling

Theresults of applying selective demolition on gypsum waste recycling vary depending on the gypsum product
being targeted. Where plasterboards are concerned, selective demolition leads to better waste segregation and,
therefore, it facilitates recycling to mduce new plasterboar&elective removal of gypsum plaster, on the other
hand, is a labouintensive process, and it is mainly undertaken with the goal of removing impurities from the
stony fraction of CDW to better recycle it, rather than to recover gyosum itself. In this context, landfilling
remains a popular option even when selective demolition is applied, lam&lggto economic barriers and the
relatively low market value of the secondary material. The market for recycled gypsum is indeed tetplyg

the availability of flue gas desulphurisation gypsum.

Implementing DfD measurese(g.dry construction methods) can contribute to reducing impurities within the
waste fraction and improving its recyclability potentidiowever whether recyclingwill actually occur still
depend on the market value of thesecondarymaterial.

3.1.7 Bricks

Following conventional demolition, bricks are generally crushed together with other inert materials and used in
the production of RA, to be employed in road constructiaod &r backfilling purpose¢not structural concrete)
They can also be disposed of in a landfill.

Recycling

The recycling process to produce RA consists of several successive steps including handling, crushing, and
screening to obtaira more homogenous r@dy-to-use material without impurities. A minor fraction of residues

is resultant and generally sent to landfill. Typically, loading shovels, chain feeders, jaw crushers, conveyor belts,
and vibrating devices powered by diesel or electricity are usedimgtocesgFort & Cerny, 2020). The produced

RA are typically used in road consttion and for backfilling purposes (not structural concreRgcheco et al.
(2023)).

Perspectives for recycling

A second recycling process produces material utilised as a Portland cement replacement, and it is an extension
of the RA recycling process introducedrlier,with the main scope of producing a finer fraction, typically with
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dso of ~50 um (Fo¥t & Cerny, 2020). For this purpose, additional milling and vibration steps are employed. The
last important step aimed at the achievement of pozzolanic activity of such material comprises drying at 70 °C
to remove excess watgFott & Cerny, 2020). A third recycling process produces alkali activated blocks utilised
as concrete replacement, and similarly to the previous technology the waste brick needs to be processed first
to obtaina fine fraction with do ~ 50 um and then dried. Additionally, alkaline activatoesysodium hydroxide,
sodium silicate) are used in the mix design. The mixture usually contains sodium hydroxide pellets, sodium
silicate (water glass) with SIN&O mola ratio of 1.6, sand, and finely milled brick dysand provides
mechanical performance comparable with common concreésed compositesFoft & Cerny, 2020). These are
however recycling processes with very low TRL value and not fully demonstrated at commercial scale.

Selective demolition leads to a decrease in impurities, and consequetttithe improved quality of the RA
produced from this waste fraction. Thoughtnget implemented at large scale, this opens up the possibility of
being able to use these aggregates in structural concrete. Other niche applications include the possibility
using the fine fraction obtained during the recycling process to produce masonry mortar, and the potential use
of brick waste to substitute clay soil in the production of new unfired bricks.

Perspectives for (preparing for) reuse

Via selective demolitin, it is possible to prepar€DW bricks foreuse The REBRICK proje(REBRICK, 2013)
develos and demonstrats the technical viability to produce reusable bricks with market speatfons. The
CDW passes through an equipment that separates mortar and other materials, such as egnesnt,and wood

from the bricks, and thus another system that separates whole bricks from damaged bricks. Thus, through a
vibration-based system techriogy, concrete and cement from old bricks are cleaned and then reused. After
beingcleaned, they are manually sorted, and automatically stacked and wrapped.

Where DfD is concerned, the main strategy emerging from the literature review consisite congruction of
mortar-free structures, in which the bricks are connected by way of steel plates and wall ties. Prefabrication of
modular units further increases theeusepotential of this material.

3.1.8 Ceramics and tiles
Recycling

Following conventional demolith, ceramic and tiles are normally used to produce {quality RA for road
constructionand backfilling similarly to bricksThe RA produced from ceramics and tiles cannot be used for the
production of structural concretéPacheco etl., 2023)

Perspectives for recycling

When selective demolition is applied, ceramics and tiles present segelditionalrecycling opportunities, such
as the possibility of being useds supplementary cementitious material or as a precursor to manufacture an
alkali-activated binder (when comprising both red brick and tile waqMhittaker et al., 2021)These are
however recycling processes widtwvery low TRL value and not fully demonstrated at commercial scale.

Perspectives for (preparing for) reuse

Ceramic normally undergoes the same processes describeftfay) bricks. Following selective demolition, the
recovered ceramics can be prepared feuseas floor or wall tiles through blending the ground ceramic fraction
in resin and allovng it to harden in mouldgWhittaker et al., 2021)DfD solutions can target specific ceramic
elements, such as floor tiledp enable theirreuse

3.1.9 Mineral insulation: glass wool and stone wool

Uponconventional demolition, minerahsulationis mostly not recycled according techno scientific literature
(e.g.seeVanti & Karki(2014)) but some sakeholders mention recycling pathwayjgr the brick industryas a
possible avenuéspecificallymineral woolcan be used in the production of masonry mortar)JasRAWhenever
the waste is contaminatedt is landfilled.

Recycling

Athough there areseveraldifferent options for glass wool and stone wool waste recyclimgthe literature,

most of them refer to mineral wool waste from the production process, being more restriatkeinthe origin

is CDWThus Vantsi & Karki (2014yeport the possibility to use mineral wool waste combined with {owvelting

illite claysto produce composite ceramics. Other products using recycled mineral wool waste, by dispersing
them in a solution of cold water and blended with other fillers and bindsgredientscould be ceiling tiles
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substituting other minerafibre materials (with a substitution ratio of up to 1:1). Another possibility is to use
mineral wool waste in cemenbased composites as coarse aggregate or fine aggregate substituting natural
aggregatessignificantly improvingthe compressive strength, splittg tensile strength, absorption, resistivity,
and chlorideion penetration resistancef the cementbased compositeOther recycling options are reported
within the WOOL2LOOP projg@/OOL2LOOP, 20268)ch as the remelting of specifically glass wool waste by
burning it with natural gas with the aid of oxygen input and thus using the product again in construction sites,
the addition of mineral wool previously prerocessed or milled to the expanded clay manufacturing process,
or the complement of virgin materialg stone wool productddendriks & Janssen (200Xkport a process to
recycle glass wool through gasification in an oxygiee environment (nitrogen), using the output fibres to
produce new glass wool.

Perspectives for (preparing for) reuse

According toRudjord (208), reuseis not an option for glass wool wasteince the fibres are not of uniform
size and the amount of organic content is too large. On the other hafihtsi & Kéarki (2014and Hendriks &
Janssen (2001Yeport the possibility of using mineral woals an artificial substrate to grow various plants in
soilless cultures€.g.stone wool is currently the most widely used soilless medium). However, this would rather
be classified as a recycling or recovery pathway (netise as the mineral wooleuseis not meant for the
purpose for which the material was originally produced and markekeat. stone wool, similarly, no information

on case studies documenting reuse were found in the technical and scientific literatioeever,some
companies claim thats suitable for reuse as thermal insulation at a new site, provided that the material can
be extracted intact from its previous location.

3.1.10 Glass

Following conventional demolition, glass is crushed and landfilled with other waste materials or recovered for
low-grade applications€.g. using glass cullet in the production of RA for road construction). Via selective
demolition, flat glass can be recycled into container glass or, more rarely, into new flat glass. Generally, glass
has a relatively lowreuse potential due to its fragilityand the fact thatmost products are custormade to
satisfy the requirements of the building design

Recycling

Via conventional demolition, glass ends up in the mixed CDW and can be used to produce RA. In the recycling
process prodaing RA from mineral CDW, the inclusion of fine waste glass aggregates such as glass powder in
concrete mixtures is allowed undeertainconditions. While the workability of concretentaining crushed glass

waste in lieu of conventional fine aggregatess still under discussion, especially concerning its physical
properties and associatefunctionalities, many studies have identified this type of management process as
technically feasibl§AbdAllah et al., 2014; Batayneh et al., 2007; Chen et al., 2006; Ismail &akhmi, 2009)

Glass powder is glass that is milled down into very small particles, with a typical median grain size between 30
pum down to as fine as . um.In the recycling process producing RA several successive steps including transport,
separation and milling to obtain more homogenous reatyuse material without impurities are appliedhile

a minor fraction of residues is sent to landfifAslani et al, 2023; Mohajerani et al., 2017)

Perspectives for recycling

Via selective demolitiorwindows are dismantled so that the glass is separated from the frame. The resulting
glass waste contains a reduced quantity of impurities and is therefore more likely to be usable in the production
of new glass.The recycling procesmvolves different activities such as manual selection, shredding, screening,
magnetic and normagnetic separation to remove impurities and inert materials (ceramics and gravels) and to
obtain a proper size distribution. The glass cullet is then delivdred glass manufacturing plant, where it is
used in the production of new glass, together with ordinary virgin raw materials (silica, calcium carbonate,
sodium hydroxide, additivegRigamonti et al., 2009)The presence of cullet, which is characted by a lower
melting temperaturethan virgin raw materials, allows the glass furnace to be operated at a lower temperature,
thus leading to significanprimary energysavings (up to 20% when 80% of cullet is utilised in the kiln feeding).
Once the glass cullet has been produced, it canugsed either to produceewflat glass, or other types of glass
(especially hollow glass, also known as container or packaging glass) or fiberglass (also known as glass wool)
(Hestin et al., 2016)

Perspectives for (preparing for) reuse

In terms of DfD strategies, the most common one consists of the use of dry connection methods between glass
panel and window frame; this technology facilitates dismantling and can enablese Repurposing is also an
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option, meamg that glass obtained during disassembly or renovation can be used for indoor applications, which
do not require high thermal standards. As mentioned earlier, glass has a relativelydase potential due to
its fragility. Consequentlyrecycling iexpected to be the most common solution even when DfD is implemented.

3.1.11 Excavated soil

A recent review fronScialpi & Perrotti (20225ummarises the studies related to theustainable management
of excavated soils in urban areas. The excavated soil waste management options reported are the following:
preparing forreuse recycling into individual factions or via stabilisation, and recovery via backfilling.

Recycling

The diect application of excavated soie(g.in dams or roadbeds) is usually difficult due to its poor strength
and, thus itmust be stabilised Huang et al., 2022)Stabilisation is a technology for improving geotechnical
propertiesin terms of increased strength, reduced permeability and compressibility of(8élgnusson et al.,
2015). This technique, considetédherein as recycling, involves the use of blends of soil and binders and the
most reported stabilisation methods in the literature are the ones using cement, lime, fly asHilaued (Firoozi

et al., 2017) Other methods using different types of binders include rice husk ash, bituminous ragtggc
textiles and synthetic materials, and several recycled and waste prodgiisn, 2017) The application of
different binders and the dosage of the blend depends on the type of sai.¢lay content) and the required
physical and mechanical properties.§.strength and stifhess) of the blend. Namely, the stabilisation with lime

is suitable for finegrained soils, meanwhile the cement can be used for stabilising nearly all types of soils
(whenever the organic content is limited to 2%®atel, 2019) There are other lessétnown technologies for
soil modification such as fluidification that use fluidifiers and plasticisers to stabilise the @dithalcikova&
Drochytka, 2018)It can be done ossite or off-site. For the former, excavation of the material is not needed.
The offsite option involves the excavation of the material and additional transport of the excavated soil to the
site where it is going tde used. The process includes the production and transport of the binder to the site and
the mixing with the binder.

Excavated soil is recycled in various ways to replace traditional construction mat€NalZhang et al., 2020)

It can be done through oite recycling plants (that normally function withiekel instead of electricity) or
through stationary plants that require additional transport comparing to thesite plants.The general recycling
process Huang et al., 2022mainly consists of a screening and sieving phaseassure the adequate size of

the soil. It includes an iron removal phase to collect any scrap steel that could cause damage to the separation
equipment that extract the recycled sand from the soil and send it to the washer for further cleaning. The
possiblecoarser aggregates are blasted to grind them into sand and washed. In the separation equipment, the
other components of the soil (mainly clay and silt) are headed to the slurry tank where flocculating agents are
used to precipitate them. Those are sentttee filter press to make the filter clay cakes. The filter cake can be
either landfilled or further recycled mixing it with cement and curing agerggy(to produceRAG (Xu et al.,
2022). Other authors in literature reported recycling processes for excavated soil in line with the general one
explained herein but extended to fihproducts such as recycled bricks (baking free bricks or baked britks)
Zhang et al., 202Q)cement treated base materialsXu etal., 2022) or concrete blockd_uo et al., 2022)Note

that the recycling to their individual components is rarely done due to economic constraints.

Preparing for reuse

A soil can be prepared foeuseand appliedeither onsite!! or in other locations/projects, whenever allowed by
legislation. Determining whether a material is suitable f@use in anapplication depends oseveralpractical

and site specific considerations and factors. Thus,deepare forreuse and reuse excavaton soils, different
geotechnical propertiee(g.cohesion and friction angle, grain size distribution, swelling and loss of strength by
wetting, organic matter content, hydraulic conductivity) of the receiving projed.(oadbeds, paving layers,
vegetation cover replacement) have to blfilled requiring a charactesation of physical and mechanical
properties é.g.shear strength, dry density), as well as the compliance with environmental safety standards
(Kataguiri et al., 2019)This management optioincludes the relocation of the soil within the receiving site
using machinery and the compaction of the material. In the same line, the excavated soil can be used for
backfilling either onrsite or off-site depending on the geotechnical criteria document@ad described in
industrial standards€.g.ASTM standards, AASTHO specifications).

1 n case it is used orsite, they have to be declared previously as waste.
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Recovery

In the context of construction, backfilling is the practice of refilling the excavated pit with material to reinforce
and maintain the foundation of a structur®r any other structural part. It is important to highlight that
complying with the recovery definition, the backfilling operation must replace other materials that are not waste,
and in this sense the difference betweeeauseand backfilling for excavatedoil is just semantic, acknowledging
the difference in the waste hierarchy.

Finally, other applications have been explored in the literature, such as the possibility of using excavated soils
for the creation of technosoils by mixing with compose(soils designed to mimic natural soil and suitable for
vegetation growth)Fabbri et al., 2021)Further innovative management options aresalunder development

such as using such wastes for energy storage batteries. The EU project NewSETS, funded from the EU’s Horizon

2020 programmé?, is focused on different technologies to store energy. Among them, the seasonal heat
storage uses sand as stage medium. Excess electricity is used for heating up the sand to a high temperature
(around 500- 600 °C), later the stored energy can be used as heat for industrial steam production or district
heating, and even back to electricity, thus working as a “battery”. Heat storage is not sensitiveto sand grain

size and might use grain sizes that are not suitable for the construction industry or were going to be landfilled
(preferably high density, loveost materials that are not from scarce sources).

3.1.12 Dredging spoils

When dredging spoils are netioxic, they can be used on land for soil filling, construction purposes, coastal
nourishment, and as an amendment in agriculture, horticulture, and forestry, as well as disposed directly in
landfills or oceans whenever 8y comply with the pollutanspecific regulationgCrocetti et al., 2022)Thus,

the dredging spoil waste management options vary depending on the level of contamination and local
regulations. The reported ones in literatu(@pitz, 2010; Maryland Department of the Environment, 2017)
include the following: i) preparing foreuse ii) recycling for use on land (either with or without aerobic
composting), iii) recycling throughtadilisation, iv) recovery through backfilling, and v) disposal. These
management options require single treatment processes, or a combination of them, including: i) physical
operations such as mechanical separation, dewatering, and washing; ii) chemizagses such as chemical
oxidation, and solidification/stabilisation; iii) thermal processes such as desorption, thermal oxidation and
immobilisation, and vitrification; and iv) biological procesg€socetti et al., 2022)Note that most of those
processes are commonly used to treat contaminated sediments, and that are typically not agpliadn
contaminated dredging spoils.

Recycling

For the recycling and further use of the dredged material it requires some degree of drying or other processing.
Minimal processing may consist of dewatering the material that is essential before land usetathe high

water content, and its negative influence on the subsequent transport and possible treatment/use. Different
dewatering methods exist, from natural drainage and evaporation, also known as passive dewatRates et

al., 2015) that requires vast space and long retention times, to mechanical dewatering units such as filter
presses and vacuum filters that increase performance and reduce land denf@ndcetti et al., 2022)The
dewatering process can be accompanied by chemical conditioning using products such as iron and aluminium
salts, or organic poly®rs like polyacrylamide, that helps releasing and removing the interstitial wfeocetti

etal., 2022; Zhou et al., 2021Yhe dewatered material is transported to the receiving site where it can be used
in numerouspotential beneficial useincludingengineering (such as shoreline protection, reclamation and land
formation (Bates et al., 2015) capping of contaminated dredged material in confined aquatic disposal or
permanent cover of ladfills, and agricultural use (either in agriculture for ndmod crops, forestry, or
horticulture)(Apitz, 2010) The recycling and further use on land includes the as soil conditioner since the
nutrients and organic matter content in theses sediments could improve the chemical status of the soil, mainly
as a potential source of phosphoriEerrans et al., 2022)The land use can be preceded by a biological process
(i.e.aerobic compostinglo degrade the organic carbon and nitrogen to create a stable end proftiobu et al.,
2021). However, their use as fertilisg in agriculture is still not allowed due to lack of permissive legislation
and consolidated supply chairfRenella, 2021)

12 The initiative has received funding from the European Union’s Horizon 2020 research and innovation programme under grant agreements
no. 646039 and no. 755970 https://www.newsets.eu/
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Through recyclingyarious productsan be obtained from the dredging sediments in different forms such as
individual fractionsi(e.sand, silt and clay), or as aggregated materialsch as light weight aggregatethat are
commonly classified as particles with very low density(clay and silt)(Crocetti et al.2022). Toobtain these
products that later might be used for example in cement production, mineral processing techniques are used
(Henry et al., 2023)Those can be dry techniques aftdra materials have been dehydrated, or wet techniques

to separate the lowdensity fraction. These includes operations such as sieving, crushing, flocculation, and
filtering (Henry et al., 2023)

The recycling through stabilisation and solidification method is normally used to fixate and encapsulate the
contaminants inside the sediment by adding binders, similarly to the process explained in the excavated soil
section, lowering the permeabilityna reducing leaching, and enhancing the strength enough to be used in
construction(Svensson et al., 2022)The binders that can be used include cement, lime, fly ash, slag, etc.
According toSvensson et al(2022). In a case study in Sweden, a mixture of bindeirs.cement and grounsd
granulated blastfurnace slag) and sediments is used to build the port in Gothenburg.

Recovery

Recovery through backfill as structural and netructural fill is also a posible use of dredging spoils.
Engineered fill for uses such as roadway bed material, parking lot foundation or embankment fill are possible
whenever requirements (type of material and gradation, plasticity, permeability, compaction, moisture content)
of the engineering plans artulfilled. To meet the physical and geotechnical requirements, processing might be
needed through dewatering, blending or amend{iMaryland Department of the Environment, 2017)

Preparing for reuse

The dredging spoitan be prepared foreuse unprocessed or with minimum processing and has been used
typically for beneficial use options such as aquatic and wetland habitat development, environmental
enhancement (in wildlife or fishery habitats) or beach nourishm@varyland Department of the Environment,
2017).
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4. CDWtreatment inthe EU

This sectionillustrates the current situation forthe CDWtreatment in the EU, gathering information mainly
from Eurostat and complementing it with different literature sources, as welliagut from stakeholdersA
summaryis presentedin Table9 and Table10.

4.1 Mineral fraction

The mineral fraction of CDWEWWCcode W12.1) includes concrete, brickeramic and tilesgypsum, insulation
material (here assumed amineral i.e.stone and glass wod] mixed construction waste, as well &ack ballast
and hydrocarbonised roadurfacing materialsFigure4 shows thetreatment of the mineral fraction of CDW in
the analysedMember Statesn 2020. Based on Eurostat data (env_wastBuropean Commission, 2021dhe
consideredtreatment options are disposal, incineration with energy recov&ryecycling and backfilling.
Disposal ishereindefined as landfill, incineration without energy recov&rsind other disposalpf whichlandfill

is typically the dominant (99%) disposalmethod.Figure4 shows thatrecycling as 02020 is the predominant
treatment option in most countries. Exceptions ameountries where backfilling is the predominatreatment
optione.g.Hungary Denmark, Ireland, and Portugahere88%, 71%, 73% and 63%of the mineral fraction of
CDWrespectively, iseported to beused for backfilling purpose Other countries such as Poland, France, Spain
and Cyprushave waste disposalat higher rates than 20% The Nordic countries are the only ones where
incineration with energy recovery is practiced to some extent (more 8@¥b in Finlandaround 9% inSweden
and below 4% in DenmajkTheofficial data reported do not provide further insights into theeatment of the
individual fractions composing the mineral fractipbeing the EU average 79% recycling, 10% backfilling, and
11% landfilling In the attempt to close this knowledge gap, we herein report insights from the literature to
date.Summarymay be found inTable9.

For the case of bricks, grey literature reports casgfsreuseoccurringmainly in Denmark suggesting that about
3 million bricks per yeaare prepared forreuse (Santoro, 2020)corresponding t& 600 tonnes per year and
3% of the total brick waste in Denmat¥. This, while currentlyat EU level is negligiblei.¢. 0.08 %) is
neverthelessimportant to be considered for the estimation of thdricks reuse potential. Other studies
(Hopkinson etl., 2018; Kay & Essex, 2012; WRAP, 2088)gestthat the rate of bricksfrom demolished
buildingsreclaimed for reusen UKwould be between 5% and 10%

For the case of gypsunthe literature reports thatta.10% of the gypsum waste generateith CDWIs recycled
(Deloitte, 2017) The remainingis thus assumed to be landfilled As for mineral insulation materials
stakeholders pointed out thathis fraction should not be assumed gzart of the ‘mineral fraction of CDW’, as
this would overestimate recycling of mineral wodlor these material fractions, data reportedor 2015 by
Wiprachtiger et al. (2020for Switzerland acknowledging the geographic restriction of the casedy, showsa
2% recycling(mineral wool to mineral woolcalculated after the results presented in theimaterial flow
analysis) and since mineral wools should not be incineratgislen the negligible calorific valyghe remaining
98% is here assumed tdoe landfilled. This estimation isalso supported by other evidenc¢dor examplefrom
Flanderg(Belgium)whereless than1% recycling is reporte@ebacker et al., 2021Within the same region of
Flancers, Monier et al. (2011; Table 5Qkported that 0% of gypsum is prepared for reuse. the same line,
ARUP (2021)ptates that reuse of plasterboard is currently novidespreadand there are no suppliers of
reclaimed plasterboards in UK.

Box 1 shows the share of th@reatment options for the mineral fraction of CDW the 27 Member Statesn

2016 and 2018 based on Eurostat datgeuropean Commission, 2021Botethat the data reportedn Eurostat

do not provide furtherrsights on the treatment of the individual fractions composing the mineral fraction.
AdditionallyBox1 includesa summary of thefindings from the critical review of the recovery rates of CDW in
the EU performed byMoscherSchimek et al(2023) conceriing data quality and influencing factors The
authorsconclude thathanges in the definition of the wastieeatment optionsovertime, notably forbackfilling,

are a keyfactor to explainthe inconsistencies in theeported quantities ofrecycling backfillingand disposal.

The EUCommission is already aware of the problems concerning backfilling data reporting and a study was
published to support the definition of backfilling enabling a uniform application across Member stEtespean

18 “Incineration with energyecovery represents waste incineration processes classified as R1 according to 2008/98/EC, Annex II.

14 “Incineration without energy recovery” represents waste incineration processes classified as D10 according to 2008/98/EC, Annex |.

15 Calculatedusing a weigh of a brick of 2.2 kg, and considering the waste brick quantity in Denmark of 212 000 t accordanigaard
et al.(2022).
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Commission, 2020c)igures inBox1 (year 2016 and 2018)can be compared directlgnd can be compared
alsoto Figure4 (year 2020)

Figure 4. Treatmentof the mineral fraction of CDW in the analysed Bllember Statedn 2020. Disposal is defined as
landfill, incineration without energy recovery and other disposal. Note that data for Ireland 2020 is not available and data
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Box 1. Treatmentof the CDW mineral fractianchanges observed follawg the update of the definition of
backfilling

Similarlyto 2020 (Figure4), the predominantreatmentoptionin EUin 2016 (Figure B) and 2018 Eigure B2)
was recycling80% and 79%, respectively)

Several countriesalready reported backfilling as atreatment option in 2016, thereby complying with
Commission Decision 2017153/EU establishing rules and calculation methods for verifying compliance ith
the WFD targef for CDWThe Commissiodecision obligedMemberStates to report the amount of CDW used
for backfilling operations separately from the amount of waste prepared feuse recycled or used for othef
material recovery operations. As described earlier the definition of backfilling in Commission Decision
2011/753/EU has been revised in the WFD as of 2018 (2018/851/EU). The revised definitgit have been
the cause for a decreasm the recycling rateof some Member States as morefocus is put on the distinction
between recycling and backfilling, and thus mareneral waste could be reported as being backfilled. Such
shift in reporting should, however, not interfere with the overall recovery rate, as backfillisgliconsidered
a recovery operation if the criteria of the definition afelfilled. This mightbe the case forDenmark, that in

2016 reported 0% backfilling and in 2018 reported 66% of mineral CDW backfilled at the expense of recyicling
that decreased from 89% in 2016 to 30% in 201&imilar changes happened for otherekhber States, even
if delayed n time, not due to an actual shift in treatment methods, but rather because of the revised definifion
of backfilling in the 2018 amendment of the WFD, which forceémberStates to thoroughly reconsider how
CDW isreported For exampleHungary reported arecycling rate of 89% and 92% in 2016 and 2018,
respectively, but in 2020 that quantity was reduced to 10%, increasing the reported backfilling from 7% in
2018 to 88% in 2020.

16 The target set in Article 11(2)(b) of Directive 2008/98/EC reads: “by 2020, the preparing for reuse, recycling and other material recovery,
including backfilling ogrations using waste to substitute other materials, of nt¥azardous construction and demolition waste
excluding naturally occurring material defined in category 17 05 04 in the list of waste shall be increased to a minimuth%f by
weight.”
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In addition more clarificationon the definitions and instructionsf the reportingseem to bestill needed It is
observed from the datahat some countries changed the reported quantities dramatically from one reporting
year to the otherbetween the differenttreatment options (including recycling, backfilling and dispgs&or
example,Bulgaria reported in 2016 recycling rates and disposal rates of 89% and 11%, respectively. But in
2018, the rates shift to the opposite (recycling rate of 24% and disposal rate of 76%), just to shift back in 2020
to similar figuresas 2016 (recycling rate of 96% and disposal rate of 4%}reece reported in 2016 recycling
rate and disposal rate of 88% and 12%, respectively. But in 2018, the recycling was null shifting all to
backfilling (97%), just to shift back in 2020 to recycling raté 100%. Slovakia reported in 2018 recycling rate

and disposal rate of 37% and 50%, respectively. But in 2020, the recycling rate increased to 80% and the

disposal rate decreased to 19%.
Figure B1. Treatmentof the mineral fraction of CDW in the analysé&dember Statesn 2018. Disposal is defined as landfill,

incineration without energy recovery and other disposal.
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In a critical review a the recovery rates of CDW in the EU fravioscherSchimek et al. (2023)the auhors
investigate for 12 countries whether they have achieved a real increase in CDW recovery rate based on
technological and legal changes, whether the increase was due to methodological changes in data repqgrting

and analyse three potential influemey/limiting factors: (a) not harmonsed data collection methods in the
analysed countries(b) differences in national waste code systems, af@ not harmorsed application and
insufficient definition of backfilling activities. The study ggoundedon the evaluation of the quality reports
(between 2012 and 2016}hat according to the authors present good quality and can be regarded as a relinble
database.The authors conclude that two of the three influencing factors, nam@ly and (c), arethe most
meaningful for the interpretation of the CDW recovery rates publishgcEurostat. Misallocation of waste types
to waste codes or treatment activities to treatment operations codes hampers comparisonshmitheenEU

countriesand within one country over timéligh growth rates of the recovery rates can bekedto the change
of treatment codes (from disposal to backfilling codes), the change of data collection methods and the adjusted
allocation of waste streams to the correct waste code.

1

4.2 Metals, plastic, woo d and glass

CDW also contains other fractions besides those listed under the mineral fradiWQ code W12),Lnotably
metals, plastic, wood, and glass. As fduminiumtreatment, a study byDelft University of Technolog{2004)
suggeststhat aluminiumis already largelyseparated andecycled from CDWl{e study suggests that c&885%
of the aluminium available in CDWas collected for recyclingas of 2004). As forsteel, the high market value
of steel scraprelative to other materialsmake this fraction also beinglargely separatedand recoveredrom
mixed CDW- either during demolition or at subsequent sorting plants treating mixed GBVd similar fashion
as aluminium Besides, for both aluminium and steel, a quantity between 5 and 15% is prepareddose
accordingo the stakeholdersThis is also supported by the study Biyamandoglu & Fortuna (2015feporting
currentmetal wastetreatment practice at EU level as 10% preparing foguse 84% recycling and 6% landfill.

As for wood wastea study byRamboll(2018) (mainly on wooden windows and doonmgpotts eight countties
specific estimations ofvood wastetreatment for 2018. There are great variationamong them for example
Austria incinerate 100%, Sweden and Germany incinerate 95&tth 5% recycled,and Italy presens 80%
recycled and 20% incinerated. Landfilg) is estimatedto 25% for France (40% recycled and 35% incinerated)
and 5% for Czechia (40% recycled and 55% incinerat&ad)calculatean EU average, &sed on the construction
wood waste reported in Eurostat f@2018 and based orthe eight country estimations fromiRamboll (2018)
we perform aweighted averageesulting in73% incinerated, 21% recycled (mainly to particleboamhd 6%
landfilled. The recycled quantity ithen corrected to 30%following the indications oDeloitte (2017)that has

a broaderEU scopehan Ramboll’s study (however, the magnitudesare comparable)Even ifsomewoodcould

in practicebe prepared forreuse as shownin some regional studies for Flanders (Belgium) that estimate
preparingfor reuse of timber of 1.89%(Monier etal., 2011; Table 5Q)there is no data available for this
treatmentoptionat EU levelA case study from the UKARUP, 202 1neported that 30% of the wood available
in CDWwas salvaged (including softwood siding, modern staircases, mouldings, scrap timber and cheap
modern furniture).

Deloitte (2017) further estimatesthe recycling rate of glass waste (to new glass) @%b, validated by Glass
Europe, while not reportinthe end treatment of the remaining 94%. A report froRamboll (2018)provides
rough estimatesfor the treatment of glass wastefrom windows, suggesting that landfilling is the main
treatment pathway (70%)complemented by recycling (30%)n this basis, we here assumed that 68bglass
wasteis sent toglassto-glassrecycling while the remaininglass wasteis split between landfilling (70%) and
ending up adoreign material in theproduction ofRAfor backfilling (24%) Note that this is an assumption due
to lack of specific dataas the RA containing glass cowdd wellbe used for road construction arttius reported
as recycledConcerning pregring for reuseof glass waste no data at EU level is availahl&or theFlanders
(Belgium), Monier et al. (2011; Table 50kported that close to 0% of glaswasteis prepared for reuse.

As for plastic waste PVC and EPS are by far the main plastic fractions in CDW representing altogether about
80% of the total plastic waste found typically in COWConcerningePS according t02019 estimates by
EUMEPS, about 10% is recycled 66% incinerated andhe remaining24% landfilled. As for PVCthe material
flow analysisof the EU PVC cycley Ciacci et al(2017) concludes thatfor the period 19662012, ca.30% of

7 These shres are taken from Plastic Europe and used also in the previous JRC report on C(Dahtyaardet al., 2022)
18 Data provided to JRC by EUMEPS during an expert workshop held in 2023. Similar data are reported in a presentation gafier poin
study by BASF (available attps://www.psloop.eu/wpontent/uploads/2021/01/Conversigtudy.pd]
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the PVQOwaste (from all originsj.e.construction, packaging, and other sectors) has beeltected for recycling

12% sent directly tancineraton and 58% to landfill. Notably, out of the amount collected and sent to recycling,

a substantial share is rejecteih the recycling procesand then sent to incineratioror landfill (ca. 3050% of

the PVCenteringrecycling) as suggested in the studies Damgaard et al(2022) and Ciacci et al(2017).
Concerning preparing for reuse, no data at EU level is available but within the region of Flanders (Belgium),
Monier et al.(2011; Talle 50) reported that around 1% of plastic is prepared for reug&n overview of the
treatment pathwaysfor all fractions may be found inTable9.

4.3 Soil waste

For excavated soilsye refer to thetreatment data available inEurostat(env_wastrt;European Commission,
2021c). For 2020, Figure5 shows thetreatment of the excavated soil fractiorfnonrhazardous)f CDW in the
Member Stateslt is clear that there is no predominariteatment option at EU level. Some countries report
shares of recycling higher than 80% such &enmark, Bulgaria, Cyprus, Italy, Lithuania and Netherlands. On
the other hand, other countries report negligible recyglshares vith either 100% disposalNlata) or 100%
backfilling (atvia, Slovenia, Ireland). Other countries present high disposal shares for this fraction such as
Finland (93%), Austria (66%), and Croatia (46%). As an average, for thie EQRO, the recoery rate of soils
(calculated by the authors, even though it it included in the official recovery rate published Byrosta)
equals about76%. However, the quality of this data nesdo be further assessednd probably the limiting
factors referencedn Box1 might also applyto soil. According tdVloscherSchimek et al. (2023)some countries
such as Bulgaria and Belgium do not report any backfilling activities of soil waste even iéttedeplace Thus,
these amounts are either reported as recovered amoust® not classified as wastei.e.they reach an end
of-waste (EoW)status) or they are not reported at alThis is somehow reflected ithe validationreportof the
Eurostat data (Noel et al., 2021)or 2018 that highlights for Bulgaria thatthere is a significant difference
between excavated soil waste generatio(i#4 kt - see Table2) andreported as treated (onlp%, i.e.6.4 kt).
Other countries, apart from Bulgaria, that reported in 2018 less than 50% of the generated excavated soil
waste as treated are Malta (0%), Belgium (25 %), Cyprus (44%) and Lithuania (4B8fcerning preparing for
reuse, no data at EU level is availabl@tbwithin the region of Flanders (Belgiunilonier et al.(2011; Table

50) reported that around 10% of excavated material is prepared for reuBeeEarth Cycle project lead by the
city of Sevranwithin the Grand Paris area (France) reported that around 5% of the excavated earth managed
as waste was reuse@Diab, 2020)

Figure 5. Treatmentof the excavated soil fraction of CDW in thdember Statesn 2020. Disposal is defined as landfill,
incineration without energy recovery and other disposal. Note that data for Ireland 2020 is not available and data from
2018 has been usednstead
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Source: Own elaboration based on data from Eurostat (env_wastrt
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4.4Dredging spoils

Similarly, for dredging spqilwe refer to the treatment data available in Eurostaienv_wastrt; European
Commission, 2021 cFigure6 showsthe treatmentdata for this fraction of (nonrhazardous) CDW in thdember
Statesin 2020. According to the data, there are three countries that recycle 100%reflging spoilgBulgaria,
Lithuania, and Polandjyhile Slovakia recycle more than 80%. However, the EU average shows that recycling
accountsonly for 8%, disposal for 88%, antbackiilling for 4%. This is due to the weight of Netherlands where
85% of dredging spoilwithin the EUare generated and théreatment followed within this country is mainly
dispoal (98%). Thelimiting factors referenced irBox1 might also applyto the case of dredging spoilNote
that six countries reported no data fathis fraction (i.e. Austria, Cyprus, Latvia, Luxembourg, Portugal and
Romania)Thevalidation report of the Hrostatdata (Noel et al., 2021¥or 2018 points out that in the case of
the Netherlandsfor some disposal methods such as disposal of dredging spoils at sea (codet®é)mert
capacitiesare less straightforward tde determined and thus they have not beereported

Figure 6. Treatmentof the dredging spoil fraction of CDW in thdember Statesn 2020. Disposal is defined as landfill,
incinerationwithout energy recovery and other disposal. Note that data for Ireland and Czechia 2020 is not available and
data from 2018 has been useihstead
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4.50verview of current CDW treatment pathway s and recovery rate s in the EU

Based on the details provided per each individual material fractedong the wholeSection 4, Table 9
summarises the currentreatmentpathways in the EU. The overall recoveryeréor CDWbased on the mineral
waste fraction)as reported to Eurostatenv_wastr) for the attainment of the WFD CDWécoverytarget is
shown inTablel0. It varies from 634 for Finland to100% for Malta, Greece and the Netherlands)d equals
on average 89% for the EU in 2020.

Table 9. Overview of thecurrenttreatment pathways for individuaimaterial fractions of CDWn the EUbased ondata
reportedby Member States and on the availabletechna scientific literature Values are rounded.

Material fraction Prep;:leg for Recycling Backfilling Incineration Landfill ing
Mineral fraction

Concrete 0% 79% 10% 0% 11%
Bricks 0% 79% 10% 0% 11%
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Ceramics and tiles 0% 79% 10% 0% 11%
Insulation material 0% 2% 0% 0% 98%
Gypsum 0% 10% 0% 0% 90%
Metals

Aluminium 10% 84% 0% 0% 6%
Steel 10% 84% 0% 0% 6%
Plastic

PVC 0% 30% 0% 12% 58%
EPS 0% 10% 0% 66% 24%
Wood 0% 30% 0% 64% 6%
Glass 0% 6%™ 24% 0% 70%
Soil waste 0% 35% 40% 0% 25%
Dredging spoils 0% 8% 4% 0% 88%

(1) 6% only is estimated to be glass to glass recyclifmtps://ec.europa.eu/environment/pdf/waste/studies/CDW_Final_Report.pdf
(2) This is an assumption due to lack of specific data as the RA containing glass could bdarseéd construction and reported
as recycled
Source: Own elaborationsee detailed description and referencesSectiors 4.1 to 4.4.

Table 10. Overall recovery rate for CDWtrossthe EUMember Stategin %) na: not available.

2010 2012 2014 2016 2018 2020
European Union 27 countries (from 2020) na na 87 87 88 89
Belgium 17 18 32 95 97 99
Bulgaria 62 12 96 90 24 96
Czechia 91 91 90 92 na 96
Denmark na 91 92 90 97 97
Germany 95 94 na na 93 94
Estonia 96 96 98 97 95 93
Ireland 97 100 100 96 100 na
Greece 0 0 0 88 97 100
Spain 65 84 70 79 75 73
France 66 66 71 71 73 74
Croatia 2 51 69 76 78 89
Italy 97 97 97 98 98 98
Cyprus 0 60 38 57 64 79
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Latvia na na 92 98 97 99
Lithuania 73 88 92 97 99 98
Luxembourg 98 99 98 100 98 99
Hungary 61 75 86 99 99 98
Malta 16 100 100 100 100 100
Netherlands 100 100 100 100 100 100
Austria 92 92 94 88 90 91
Poland 93 92 96 91 84 74
Portugal 58 84 95 97 93 95
Romania 47 67 65 85 74 88
Slovenia 94 92 98 98 98 97
Slovakia na na 54 54 51 81
Finland 5 12 83 87 74 63
Sweden 78 81 55 61 90 74
Source: (Eurostagnv_wastrt CEl, “Circular Economy Indicator WM_040"; accessed May 2023).
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5. Assessment of e nvironmental and economic impac ts of CDW
management

Thissection presents materials and methods to conduct an environmental and economic impact assessiment
CDW managements well as the results derived from it. The methodola@ybsectiorincludes all the elements
needed to properly perform thassessmentsuc asthe definition of goal and scope, functional unit, system
boundariesselection ofimpact categoriesand scenarios to be assessed, inventory, and finally uncertainty
handling

5.1 Material and methods

5.1.1 Goal, scope and functional unit

Life Cycle Assessment I(CA methodology is applied in accordance with ISO 14040/14044 standards.
ComplementarilyLCCmethodology presented iMartinezSanchez etl. (2015) is employedto perform the
EnvironmentalLife Cycle CostingH.CQ and the Societal LCC(SLCC)The former consis$ in a financial
assessmentincluding relevant environmental taxes.{.landfill and incineration taxesand the latteris also
known as “welfare-economic” assessment that includes the costs ofmarketed goods along with the effects on
the welfare of the society caused by externalitieklote that here we only include external cost of the
environmental emissions to air, waternd soil®. The goal of the study is tmssessthe environmental and
economic impact®f alternativemanagement options for thaifferent fractionsof CDW focusing orpreparing

for reuseandrecycling To this aim thefunctionalunit (FU) is the managemerdf one tome of each individual
fraction from CDW Based on this FUpr eachindividualwaste material fraction we comparalternative waste
management pathwaysthese management and technology pathwayo not necessarily produce the same
end-products. This igvidentfor the case of recycling and landfiir incinerationpathways.To credit thereuse

or recovery of materials and energy via the alternatizmLmanagement pathways, system expansion is applied
as commonly done in waste managemeh€CAs(Ekvall, 2002)and in accordance with ISO 140404044 and

the Environmental Footprinnethodology.In line therewith to quantify the impacs related to the use of a
reused product or materiali.€. multi-cycle product or material), the approach put forward in the European
standard EN 15804+A2which sets the rules for the product category of construction produciscludes an
additional phase (module B benefits and loads beyond the system baderieg that can be used to assess
and express the potential benefits and loads of future loofsis method assumes that the savings from
reusing a material are equal to the impact related to the production of thrgginal material (assumed herein
comingfrom virgin sources) minus the impact of the processes required to prepare the product for reuse (
cleaning)(Etienne et al., 2022)This method builds on the assumption that benefits associated to the use of a
reused product are more important than benefits associated to the use ¢patentially)reusable producti(e.
avoiding the production related impact is more relevant than limiting thel. Empact by using a reusable
product.). It is necessary to keep inimd that the reusability of a product is hypothetical and cannot be
guaranteed when using a product (the benefit is “potential”), while for a reused product, the benefit is certain.
Note that system expansion onlgssumes one cycle ofeuse or recyclingany further cycles are neglected
(Malabi Eberhardt et al., 2020AIso, itdoes not account for reference service life, maximum numbkrenses,

or the impact allocation from the final disposal of the materig@ther methods are available in the literature
as shown byAllacker et al. (2017) and De Wolf et al. (202@ut no consensus exists.

5.1.2 System boundaries

The general system boundaries of the studye shown inFigure?7. Light-blue dashdotted squares denotdife

cycle stageghat, depending on the scenarimight not be needed, darklue solid squares aréfe cycle stages
that occurin all scenarios and gen dotted squares represent substitution processeshich might occur
depending on the final outpytroducedThe generation stage includes demolition process#sat can be either
conventionalor selective demolition, excavation processes dredging processes. Theonditioning stage
includes all processes needed to adequate the wastes generated before transport or processgjagWatering

19 The authors are aware that recent projects and literature suggest a different naming for this assessment (full Environiiéat@lycle
Costing; fELCC) as only environmental emissions are fully monetised. However, given the lack of consensus on tbggrmia
prefer to maintain the naming of SLCC in this report, as this has also been used in a parallel publication (Caro et gl.a2924
throughout the project workshops and consultations.
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processes for dredging spoils). Ttransport stage includeghe handling of material as well as th&ransport

of input-waste from the generation site to the receiving site or treatment facilitieemprising different
transport vessels such as lorry, train or bargesthe impact oftransport ishighly dependent on the distance
and,depending on the scemi, might not be neededd.g.on-site treatment of wastes)jt will be subject to a
dedicatedsensitivity analysis. Therocessing stage includeshe preparingfor reuse recycling and recovery
operations (depending on the scenario) needed to transform waste material intoa reusable product oa
recyclateand emissions. This stagaso includeghe landfilling processConsecutivésubsequent or multiple)
use of thereusedmaterials andrecyclateshasnot beentaken into consideration in this stuggxcept for wood
which is analysed in a dedicated sensitivity analysieg$ection5.1.7). The processing stagalso considers
further treatment of any nontargetedmaterial fractions separate@ndrecovered during recycling [g.metals,
when included in the inpwivaste), as well as thehandling of separated nomecyclable material fractions,
residues and losses from recycling. Residues and losses from recycling assumed to be landfilled. The
inputwaste was assumed to carry no environmental burdens from the respective upstream life staies
(that according to EN 15978 would be from Al to Bdovering the product stage, the construction process
stage and theuse stage) This followsthe common "zerdourden" assumption applied in waste management
LCA as the impact of productioris the same across the alternative management scenaridbe assessment
was conducted by employinthe EASETECH softwgi@laveul et al., 2014)

Figure 7. General system boundaries of theife Cycle Assessment andLife Cycle Costing. Waste is assumed to be
generated burderfree as the upstream impacts of the production would be the same across allagament scenarios. All
operations involving generation are includezld.demolition) (blue boxes)ut depending on the scenario some might not
be needed (blue dashed boxe§ystem expansion is applied to credit material and energy recovery (green déshes).

: B Vaterial
1 : ! substitution

J :_ _ Energy
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Source: Own elaboration

5.1.3 Impact categories

The impact assessment was performed for the 16 impact categories included inPtbeluct Environmental
Footprint method (Zampori & Pant, 2019)Herein, onlfClimate Change results arepresentedand discussed.
Theresults for theremainingenvironmentaimpact categoiesare summarsed in Annex 1 and furthereported

in Caro etal. (2024) and Cristébalet al. (forthcoming. Moreover economic impacts were assessed through
ELCCand SLCC. The ELCC accountsifbernal costs (annualsed cost of capital along with operational
expendituresand revenue}p and internalised environmental taxgge. already paid by companiesjhe SLCC
includesinternal costs (expressed as shadow pricés,removing taxes and subsidiesummedup to external
costs @lsoexpressed as shadow prices; ineonetised environmental emissiont air, water, soil)

5.1.4 Scenario definition

The assessment considered five classes of waste managenuaptions possible for the different fractions:
preparing forreuse (REU), recycling (REC)ecoverybackfiling (RCB, landfilling (LAN), and incineration (INC)
Note that for some fractions such agxcavated soils and dredging spoitsgckfilling issimilarto preparing for
reuse andrecycling respectivelyin terms of modellingbecause both pathways substituteon-waste materials
(e.g.naturalaggregates$. The selectedsenarios relying on alternative pathways and technologies for treatment
of individual CDW material fractiongre shown inTable11. Landfillwas considered forall CDWfractions and
incinerationwas considereanly for those fractions having positive calorific valuBable11 also presents the
substitutability factor applied to account for the replacement of primary material via secondary mategaséd

or recycled) in the markeSustainability factors are taken ém literature andconsiderboth the quality of the
material andthe market demand(Borghi et al., 2018)The quality of the materialis consideredn terms of
“clean composition” and presence of impurities (through a coefficient named),Qas well as technical
characteristics compared to those of the substituted material in relation to the specific application (through a
coefficient named Q). In contrast, he market demandcaptures the ratio of the amount of material sold and

of the amountproduced at the preparing faieuserecycling/recovery process inspecifictime period (through
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a coefficient named M)Thus,the substitutability factor is calculated by multiplying the thremefficients(i.e.

Q* Q*M)

Table 11. Description of the scenarios modelled in this study for the different fractions with details on life cycle stages
and product substitutability factors (wire applicable)

Details of life cycle stage Scenario
Code®
Fraction
. . Products Substitutabi
Generation Processing | Products & Outputs substituted lity factor
Selec_t|_v € Preparing Concrete Concrete 1 REU
demolition for reuse
Selecti Cementitiousmaterial Cement 0.71
elective .
demolition Recycling Recycled Natural RECCEM
aggregates aggregates 0.85
Concrete ggreg ggreg
(CON) .
Selective . Natural
demolition Recycling Recycled aggregates aggregates 0.85 RECRA
Conventional | ;g - - . LAN
demolition
Selective | Preparing Wood Timber 1 REU
demolition for reuse
Selective . . Particle
demolition Recycling Particle board board 1 REEGPBD
Wood
(wop) | Conventional | i - - - LAN
demolition
Conven_t!onal Incineration Electricity & heat Electricity & 1 INC
demolition heat
Selec_tl_ve Preparing Steel Steel 1 REU
demolition for reuse
Selective .
Steel demolition Recycling Iron scrap Iron scrap 0.75 REGSTE
(STE)
Conventional .
demolitior Landfill - - - LAN
Selec_tl_ve Preparing Aluminium Aluminium 1 REU
demolition for reuse
Aluminium dSe?rII%(I:ittli\é)?l Recycling Aluminium ingot Aluirr:;gium 0.85 RECGALU
(ALV)
Conventional .
demolitior® Landfill - - - LAN
Selective | oo eling Polyvinylchloride | Foviniehlor) 4 59 REGPVC
. demolition ide
Plastic PVC
(PVC) .
Conventional | ) o - - . LAN
demolition
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Conveqt!onal Incineration Electricity & heat Electricity & 1 INC
demolition heat
Selective .
demolition Recycling Polystyrene Polystyrene 0.69 RECEPS
Plastic EPS| Conventional )
(EPS) | demolition | -2ndfl - ] ] LAN
Convent!onal Incineration Electricity & heat Electricity & 1 INC
demolition heat
Conver!t!onal Recycling Plasterboard Plasterboard 0.88 REGGYP
demolition
Gypsum
(GYP) .
Conventional | , g - - : LAN
demolition
Selec.tllve Preparing Ceramic Ceramic 1 REU
demolition for reuse
Selec_tl_ve Recycling | Cementitious material Cement 0.71 REGCEM
demolition
Ceramics& et |
tiles (C&T) Selective . Natura
demolition Recycling Recycled aggregates aggregates 0.83 REGRA
Conventional | o - - . LAN
demolition
Selec.tllve Recycling Glass wool fibres Virgin rock 0.83 REGSGLW
demolition
Glasswool
(GLW) .
Conventional | - gy - - . LAN
demolition
Selec_tl_ve Recycling Stone wool fibres Virgin rock 0.83 REESTW
demolition
Stone wool _
(STW) Conventional Landfill . ) ) LAN
demolition
Selective | Preparing Brick Brick 1 REU
demolition for reuse
Selec_tl_ve Recycling | Cementitious material Cement 0.71 REGCEM
demolition
Bricks Selec_tl_ve Recycling | Alkali activated blocks Concrete 0.65 REGCON
demolition
(BRK)
Selective . Natural
demolition Recycling Recycled aggregates aggregates 0.83 RECRA
Conventional | -, g - - : LAN
demolition
Selec_tl_ve Preparing Glass Glass 1 REU
demolition for reuse
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Glass

Selective .
(GLA) demolition Recycling Flat glass Flat glass 1 REGGLA
Selective . Natural
demolition Recycling Recycled aggregates aggregates 0.83 RECRA
Conventional | , g : : . LAN
demolition
Excavation Preparing
for reuse Natural
Soll 0.65 REURCE
aggregates
Excavation Recovery
backfill
Recycling-
Excavation | stabilisation Stabilsed soll Concrete 1 RECGLIM
(with lime)
Excavated
soil & rocks Recycling-
(ESR) Excavation Sta?wiitlon Stabilsed soil Concrete 1 REGCEM
cement)
i Natural sand
Excavation Recycling Ind|V|duaIdcor|np0nents 1 REGND
(sand, clay) Natural clay
Excavation Landfill - - - LAN
Dredging Preparing Dredged sediments Natural 1 REU
for reuse aggregates
Recycling
Dredging (use on
land
) Dredged sediments Natural 0.75 RECRCE
aggregates
Dredging . Recovery
spoil Dredging backfill
DDS .
( ) Recycling-
Dredging Stat()\lllvli?]tlon Stabilsed sediments Concrete 1 REGCEM
cement)
. . Individual components| Natural sand
Dredging Recycling d cl 1 REGIND
(sand, clay) Natural clay
. Landfill
Dredging (upland) - - - LAN

(1) The code is composed of a first set of letters referring to the treatmeaig.REC=recycling; LAN=landfilling; INC=incineration)

and a second set of letters referring to either the eventual material produced in case of recyeligdR@=recycled aggreges;
CEM=cementPBD=particle board; STéeel; ALU=aluminiuior the material used as bindefor the stabilisation techniquefor
excavated soils and dredging spo{lsiM=lime CEM=cemet

(2) While

the landfilling

scenario

for metals has

been

present study, it does not reflect today’s reality, as metals aremostly recycled

(3) Complying with the recovery definition in the WFD, the backfilling operation must replace other materials that are notiwaste.

modelled

illustration

in the

this sense, for excavatésoils, backfilhg is modelled equally as preparing foeuse (lacovidou et al., 2020Q)and for dredging
spoils it is modelled as recycling (use on land).
Note: Transport is included in all scenarios (road transpahtje conditioning §ewatering) isonly consideredor dredging spoils.

Source: Own elaboration.
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5.1.5 Inventory

To describe the foreground systemge use thedata obtained from the technescientific literature on) waste

characterisation CDW compositioand flows), and i) technologies anghrocesses inventoryefergy, electricity,
material, fuels and resource provisiprFor more information abouthe data used for each scenaribisted in

Table 11, the reader is referred toCaro etal. (2024) and Cristébal et al. forthcoming. Complemendry

background data for modelling waste treatment technologies were taken fithim Ecoinventdatabase3.7.1

(Ecoinvent, 2023)

Transport distances fronthe generationsite to preparing forreuserecovering/recycling sites or landfillgere
assumedo be 50 km(Magnusson et al., 2015; N. Zhang et al., 20Fr other transport processes, for example
the transport of soil component®(g.sand) after recyclinga lower distane of 20 km wasconsideredollowing

the assumptions ofMagnusson et al. (2015)or transport of materials required for managemeoptions,e.g.
lime or cement for stabibation, 10 km was used While shorter or longer distances may occur with different
treatment optionsacrossthe 27 Member States, the same distance was assumed for all scenarios to capture
the differences in the performance of individual management technologiasher than focusing on specific
regional contextsHoweverthese assumptiors on the distances ar¢estedin a sensitivity analysisNote that

we considered the volumémiting factor for transport of voluminous and light material such as EPS using the
utilisation rate of the cargo, following the approach explainedLn et al.(2021) (consideringoulk density of
the material and weight and volume of the cargoWe assumed that conventional demolition preceded
incineration, landfill or any recovery operation, while selective demolition was a prerequisite for recgalihg
preparing for reuse The modellingf these two types of demolitioninvolved different enegy consumptions
and costs Caro etal.,, 2024).

For all scenariospne or morereference stuées wereused to modelthe technologes (see Table8). Detailed
(life cycle)inventories for technologies and processeay be found inseparate documentsomplementinghis
study (Caro etal,, 2024; Cristobal et al.forthcoming.

5.1.6 Uncertainty propagation analysis

Parameter uncertaintywas addressed using uncertainty propagatidollowing the approach suggested in
Bisinella et al. (2016)The total uncertainty of a parametedi.e.of a single data point that is input to the model)
is obtained considering both the uncertaintglated to the intrinsic variation of the values(g.the electricity
recovery efficiency at incinerators the EU has a certain range of variation around a mean or likely vahed
an additional uncertainty elated to the quality of the datdtself. Thefirst is assignedto all parameters mainly
following auniform distributionandthe range assigned is either based on literatyrehen availablegr assumed
to be +/- 20%, when not availableThe additional unertaintyon quality isquantified by means of the Pedigree
Matrix using the approach suggested lfyiroth et al.(2016). For the Pedigree Matrix calculation, parameters
are grouped in clusters and valued according to five indicators basedhenstcope of the study: reliability,
completeness, temporal correlation, geographical correlation, and further technological correltiomore
information about the data used, the reader is referred@aro etal. (2024) and Cristdbal et al.forthcoming.

5.1.7 Sensitivit y analyses

On top ofthe uncertainty propagation analysis, we perfoffiour sensitivity analyses focusingon different
groups of parametersby altering key parametersone-at-a-time to see their effect on the results. Thiérst
group of parameters is related to transport. Since the key paramaighis caseis thedistance, three different
assumptions arenade The first one is the base case in which the distance to treatmerassumed to bes0
km. The second is treating theaste in-situ (i.e.transport distance nujiwhenever possible). Note that this-in
situ treatment assume that the treatment plant functios with diesel instead of electricity, anieh some cases
the generationprocess is not neededuch asfor excavated sds for which the stabilgation technique can be
used without excavation The third is an increase in the distance of the transport smbsequent
treatment/disposaket to 100 km (double the base cageTransport distances for all remaining products.d.
usedfor processing) are maintained as in the base case. $beond group of parameters tested iselated to
the substitutability factors  in the model. These have been halved relative to ttue used in thébase case
(seeTable10). The third group is on the use of dow-carbon energy mix in line with the upcomingpolicy
framework {.e.year 2050) as reported byKeramidas et al(2021). Finally, a specific sensitivity analysis is
performed for thewood waste fraction introducing thecascading principle to identify the effects on the
results. This sensitivity is performed following the approach B&raca, Tonin et al. (2019) that studied the
cascade of wood waster-or this analysis, we assoe that only highquality wood waste Q1 and Q2 of the
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German classification, seBaraca, Toninet al.(2019)) can be used for subsequent cascading applications in
particleboardproduction. This constitutes ca. 60% of the wood waste generated at each cycle, the rest being
sent to incineration for energy recoverWe do not consideimpacts fromthe use phase and transport ithe
subsequent life cycles2(9, 39, 4M), as we are only interested in the net difference betwete incineration and
recycling scenarigwe assume that both scenarios have same transport and use impa®t& stop at the #

life cycle, as inFaraca, Toninet al.(2019).

5.2 Assessment results

5.2.1 Life Cycle Assessment results

Figure 8 shows theresults for the categoryQimate Change for all scenarios analysedThe contribution
breakdown presents the following aggregationmdste generation (including demolition, excaia@t, dredging)
i) conditioning processedii) transport iv) processingv) material recoveryvi) energyrecovery

Figure 8. Characteriseddimate Changeresults per tonne of CDW fraction managed with breakdown of the contributions

in 2020. Values above zero represent burdens, while values below zero represent savings. The final net impact, per each
individual category, is the sum of burdens and savingslas represented with a blacllot. The error bars represent the
standard deviation around the net resulor the abbreviations useglease refer toTable11.
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Dredging spoil B Energy recovery
Material recovery
. . 4. Processing
Transport
Conditioning
Generation

* NET
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*For wood the red square ®) indicates theresult whencascadingis accounted for four cycles sensitivity analysis

Source: Own elaboration

On dimate Change, the waste hierarchy is fully respectefor nine CDW material fractions, and partially
respectedfor the three fractions that present the incineration optione( PVC and ERSvhere landfilling
performs better than incineration, andood where incineration performs better thareuseand recyclingonly

if the cascading is not considerellecause otherwise the hierarchy is fully respectethe two fractions that
do not follow the waste hierarchy are glass wool and stone waghere landfiling performs better than
recycling(seethe paragraphbelow) Thus,preparing forreuseis the best performing option for almost all
fractions that present the optioncapitalsing on the low processing impacts and on the high savings from
material recoery (e.9.9 770 kg CQ eq. t* and 2166 kg CQ eq. t* for aluminium andsteel, respectively. Only

for bricks and dredging spoils, a recycling option performs better than preparingefese, withthe latter being
the second best performing option.

For wood Figure8b), incineration performs better thapreparing forreuseandrecycling owing to high energy
recovery and low GHG emissiohscause ofthe carbon neutrality assumption for biogen@arbonin wood.
However Figure8b shows that whenthe calculation for cascading is performed, wood resusignificantly
change with preparing foreuse becomingthe best option followed by recycling and finally incineration.
Although results showed iRigure8b are calculated by using four cycles of cascading, an inversion of the trend
is already observed with only two cycles (see Annex 2 for further inf@y. stone woolFigure8j) and glass
wool (Figure8i), the recycling scenarios offer limited GHG savin@hisresult can be extended tthe other
material fractionswhere scenarios producirigAare consideredWe observethat recycling toRAis comparable
to landfilling, i.e.credits frommaterial recoveryare not sufficient to compensate for théurdens of collection,
sorting, transport and recycling operations. For instance, recycling of concrete wastentent Figure 8a)
records a total et GHG saving of 26 k€Q eq. t* whichis substantially higher than the net burdewbtained
whenrecycling concrete tRRA(9 kgCQ eg. t1). Another example, the closddop recyclingproducing flat glass
from glass waste achieves a total net saving @72 kg CQ eq. t* (Figure8l), again, considerabligigher than
the net burderobtained wherrecycling glass tdRA(23 kg CQ eq. t!). Theresultsare similar for ceramics/tiles
(Figure8h) and bricks Figure 8k), where recycling toRAperforms better than landfill and incineratigrbut
results in limited savings relative tahem.

The highest GHG savings are achieed preparing for reuse andecycling méals (Figure8c for steel and
Figure 8d for aluminium). While this is expected, due to thearborrintensive production process of these
materials and the consequent substantial savings in recycling them, aluminium and steelarentlyalready
separated and recycled to a large extemwing o their marketvalue. Recycling of EPS&igure8f) and PVC
(Figure8e) savel 088 and 1 058 kg CQ eq. t!, respectivelyresulting in a significant reduction of GHG
emissions relative tdhe net burden incurred biandfilling (15 kgCQ eq. t*) and incineration 605 and1 747
kg CQ eq. t1, respectively. Recycling gypsum to plasterboard (savidig kg CQ eq. t!) performs better than
landfilling (het burden of15 kg CQ eq. t!; Figure8g). Recycling bricks or concrete cementalso generates
important net GHG saving481 kg CQ eq. t! and 26 kg CQ eq. t!, respectively) relative téhe net burden
from landfilling (15 kg CQ eq. tt). However, these scenarios are based on experimental set ups with low
Technology Readiness Lewahd are thus highly uncertain(i.e.+66.4 kg CQ eq. t* and +7.3kg CQ eq. t?,
respectively)

Across all scenarios investigated, the most imgort contribution toclimate burdens from recgling is the
recycling procesgself, while the mostnotable contribution to the savings is the substitution of materials with

a substantial difference between substituting natural aggregates (low savings) and substituté@ment or
materials in aclosed loop(high savings). However, in scenarios with recyclingécthe contribution of the
processing is minoand, in many casedpwer than transport (see concrete, ceramicsf/tiles, bricks and glass),
which becomes the mosimpacting parameter in CDWmanagement. In selected recycling pathwayke
substitution of energ throughenergy recoveryalso becomes important when CDW is diverted to incineration.
This isthe casefor fractions with high calorific valuei.e.wood, EPS and PVC. For PVC and EPS, however,
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notwithstanding the energy recovery savings, the overall ®eliance is a net burden (GHG emissi@ns higher

than GHG savings). For incineration, the most important contribution to the burdens is the process itself
(combustion and related emissionghe same holdgor landfilling (orrsite operations). The GHG ¢dbution

of demolition is negligible compared to the othprocess stages

With respectto excavated soil{Figure8m), the scenario leading to the highestimate benefitsis recycling
through stabilsation with lime Thiswas the only one contributing with net savingk4 kg CQ eq. t), followed
by preparing for reusebackfilling (burden of4 kg CQ eq. t*), recycling(burden of6 kg CQ eg. t*), landfilling
(burden of12 kg CQ eqg. t%), and finallyrecycling through stabiation with cement(burden of60 kg CQ eq. t
1), all of them net burdensilt is important to note that bothrecycling through stabiation scenarios present
high uncertainty(x76 kg CQ eq. t! for stabilisation with lime and+60 kg CQ eq. t* for stabilisation with
cemen), mainly due to the excavad soil density parametewhichinfluences the quantities of binder added
and thus thewhole modellingAcrossall scenariosprocessing (including landfitig) contributes the most to the
net impactexcept forreuse/backilling where the main contribution is transpoi$pecificaly, the burdens from
recycling through stab#ation were driven by the carbon dioxide in the production of hydrated lime and the
cement added as a bindeln contrast the maincontributionto GHGsavingswas material recoverydue to the
displacement of natural aggregatesind concretefor reuse/backfillingand stabilisation with lime scenarios
respectively.The contributions fromtransport were significant for reuse/backfillingand recycling For the
remainingscenarios albet not negligible they were minor relative to the otherprocessesFollowing the same
tendency contributions from excavatioare small compagdto the other processes

For dredging spoilgFigure 8n), almost all scenarios lead toclimate burdens, except for recycling through
stabilisation with cement yieldingsavings of 82kg CQ eq. t!,followed bypreparing forreuse(burden5 kg CQ
eq. t1), backfiling (burden27 kg CQ eq. t%), recycling(burden30 kg CQ eqg. t*) andlandfilling (burden36 kg
CQ eq. tY). Themain contributions arérom conditioningexcept forthe case ofstabilisation with cementwhere
processingalso plays an important roleThe contribution of transport and generation processag small
relativeto the others

Detailed esults for theother keyimpact categories analysed on top @imate Changecan be found inrAnnex
1. Theimpacts on the other catgories, except for ozone depletion, land use and resource use, follow a similar
trend to that of Cimate Change with respect to the ranking of the scenariasd impact contributions.

5.2.2 Environmental Life Cycle Costing results

Figure 9 shows the EnvironmentalLife Cycle Costing results for the scenarios analysed. The contribution
breakdown is the same as for the LCA resultsvgste generation including demolition, excavation, dredging);
i) conditioning processes; iii) transport; iv) processing; v) material recovery; vi) energy recovery.

Figure 9. EnvironmentaLife Cycle Costing results per tonne of CDW fractiananaged with breakdown of the contributions.
Values above zero represent costs, while values below zero represent revenues. The final net impact, per each individual
category, is the sum of costs and revenues and is represented with a black dot. Thebam®represent the standard
deviation around the net resulEor the abbreviations used please refer T@ble11.

a b c

e
e
e

52



Crramicy & Ties G ks Wil

- . ’
. 1= p— v
4 -
= - E E’: ]
- |
+ E—
- U ’ ! . l ’
| ] ML KA % 0
A nre x
J k
U A Bew !
e § 1
. ‘ s * . . . . .
. ] 5 J s
l.——J Se— an l .
i .
AN BCCEM WLCON  BORA P » —— R
m n
scavated volu Lr ol g sppends W Energy recovery
Material recovery
L] Processing
| : N 1
3 B Transport
"9 > - < i —e. 1 e " Conditionin
. F . Y . ' * L g
Generation
* NET

NEU-RCE REC-LIM REC-CEM REC-IND LAN REU REC-hCH RECCEM REC.INC LAN

Source: Own elaboration

Preparing forreuseis the best option for almost all fractions that preseithis option, capitaking on the low
processing costs and/or on the high revenues from material recovery BUJRL 246 t* and EUR 376 t! for

aluminium and steel, respectively). Only for excavated soils, the recycling through satibiti scenarios
perform better thanpreparing forreuse, the latterbeingthe secondbest performing option.

We find that recycling of concretd-{gure9a), ceramics/tilesRigure9h) and bricks Figure9k) to cementand
RAis more exgnsive than landfilling ifote that a landfill tax of EURL9 t'! is included) The same holdor the
cost of closedloop recycling of gypsum to plasterboard amgthss to flat glasscomparedto landfilling Figure
9g andFigure9l, respectively). Recycling of steéligure9c) and aluminium Figure9d) expectedly stanslout
as clearlyeconomicallyfavourable. For plastics, recycling of PVC (net incomEWR431 t'1) is lesscostlythan
landfilling EUR45 t') but more expensive than incineration (net income BUR839 t*). Although an
incineration tax is included5UR21 t1), this result is mainly dug¢o the higher revenues obtained from energy
recoveryvia incineration(Figure9e). Recycling of EPS (net incomeEifR674 t1) is economicallyfavourable
to landfilling EUR45 t2), but still more costly thanincineration (net income odEURA56 t'1; note that a part of
the revenuef recyclingcomes from energy recoverpecause of the significant amount akcyclingresidues
incinerated (Figure9f). Recycling of stone wookF{gure9j) and glasswool (Figure9i) is more expensive than
landfilling. Across all scenarios investigated, the most important contribution to the costs is the recycling process
itself (processing). Similarlyfor landfilling and incinerationthe process is the mosexpensivestage The
revenuesstem from the sales of materials and energy

The scenariswith the lowest costdor excavated soilgFigure9m) are recycling through stab#ation with lime
(net revenues of EURL4t1) and with cement (net revenues oEURIt?), followed by preparing for
reusdbackfillingwith net revenues oEUR4 t. Therecyclingscenario presergta net cost of EURD5S t* (with
high uncertainty, i.eEURt13 t1), and for thelandfilling scenario the net cost equalEUR57 t. The main
contributionto the landfilling scenario is the processin@ccountingfior CAPEX and OPEXs well as the landfill
tax mentioned beforeFor theremainingscenarios, processimgpnstitutes a lower share of the total costbeing
almost negligible inpreparing forreuse/backfilling Transport processerepresent a high contribution ithe
preparing for reise/backfillingscenario anda moderate contribution in the rest of them. Contributions from
excavation are very low in all scenarios. Finalgyenuesare obtainedfrom material recovery
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For dredging spoil§Figure9n), the lowest costare obtainedfor preparing forreusewith a netincomeof EUR

6 t1, followed byrecycling for use on land/backfillingith a netincomeof EURS t2, recyclingwith net costs of
EURS t1 (with very high uncertainty, i. €URt14 t'1), recycling through stabation with net costs of EUR36

t2, and finallylandfilling with costs of EURG1 t1. In line with the excavated soilshe maincontributionto the
landfilling scenario is the processingtage, whichaccounts for the CAPEX and OPEX, as well as the landfill tax.
The maincontributionfor recycling through stab#gationis processingMeanwhile material recovery is the main
contributor to the total coss of recycling for use on land/backfilling.e. REGRCB)as well asof the recycling
scenario(i.e. REAND) The summed up contribution ohe remainingstages(i.e.generation, conditioning and
transport) even if not negligible, is smatiompaed to the contribution of theother processes

Findings reveal that a tradeff between environmentalKigure8) and economicKigure9) impacts seems to
currently exist at EU level,since,aside from the preparing forreusg the least favourable environmental
performance often coincides with the cheapest management pathwHyis is the case foconcrete,gypsum,
ceramic and tilesbricks, and glas¢see Table12).

Table 12. Combination of result®btained inFigure8 and Figure9, reporting the outcome of the net impact o@limate
Change(CC) category and thEnvironmentalLife Cycle Costs (Costs), per individualdction and associated management.

Material Preparing for reuse Recycling Landfill Incineration
CC Costs CC Costs CC Costs CC Costs
Concrete (1) (a3 (2) (3L (3)L (2) - -
Wood @) ) 3) ©) (@)L (4)L (10 (19
Wood* 1)J 1)J (2 2 (4)L (4)L ®3) 3
Steel () (1) (2) (2) (3)L (3)L - -
Aluminium (1) (a3 (2) (2) (3)L (3)L - -
Plastic PVC - - (@) (2) (2) (3)L (3L ()
Plastic EPS - - (1) (2) (2) (3)L (3)L ()
Gypsum - - (€N (2L (2L (€Y - -
Ceramicst Tiles (1) (@) (2) (3L (3L (2) - -
Glass wool - - (2)L (2)L (1) ay - -
Stone wool - - (2)L (2)L () ay - -
Bricks (2) (@) (1) (3)L (3)L (2) - -
Glass (1) (@) (2) (2) (3)L (3)L - -
Excaated solil (1) (1) (2) (2) (3)L (3)L - -
Dredgedspoll (1) (a3 (2) (2) (3)L (3)L - -

Note:SymbolJ along with (1) represents the best performance from a Climate Change Bb@(erspective. Symbci along with (2)
(and eventually (3)jepresents the secontbest performance from a Climate Change BLC@erspective. FinallysymbolL along with (3)
(and eventually (4)jepresents the worsperformance from a Climate Change or ELCC perspective

*These consider cascading and/or a cleaner energy mix (see sensitivity analgsistion5.2.3).

Source: Own elaboration

The results for the societal cost6SLCCare depictedin Figure10. Overall, the societal cost follows a similar
trend to that of the ELCCRecycling pathways reduce the societal costsnparedto landfilling with some
exceptionssuch asconcrete, gypsum, glass wool antbse wool. Preparing for reuse is the best option for
almost all fractions that present this option, similarly to tf@imate Change impactand ELCQn terms of SLCC

we find that recycling of concretejgure10a) to cement is more expasive than landfillig; the same holds for

the cost of closedloop recycling of gypsum to plasterboard and glagsol and stone wool compaed to
landfilling (Figurel0g, Figurel10i and Figurel0j, respectively). Recycling of ste@ligure10c) and duminium
(Figure 10d) expectedly stand out as economically favourable. For plastics, recycling of PVC (net income of
EURB47 t1) is lesscostly thanlandfilling EUR29 t?), but more expensive than incineration (net income of
EURr94 t1) (FigurelOe). Recycling of EPS (net incomemifR874 t'1) is favourableto landfilling EUR29 t1),

but still more costly than incineration (net income BUR942 t1) (Figure10f). Positive external cost for the
stabilisation of excavated soilsvith cement(Figure10m) is mainly due tothe higher quantity of cement used

for the mixing processcompaed to the quantity of cement within the concrete substituteeor dredging spoils
(Figure 10n), positive external costs are mainly due to the production of the flocculant (i.e. polyacrylamide)
added in the conditioning proces8crossall scenarios investigated, the most important contribution to the
costsare generdly internal costs Similarly for landfilling and incinerationhe internal costs are more significant
than the external ones
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Figure 10. Societal Life Gycle Costing (SLCCyesults per tonne of CDW fraction managed witireakdown of the
contributionsrepresenting internal and external costgalues above zero represent costs, while values below zero represent
revenues. The final neSLCGds the sum of costs and revenues and is represented with a black dot. For the ablimns
used please refer toTablel1.
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5.2.3 Sensitivity analysis results

This section presents the results of tHeur sensitivityanalyses This is done by comparirthe impacts of the
sensitivity scenario(s) with those of the base case assessmétitst, doublingthe distance to treatment or
disposaldoes notaffect the rankingof the scenarios, across all materiflactions investigated Howeverit is
important to highlight thatpathwaysproducing recycledggregates (RE®A) are more sensitive tdistance
variations This is due to a lower relevance of other parametessch as material substitution and processing
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for this specificrecycling pathwaySimilarly, applyingin-situ treatments (only tested on the excavated soils
fraction) does not affect the ranking otthe Qimate Changecategoryand cost

Regarding the sensitivity on theubstitutability factors , resultsfor dimate Changeshowthat most of the
CDW fractions are extremely sensitive to the substitutability factdowever, pathways leading to recycled
aggregates (RERA), are less sensitive to theubstitutability factor. This is due to a lower relevance tfis
parameter for thisspecificrecycling pathway, as the saving contribution from substitution of natural aggregate
is indeedlimited, making processing and transport relatively more importdfr the excavated soilfalving
the substitution factor leads to a change in the ranking of the scenariogking preparing foreusgbackfill
and recycling the best options and recycling through stabtion worse than landfillingResults on costs show
that halving the substitutabity parameters ha limited influenceon the results andloes not affect the ranking
of scenarios

The sensitivity analysifocusing on dow-carbon EUenergy mix (i.e.year 2050, based on electricity and heat
with a higherpercentageof renewable energie compared to 2020 shows that the influencen dimate Change

for the scenarios consuming high quantities of electriciy.d.recycling) or leading to energy recovem.d.
incineration) is paramounin generalthe performance of energy recovescenariosis drastically reduced in
2050, because less credits are achieved substituting energgs(med to be cleangr Contrarily, the
performance of recycling is only partly affected as, while it is true that the impact of virgin production
(substitutedvia recycling) is reduced, processing impacts associated with recycling technologies also decrease
(cleanerenergy used)This is evident for the case of wood wastEor excavated soils, the use of @eaner
energy mix can foster recyclingvhich wouldbe the best option performingfavourable topreparing forreuse
Since no change in the price of the electricity has been modelled, this aspect would not influence thélwmst.
results of this sensitivity analysis may be consultedAnnex2 (Figure Al)Hnally, the resultsof the sensitivity
analysis onwood waste including further cascading useswere shown inFigure8b and commentedn
Section5.2.1 Further details on the results can be found in Annex Zable A5. We included the analysis of
the possible effect of adw-carbonEUenergy mixon treating wood waste including further cascading uses as
previousy commented (see Annex-2Table Al16)
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6. Potential for preparing for reuse and recycling in the EU

Sectiors 6.1 and 6.2 summarse the information available in the technscientific literaturewith respect to
regycling andreusepotential (generally intended as theoretical/technical potentif) the individual fractions
of CDW. The information detailed in these sections is the basis for the assumptitade to quantify GHG
savings and costs associated with inased recyclingscenario MRP) and increasegreparingfor reuse and
recycling (scenaridiPP)n Section6.3.

6.1 Potential for recycling

Therecyclng potential of several material fractions has been estimated on the basis of a literature review and
stakeholder consultations. The resulting values ao#lectedin Table13.

For concrete waste, 100% recyclirfonto RAand/or cementitious materialQppearsachievableas suggested

in Wahlstrom et al(2014). We apply this value for further calculationg/here wood is concernethe literature
flags that recycling is possible only for certain types of wood waste (often referred to as jgélity wood
waste) and the recycling potential varies between 60fér a case study in DenmarkFaraca, Tonini, et al.,
2019), and 44% for a case study in GermanfHoglmeier et al.2017), in relation tothe total wood waste
generated We apply the lattervalue for further calculations.As for steel and aluminium, stakeholderse(
Metals in Buildings and European Aluminium) suggest that it is feasible to collect and septeparingfor
reuse/recycling up to 99% of the waste producdebr gypsum, recovery rates of up to 95% are reported by
Vrancken & Laethenf2000). Similar to concrete,dr bricksand ceramic and tiles, a maximum recycling of
100% is possible. For glass and insulation materiale.@@lass wool and stone woqlMulders(2013) and C.
Zhang et al(2021) reportthat 100% was sent to recyclingn selected case studies in the Netherlands. For PVC
waste, Lase et al (2023 - Table SHreporta recycling potential of ca. 90%. For EPSvaste, Lase et al.(2023

- Table S5 suggest that 14% recycling is realistically achievabighile a study by Conversio reports that in
some EU countries EPS recycling from CDW is alreagyeningat rates of around20-27% (e.g.Czechia 27%,
Austria 20%;Lindner et al., 202Q)We thus assume that this figure is realistically achievable based on best
practices and we apply it to our calculatins. For excavated soils and dredging spoilse literature suggests
that 100% recycling ispossible Table14 summarses the assumptionn the recyting ratestaken for the
quantification of GHG savings and costs associated with increased recycliggciion6.3.

6.2 Potential for preparing for reuse

The reuse potential of several material fractions has been estimated on the basis of a literature review and
stakeholder consultations. The resulting values desscribed in this section ancbllectedin Tablel13.

Concrete: based on the literature review, it is assumed that only precast concrete can be reli$edamount
of precast concrete has therefore been estimated and multipliedtbythe reusepotential, whichaccording to
lacovidou & Purnel2016), is around50%. Further details on the calculation are availableTiable13.

Wood: as timber can perform a variety of functions within a building, estimating ituse potential is
particularly complex. Even within the context of one specific building element, reuse potential values can
sometimes vary from one source to another. Wooden flooring, for instance, has a reuse potentiabtiges
between aroundb0% and 85% (Gorgolewski & Ergun, 2013; lacovidou & Purnell, 2016; Sassi, 2008drs
have a reuse potential of around 50%, whiléhe figure is lower for window frames (<50%JGorgolewski &
Ergun, 2013) As structural timber represents the highest share of wood in buildings, it has been used in the
present report as a proxy to estimate the reuse potentialominstructiontimber as a wholeSeveral values are
available in literatureHoglmeier et al(2017) estimate a 25% reuse potential based on a 2011 German case
study; ARUR2021) states that a survey conducted in 1998 the UK showed a 30% salvaged wood thte
Institute for LocalSelf-Reliancg2006) assumes a reuse potential of 39% in buildings in fair conditemd 59%

in buildings in good condition&ata relative to the US)inally, lacovidou &Purnell(2016) estimate the reuse
potential as amountingto >50%. The study fromHoglmeier et al(2017) is used in thepresent report as it
provides a precise numbergfers to a European countpand is relatively recent.

20 Calculated with the Max transfer coefficients of collectioncaon site sorting.
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Steel and aluminium : according toCooper & Allwood2012), structural steel alone has a reuse potential of
79% on a global level; howevethat value decreases to 38% when considering the total steel content in
buildings, and to 29% when taking into account tleenstruction sector as a whaléccording to the sam
source,aluminium has a reuse potential of 5090 hese values, which have been used in the present work, are
largely in line with the 40%overallreuse potential estimatedy way of a stakeholder survelpy Hartwell et al.
(2021) for building frame materialsi(e.steel and aluminium)

PVC on the basis of the literature review in general, atgcovidou & Purnel2016) in particular, PVC has been
assumed to have no potential for reuse, being better suited to recycling.

EPS based on the literature review, it has been assumed that EPS has no potential for reuse.

Gypsum: as a categorygypsumincludes both plasteand plasterboard. The former has no reuse potential.
Information on the latter is lessvell defined. According t&orgolewski & Ergu(2013) and lacovidou & Purnell
(2016), its reuse potential is “weak” (<50%) Given a variety of othr sourcesindicatingthat reusing gypsum
plasterboard is either noan option, or theoretically but not practically feasib(Klinge et al., 2022; Monier et
al., 2011; Pristera et alforthcoming Sandin et al., 2021; Thormig 2000) the assumption in the present work
is that the material has a reuse potential of 0%.

Ceramics & Tiles: there is a distinction to be made between roof and floor til&p.of tiles seem to have a
higher rause potential (>50%according tdacovidou & Purnel2016), and60% according tdBlomaard(2020),
though it should be noted that t latter includes both cement and clay tilgswhile this value is much lower
for ceramic floor tiles (2%, aarding to Sassi 2002)). However, the share of each of these elements in the
corresponding waste fraction is not knowdsing stakeholder consultations as a basis, an overall 10% reuse
potential has been estimated for this category (further detadlse availablein Table13).

Glass wool and mineral wool : based on the literature review, it has been assumed tigddss woolhas no
potential for reuse Accordingto Gorgolewski & Erguf2013) and lacovidou & Purnelf2016), stone wool has
low reuse potential (<50%)However, a variety of other sources indicate tlsibne wool, andnineral woolin
general has no potential for reuse and is better suited for recyclif@omonkos et al., 2022; NFDC, 2023;
Thormark, 2000 WOOL2LOOP, 202®&) has therefore been assumed that the reuse potential of stone wool is
alsoequal to 0%.

Bricks: accordingto lacovidou & Purnel(2016), clay bricks bonded with cement mortar have a 0% reuse
potental, while those bonded with lime mortdrave a high reuse potential (>50%). However, other factars
also to be taken into account in this analysis, such as the size and technical characteristics of the bmicks.
order to develop a valid estimate of threuse potential of bricks at the EU level, stakeholders have been
consulted, leading to establishing values for Denmark in particulaes€hvalues have then been scalegh to
EU27as detailed in Table 13.

Glass: according tdGorgolewski & Ergu(2013) and lacovidou & PurnelR016), glass has a low reuse potential
(<50%);Rota et al.(2023) estimated the reuse potential of insulated glass units at 33%, while according to
Hartwell et al.(2021), dazing glasshas an average reuse potential of 20%he latter value has been used in
the current work, as it refers to the overall glass content in buildings and is rather recent.
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Table 13. Estimation of the share oéachwaste material fraction that can potentially be set recycling andpreparing for reusé (columns#3 and#6), comparedo the quantities reported
in the baseline (column#2 and#5). Quantitiesin bracketsreport the percent of material availablafter recycling andeuse i.e.corrected for process losses.

a recycling potentialzarying
between 60% for a case study in
Denmark(Faraca, Tonini, et al.,
2019) and 44% for a case study in

o Potential Baseline: Potential
Baseline: sent to
Material currentl sent to currently reparin
. y recycling (% | Reference sent to preparing Reference
fraction sent to : for reuse (%
) waste preparing
recycling waste
recycled) for reuse
reused)
It is assumed that only precast concrete can
potentially be reusegbased on the review of
(Pristera et al., forthcoming)rheamount of
precast concrete is calculated based on
For concrete waste, 100% Business Mfket Insight?, whichestima_tes the
recycling (into RA and/or EUlrfgiigllx.ﬁpnc[jaézmagk;t value |nt2022
Concrete 79% (79%) | 100% (100%) | cementitious materials) appears | 0% 13% (13%) as mitiion > and the precas
ossible as suagested in concrete market value in 2022 as 29 799
POSSI e ugg ! million US$ i.e.the share would be equal to
Wahlstrom et al(2014). ca. 26%)lacovidou & Purnell (2016stimate
that precast concrete has a reuse potential o
arourd 50%; the overall reuse potential of
concrete in buildings is therefore estimated a|
13%.
The literature flags that recycling
is possible only fospecifictypes
of wood waste (often referred to A25% rate is assumedbased on the findings
Wood 30% (25%) | 44% (37%) | &s highquality wood waste)with | gos 25% (25%) | of a case study in Germangetailedby

Hoglmeier et al. (2017)

21 https://www.businessmarketinsights.com/reports/eurppecastconcretemarket
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Germany(Hoglmeier et al.2017)
out of the total wood waste
generated Weusethe latter for
further calculations.

Stakeholdergi.e.Metals in
Buildings and European
Aluminium)suggest thatup to of

Steel 84% (70%) | 89% (75%) 99% of steel could feasiblype 10% (10%) | 29% (29%) Value based orCooper & Allwood (2012)
collected and sent for recycling.
Note that 10% isalready sent to
preparing for reuse.
Stakeholdergi.e.Metals in Value based orCooper & Allwood (2012who
Buildinas and .E.UI‘O ean assessed the potential reuse of aluminium in
Alumin?um)suggestpthat upto of the construction sector on a global level. As
Aluminium | 84% (77%) | 89% 82%) | 99% of aluminium could feasibly | 10% (10%) | 50% (5006) | Construction technologies do not undergo
be collected and sent for recycling S|gn|f_|c_ant rgglonal variations with regards to
Note that 10% is already sent to aluminium, it is assumed that the saenreuse
reparing for reuse y potential can be applied at the global and
preparing ' European level.
For PVC wastd ase et al(2023) . . .
Plastic PVC 30% (26%) | 90% (78%) reporta recycling potential of ca. | 0% 0% Itis assumed that reuse 1s not feasible, base
90%. on data fromlacovidou & Purnell (2016)
For EPS wasté,ase et al.(2023)
suggest that 14% recycling is
realistically achievableyhile a
study by Conversio reports that in
some EU countries EPS recycling i i i
Plastic EPS 10% (7%) 27% (19%) ffom CDW is already happening a| 0% 0% It is assumed that reuse is not feasible, base

rates of around 2027% (e.g.
Czechia 27%, Austria 20%jndner
et al., 2020) We thus assume that
this figure is realistically
achievable based on best

on the analysed literature.
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