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Abstract

Purpose to propose two enhancements for the European Union’s Circular Material Use rate (CMU): inclusion of Preparation
for Reuse (PfR) flows and enhanced reproducibility across lower levels of analysis.

Methods PfR flows are added to the material flow Sankey Diagram. The Local Circularity Rate (LCR) is based in the CMU
and is broke down in three waste-related ratios: recovered-to-treated (RCV-to-TRT), treated-to-end-of-life and end-of-life-
to-overall-material-use (EoL-to-OMU). LCR, CMU and CMU’, an alternate version of CMU, are computed and compared
in the macro-level for EU27 member states and in the meso-level for Germany’s sixteen states. LCR is computed and broke
down for regions in Belgium, The Netherlands and Greece. In the micro-level, LCR is computed for a network modelled
around a Textile Sorting Centre (TSC) in Amsterdam.

Results LCR showed closer average results to CMU in comparison to CMU’. Considering RCV-to-TRT and EoL-to-OMU,
The Netherlands and Luxembourg are the best performing countries in the EU27. Eight countries performed worse than 0.4
in both ratios. In total, twelve German regions showed negative results, either for CMU or CMU’. Saxony-Anhalt is the most
circular region in Germany, while Berlin is the less circular. The Amsterdam textiles’ network features an LCR of 12%, with
the TSC contributing to 63% of all textiles recovered.

Conclusion The revised circular Sankey Diagram comprehensively illustrates the circularity gap. LCR’s three ratios enhances
in-depth analysis, allowing better prioritisation of public policies. Limitations remain in data availability and harmonisation
across regional and national databases.

Keywords Circularity metrics - Circularity gap - Circular material use rate - Urban metabolism - Urban resource centre -
Preparation for reuse
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Introduction

Daniela C. A. Pigosso

danpi@mek.dtu.dk Worldwide, only 8.6% of all resources consumed were

cycled back in 2020 [1]; the remaining fraction of 91.4%
of resources not returning to the economy is called the Cir-
cularity Gap [2] (CG). At the forefront of the transition to
a Circular Economy (CE), the European Union (EU) could
cycle back only 13% of all material consumed [3] in 2020.
Although 100% of circularity is not technically feasible [4],
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the EU is set to decrease its 87% CG through the European
CE Action Plan [5]. The EU monitors resource circularity
through the Circular Material Use Rate (CMU), the ratio
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between secondary materials (S M) and overall material used,
OMU [6]. All material flowing through EU’s twenty-seven
member states (EU27) is graphically represented in material
flow Sankey Diagrams (SD), available at the Eurostat portal
[7]. The SD and the CMU are part of the EU’s official CE
Monitoring Framework (EUCEMF).

Three limitations can be observed with the EUCEMF:
First, the SD and the CMU consider only recycled materi-
als (RCVpg) as secondary materials. Preparation for Reuse
(PfR), second most preferred recovery strategy in EU’s
Waste Directive ladder [8], consisting of the activities of
resell, repair, repurpose, refurbishing and remanufacturing,
is currently not accounted for. Great potential to recover
products through PfR have been identified [9—-11], while an
increase of the sustainability performance of supply chains
shifting to PfR flows has been demonstrated [12]. Moreover,
to the best of the authors’ knowledge, PfR flows have not
been included in state-of-the-art multi-level resource circu-
larity frameworks to this date.

Second, CMU’s reproducibility is limited to the high
aggregate levels of countries and continents. Recovered
material SM is defined subtracting imports of waste (I M Py )
from the sum of waste recovered with waste exported,
RCVR 4+ EXPyw. Such definition works well for highly
aggregated regions; however, when waste imported is in the
same order of magnitude than the sum of waste locally pro-
duced with waste exported, a negative value circularity might
be found. This situation is quite common in smaller region;
in fact, such distortions can be already observed in small
countries like Luxembourg, which imports large amounts of
metal residues [13]. Not evenin the alternate version of CMU,
CMU’ [6], where SM is defined adding imported waste and
subtracting exported waste, or RC Vg +1M Py — E X Py, the
problem is overcome. CMU” also brings another distortion:
countries can improve their CMU importing waste for incin-
eration. Hence, both propositions fail to capture circularity
in the local level, where resource circularity is actually tak-
ing place. Last, data for imports and exports of waste require
a laborious filtering process of a comprehensive database of
exchanged goods, while CMU cannot be computed using fig-
ures from the SDs either, although their connection has been
stressed [14].

This research aims to fill the gaps described above by
redesigning the SD and the CMU using the CG approach. A
new, Local Circularity Rate (LCR) is proposed, accounting
for PfR flows allowing multi-level comparison and a break-
down analysis of resource circularity. In the micro-level, the
Resource Circularity Network (RCNs) is modelled based on
the generic framework of Reike et al. [15] around Urban
Resource Centres (URCs) [16], organisations gathering local
communities to enhance recovery through PfR. Mathemat-
ical expressions for resource circularity are defined for the
macro-, meso- and micro-level of analysis, and the share of
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contribution of an URC for all material recovered is quan-
tified. The propositions are demonstrated through cases of
application in the three levels; resource circularity of coun-
tries, regions, cities and an RCN, respectively, are analysed.

Background

In Sect. 3.1, metrics and methods to monitor resource cir-
cularity are introduced, and material flows used for the
calculations of CMU are described. Examples of downscal-
ing techniques are presented, and circularity indexes in the
micro-level are briefly discussed. A brief state-of-the-art of
regional and multi-level frameworks is also provided. In Sect.
3.2 PfR and local agents responsible delivering these flows,
the Urban Resource Centres, are introduced.

Monitoring Resource Circularity

With the adoption of CE as the new sustainable economic
paradigm, resource circularity has been defined and quan-
tified. A comprehensive list of indicators and metrics to
measure CE, including resource circularity, can be found in
Coronaetal. [17]. Official metrics for resource circularity are
currently based in Material Flow Analysis (MFA), modelled
through sociometabolic approaches [18]. The remaining
fraction of resources not circled, the CG, has been reported
in the global level since 2018 [19]. Figure 1 depicts the CG
and resources lifecycle phases of take, make, stock, waste,
dispose and cycle. The CG is the lower empty half of the
cycle, and can be bridged through four CE strategies: a) stop
extracting natural resources, b) optimise resources that are
available, c) stop wasting resources, and d) cycling more
resources and better. One can observe the CG in different
levels, from the micro-level of a municipality up to the global
level. PfR activities are concerned with strategy d).

The CG of a country, NCG,, is determined with the
expression NCG, = 1-CMU,. CMU is the Circular Mate-
rial Use Rate, part of the EUCEME, a set of metrics provided
by Eurostat, EU’s official statistics institute, to standardise
reporting of CE in the EU [20]. The CM U of the c-th coun-
try of EU27 can be computed using Eq. 1 [6], as the share
of SM from OMU . SM is the sum of RC Vg, waste recov-
ered locally, with E X Py, waste exports, subtracting imports
of waste, I M Py . DM C stands for Domestic Material Con-
sumption [21], the “total amount of materials directly used
by an economy” [22]. These figures are normally expressed
in kilotonnes per year, while the CM U is reported bi-yearly.

SM, (RCVg + EXPy — IMPy),

CMU, = -
OMU; ~ DMC¢+ (RCVg + EXPy — IMPy),

ey
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Fig. 1 The CG. Four strategies to close the gap are indicated with
exclamation signals: stop extracting and stop wasting (coloured red
for being more critical), stock optimisation and closing material loops
- through e.g. recovering, recycling, reimagining -, coloured blue for
being less critical. Source: [2]

Figures for DM C and RC Vg can be found on the Eurostat
portal, under datasets ENV_AC_MFA and ENV_WASTRT,
respectively. Figures for E X Py and I M Py can be retrieved
from dataset DS-045409, through a laborious filtering pro-
cess. All material flows imported, processed within the EU
and exported for in 2018 can be observed in the material
flow SD of Fig.9. The same diagram can be generated for
each member state in EU27, for the period between 2010 and
2020. For the purposes of this research, material flows to be
considered are:

e Imports (I M P) of materials from outside the aggregate
EU27 or one of the member states, including imports of
waste (I M Py ),

e Exports (EX P) of materials to outside the aggregate
EU27 or one of the member states, including exports of
waste (E X Py ),

e Direct Material Inputs (DM 1), the sum of Imports
(I M P) with Domestic Extraction (DE),

e Processed Materials, or PM = DM + RC Vg,

e Domestic Material Consumption, or DMC = PM —
EXP,

e Material Use that can become stock or discarded, reach-
ing EoL,

e Waste treatment, performed through incineration, land-
filling, backfilling orrecycling: T RT = EoL—EX Py +
IMPy.

e Waste Recovered (no backfilling), or RC Vg in Euro-
stat’s nomenclature.

Computing CMU for smaller regions or municipalities
leads to uncertainties due to lack of official data like Domes-
tic Material Consumption (DMC) [23, 24]. This problem can
be overcome by estimating lower-level data taking advan-
tage of other available data - a process called downscaling
[25]. Ratio-based estimates are considered good predictors;
sophisticated estimation techniques do not necessarily lead
to better results [24]. Towa et al. [26] proposed a framework
to generate multiregional input—output tables, applying the
framework and the data in the assessment of the circularity
of the regions of Brussels, Flanders and Wallonia [27]. Com-
bining empirical data with estimates, Noll et al. [28] applied
the sociometabolic approach for the island of Samothraki,
Greece, and derived a time series for material flow volumes
from 1929 until 2019. Cycling rates were also computed for
input and output flows, and a comprehensive analysis of the
island circularity was provided, as well as recommendations
for improvement in different material flow categories.

On the micro-level, resource circularity indexes were pro-
posed to model product lifecycle or production footprint.
With methodologies for both the product and company-level,
the Material Circularity Indicator (MCI) [29] is aimed at
companies whose product production processes span across
multiple departments. MCI also accounts for product lifes-
pan, making it incomparable with higher-level indexes like
the CMU. Brindstrém and Eriksson [30] attempted to con-
nect circularity metrics with sustainable performance, for
different levels of analysis, starting from circular business
models and design strategies. The metric quantifies gains
achieved after the implementation of a strategy, therefore
requiring a “as-is” and a “to-be” situation for its calculations.
The authors claim that, due to its value chain perspective, the
approach can be extended to the meso-level; however, no
demonstration was provided.

In addition to the initiatives advancing downscaling or
monitoring resource circularity in one level of analysis,
multi-level frameworks have been proposed by the scien-
tific community. Barrera et al. [31] developed a theoretical
framework that reviews the concept of urban metabolism for
energy dynamics. However, their framework has been con-
tested in Arbabi et al. [32] for lacking depth in their literature
review, omitting contributions from scientific communities
currently investigating this topic. Beyond the theoretical
realm, Bianchi et al. [13] proposed a regional monitoring
framework using three case studies, based on Econometrics
and territorial metabolism. They argue that national monitor-
ing frameworks provide limited help for regional contexts,
while failing to provide all data required. Eighteen indica-
tors were monitored, however resource circularity was not
analysed in their study.

In none of the reviewed indexes or frameworks, reuse,
repair, refurbish, remanufacture and re-purpose - the PfR
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flows - have been properly addressed. PfR flows are briefly
introduced in the following section.

Preparation for Reuse and the Circular Economy

PfR strategies can have a positive influence on the environ-
mental, social and economic performances of a system, as
long as product reusability is not overestimated [12]. A stan-
dard nomenclature for recovery options has been defined, as
well as the hierarchy for value retention in the context of
the Circular Economy [15]. Figure 10 illustrates the “Cir-
cular Economy 3.0”, expanding the 3R concept - reuse,
repair and recycle. The Figure illustrates linear flows of
mining, material production, component production, end
product manufacturing/brand, retailing, consumption, col-
lection, landfilling, and the recovery strategies of refuse (R0),
reduce (R1), reuse (R2), repair (R3), refurbish (R4), reman-
ufacture (RS), repurpose (R6), recycling (R7), incinerating
(R8), and landfill mining (R9) - the 10R hierarchy.

There is a high potential to recover material through PfR,
shifting waste recovery practices towards recovery strate-
gies higher in the waste hierarchy defined by the European
Council [33]. For example, in the German state of Bavaria,
there is a potential of recovering 45% of Waste Electric and
Electronic Equipment (WEEE), furniture and leisure goods
through PfR, instead of recycling [9]. Locally, this poten-
tial has been realised by Urban Resource Centres (URCs),
organisations gathering a wide community of stakeholders
in urban areas to drive sustainable consumption, waste pre-
vention, re-use, repair and recycling [16]. These URCs are
normally social enterprises, non-profit or community-based
organisations.

Lately, URCs have emerged in Europe in the form of
Repair Cafés, Repair Shops like the Belgian Kringwinkels
[34], and the Halle2 in Munich (https://www.awm-muenchen.

de/vermeiden/halle-2awm-muenchen.de/vermeiden/halle-2).

In [16], twelve initiatives of URCs across Europe were listed,
as well as drivers and barriers for their operation. The sim-
plistic depiction of an URC in Fig. 11 offers examples of
functions an URC can perform in the environmental (waste
prevention and source of secondary materials), social (job
creation and community engagement), and economic (incu-
bator) dimensions.

After reviewing how resource circularity has been quan-
tified, what are the PfR flows and who are the organisations
facilitating it, the following section describes how these ele-
ments are combined to produce solutions to the problems
identified.

Methodology

This work progresses what was proposed in [35] by
switching the general framework from [36] to [15], since
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the latter is more focused on CE and PfR. The SD and the
CMU are approached as design artefacts, and Design Sci-
ence Research [37, 38] is employed to define solutions and
demonstrations to the problems and objectives detailed in the
previous sections, as summarised in Fig.2. In Sect. 4.1, the
circular SD and the LCR are described. Mathematical expres-
sions for LCR are defined for the macro- and meso-levels,
followed by a description of the material flow model used to
compute the LCR in the micro-level. In Sect. 4.2, cases of
application to showcase the calculation and analysis of LCR
in the macro-, meso- and micro-levels are detailed.

Circular Sankey Diagram and LCR

The Eurostat SD from Fig.9 is redrawn based in the CG
approach from Fig. 1, developed in sankeyflowshow, using
EUCEMF’s nomenclature whenever possible. Material flows
are reallocated based in the SDs of Towa et al. [26]. To
account for PfR flows, a few quantities are added to the dia-
gram. Stock Degradation (StkDeg) are products that were
accumulated in stock (StkAcc) and lost utility, reaching EoL.
This flow is featured in Eurostat dataset ENV_AC_SD, but
figures can only be found for Bulgaria and Greece. EoL sums
all waste generated and/or collected - assuming all waste gen-
erated is collected -, and splits in waste exports and waste
locally treated. Waste Treatment process (TRT) follows suit,
an aggregate of locally treated waste and waste imports. Two
PfR flow groups are added: Short Loops, gathering reused
and repaired products, and Medium Long Loops, gathering
refurbished, remanufactured and repurposed products. These
flows are outputs of TRT and inputs to Products Recovered
(RCVp), which in turn is an input for Material Use.

The computation of LCR in the lower levels of analysis
is performed using symbols listed in Table 1. Set T repre-
sents the years evaluated. Macro-, meso- and micro-level are
equivalent to country-, regional- and network-level, respec-
tively. EU27 is aggregated in the macro-level under set C.
The meso-level is in superset M containing three interme-
diate levels, following the NUTS! hierarchy. Sets F, G and
H gather NUTS-1, 2 and 3 regions, respectively. RCNs are
aggregated under set K. Another three sets are defined to
allow for generalisation of the equations: superset Y, con-
taining all five possible levels of analysis, Z, the subset of
elements z belonging to a higher level than objects in level
v, and set Y, of elements y belonging to z. For example, set
K is the set of all RCNs located in the g-th NUTS-2 region;
set H, is the set of all NUTS-3 regions located in the c-th
country. Set J gathers material destination flows, following
Reike et al. [15]: Resell/Re-use (2), Repair (3) Refurbish (4),
Remanufacture (5), Repurpose (6), Recycle (7) and Inciner-
ation (8). Flows destined for cannibalisation comes next (9)

I Nomenclature of Territorial Units for Statistics [39].
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Fig.2 Research approach based
in Design Science Research,
illustrating the artefacts
addressed, the problems
identified, objectives for the
solutions and demonstrations
performed
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Artefacts >a ‘Dlagram Circular Material Use Rate (CMU)
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Flows

Solutions Circularity Gap Local Circularity Material Flow
Sankey Diagram Rate (LCR) Model

Denmark 2018
Material flows

Demonstrations

LCR of

Amsterdam
Textiles

Breakdown analysis of
EU27 member states

LCR of NUTS-regions

Table 1 Table of set symbols

Description

used in the equations Symbol
T
C
M ={F,G, H}
K
Y={C,F,G,H,K}
V4
YZ
J ={2,...,10}
J={2,..,7}
L
A={d, e}

Set of ¢ years in time series
Set of ¢ EU27 countries (macro-level)

Superset of f NUTS-1, g NUTS-2 and 2 NUTS-3 Regions
(meso-level)

Set of k resource circularity networks (micro-level)
Superset of elements y
Subset of elements z (e.g. regions, countries)

Subset of elements y (e.g. networks, regions) geographically located
in an element of a higher z-th level (z > y)

Set of j waste recovery options + landfill
Subset of material recovery options
Set of / material flows

set of databases used

and last, landfill (10). Subset J, gathers only material recov-
ery flows, i.e. from re-use to recycle. Finally, set L gathers
material flows, and set A is a set of databases used in the com-
putation of LCR for the sixteen German states: DESTATIS
(d) and eurostat (e).

LCR is computed using quantities derived from CMU.
SM’' and O MU'’ are defined adding PfR flows to the original
SM and OMU - originally including only recycling flows -,
expressed in Equations 2 and 3 respectively. Recycled materi-
als RCV _R is one of the terms of ZJJ’ 0, recovered outputs
of waste treatment. EoL for a given locality can be retrieved
from databases or reports, or computed using Equation 4,
where Y7 EXPj = EXP_W and Y| IMP; = IMP_W.
LCR is computed through Equations 5 to 8, in terms of «,
the EoL to Overall Material Use ratio (EoL-to-OMU); 8, the
treated waste to EoL ratio (TRT-to-EoL); and y, the ratio
of recovered waste from the treated waste (RCV-to-TRT), or
the recovery rate. Cancelling the terms 7 RT and EoL, itis
possible to express LC R through Equation 9, where it will

be equal to C M U when imports cancel out with exports, i.e.,
SM’ = SM it should be italic and M' = M.

Jr L

Upi= D 0y )
J 1
M}, =DMCy, +U,,, 3
J J
EoLy,=TRTy,;+Y EXPj,,—Y IMP;j,, 4)
i i
EoL
oy = M/y”, ©)
.t VyeY,teT

TRTy,
= =, 6
By EoL,, ©)

U/
= 7
YIETRT,, @
LCRy; =0y, X Byt X Yy, (8)
J J
LCRy,=CMUy, <Y EXPj =Y IMP;,, 9)
j j
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To formulate expressions for LCR in the micro-level, a
material flow model was developed around the concept of
Resource Circularity Networks, as described in the next sub-
section.

The Resource Circularity Network Material Flow Model

The generic Resource Circularity Network (RCN), mod-
elled using STAN2WEB™, is depicted in Fig.3. The RCN
includes in its scope processes of collection, cannibalisa-
tion of waste (i.e. scrapping valuable parts and materials
from waste [15]), recycling, repairing, retailing, refurbish-
ing, repurposing and remanufacturing. Based in Braziotis et
al. [40], we can define the Resource Circularity Network
as a star-shaped network aimed at recovering waste, com-
posed by an URC as the central hub and its interacting tier-1
agents. These agents interact with the URC, with each other,
and with the environment exchanging material flows. The
URC functions as a hub in the RCN, performing processes
of acquiring/receiving, sorting, repurposing, repairing and
checking/selling. Refurbishable, remanufacturable and recy-
clables are forwarded to other organisations. Products that
cannot be repurposed, repaired or re-sold by the URC are
also forwarded to 3rd-party organisations. A dashed rect-
angle delimits the RCN from the surrounding environment;
flows entering and leaving the RCN are imports I and exports
E, respectively.

Material flows are organised in three categories: inputs
ij,1, outputs 0;;, and intermediate flows exchanged within
the RCN, ¢g; ;. All flows are listed in Appendix B, identify-
ing the source and destination of each flow. Eighteen inputs,
twelve intermediate flows and twelve outputs are listed. For
each flow, a j-th recovery strategy and an /-th sequential
index are defined and indicated. Flows i ; | and ¢ ;| mean that
since the recovery strategy is undefined, all potential recovery
types are summed. Some inputs in the table are represented
by one arrow in the diagram, for example, waste coming from
material production, component production, product manu-
facturing and retailing is coded iy 1. Flows coming from the
URC are assigned [ = 1. Intermediate flows coming from the
collection process are assigned / = 0. Products made avail-
able for consumption by the URC are represented in flow
021.

Expressions for U; and M, are the same as Equations 2
and 3, where y = k for the network level under analysis—
assuming that material flows are conserved. Waste treated,
T RTg, is all waste recovered plus all waste with a linear
destination, as expressed in Equation 10. EoL is considered
the sum of all inputs in the RCN as expressed in Equation 11.
In the network-level, the difference between both quantities
means there are stocks within the RCN. Hence, o, Bk, Vi
and LC Ry are computed using Equations 5 to 8. The share
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of contribution of the URC for the total material recovered
by an RCN, urcy, is modelled in Equation 12, as the sum of
recoverable inputs provided by the URC, divided by the total
amount of materials recovered by the RCN, U, ,2

J L
TRT =Y Y 01k (10)
i1

J

L
EoLy; = Z Ljlkt
il

,VkeK,teT (11)

Y@+ 0 =1k
U

12)

UrcCr,t =

Demonstration

Cases of application in different levels of analysis are used to
verify the implications of adopting LCR instead of CMU and
to demonstrate the calculation process of LCR, including the
usage of the RCN model. 2018 was the year considered for
the analysis since it is the last year in Eurostat where data is
consolidated - all data available afterwards is an estimate. In
the macro-level, the circular SD is modelled for Denmark;
LCR figures are computed for every member state in EU27,
broke down in three fractions - EoL-to-OMU, TRT-to-EoL
and RCV-to-TRT - and discussed. In the meso-level, LCR
is computed using i) estimates generated using data from
official national statistics for all NUTS regions in Germany,
ii) data from scientific literature for all NUTS regions for
Belgium, iii) official regional data for Amsterdam and iv)
scientific data for Samothraki. In the micro-, network-level,
a case of an URC recovering textiles in Amsterdam is trans-
lated into the RCN framework for calculation of the LC Ry
and urcy. These cases are described in the following subsec-
tions.

Macro-level: country-level circular SD, metrics comparison
and breakdown analysis of EU27 member states

The new circular SD for Denmark, 2018, is modelled using
data from the original SD of Fig.9 and from Eurostat
databases ENV_AC_MFA, ENV_AC_SD, ENV_WASTRT and
ENV_WASSD. Although Denmark was chosen as a case of
application, this demonstration can be performed for any
EU27 member state or the aggregated EU27. To compare the
metrics, figures for LCR, CMU and CMU’ are computed
for all member states of EU27 for 2018, following Equations
2 to 8 and the CMU'’s official method [6]. The differences
between CMU and CMU’, and between CMU and LCR are
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Fig.3 The Resource Circularity Network material flows, modelled using STAN2WEB™

compared for 2018 for all member states in EU27 and the
EU27. Average standard deviations for EU27 member states
are analysed for even years, from 2010 until 2018. Figures
for «, B and y are computed for every EU27 member state
and countries are ranked according to their performance.

Meso-level: Regional Circularity

Using available data, three cases of application are devel-
oped. First, LCRs are computed for Germany’s NUTS-1
regions using data obtained in GENESIS, the online database
of the German national statistics office DESTATIS. CMU and
CMU’ are also computed for all regions to stress the need for
an alternative circularity index. Second, results from Towa
et al. [26] are used to compute LCR for Belgium and the
NUTS-1 regions of Flanders, Wallonia and Brussels. LCR is

computed for Samothraki, a Greek island, using the results
from Noll et al. [28] and for the city of Amsterdam, using
data from the municipality’s official portal: Onderzoek en
Statistiek.

Table 2 contains data generated and used to compute
LCR for Germany’s NUTS-1 regions. Data retrieved from
Eurostat and DESTATIS are labelled with indexes e and
d, respectively. Figures retrieved for Germany for TRT,
RCVg, EX Py and I M Py, diverged between Eurostat and
DESTATIS. Therefore, two LCRs are computed, one for
each database, and differences between figures are discussed.
CMU and CMU’ are also computed to compare the differ-
ences. Regional data for DMC, T RT,, RC Vg and EoL are
estimated. DMC is downscaled using official GDP per capita
in Germﬂand regional population, as expressed in Equa-
tion14. T RT ¢ . is generated from T'RT 4 through Equation
15. TRTy 4 is retrieved from dataset 32111-0010, field
Input to waste treatment plants, for each NUTS-1 region.

Values for RCV f.a are generated iterating y and RCV,
assuming that the sum of regional RCVs is equal to the
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country-level RCV, Y RCVy, = RCV.,. An initial
RCVy 4 is determined summing quantities Wastes to be
recovered with Distribution to other plants, users or traders
from dataset 32111-0011, subtracting the portion dis-
tributed to thermal and combustion plants. Initial recovery

rates are computed for all sixteen regions using yr g =
RCVy 4 .
TRTy a4
to enhance consistence of the estimates. This value is based

in the highest value computed among countries: 0.7926 by
Italy, in 2018. If y surpasses €, € is used instead to generate
the estimate.

For the Eurostat estimates (e), one round of iteration
was sufficient to match the sum of regional RCVs with
the national RCV, through Equations 19 and 16. For the
DESTATIS estimates (d), another round of iteration for y,
y” and two iterations of RCV were needed, RC Vf’f’ 4 and

RCVY,, obtained via Equations 19, 21, 20, 17 and 18,

respectively. RCV f.a are determined using Eq.13. A is a
set containing all regions in which y}-’ 4 1s below 0.8. For

. An upper-bound for recovery rate, ¢ = 0.8, is used

the other regions, RCV f.a Will be simply 0.8 multiplied by
TRTy 4.

RCV, , +

RCVFy

[Fel

ROV, =

TRTfqx€, Ya=d, feF. & y}(’d > ¢

! x(RCVC,e—ZRcv/e), Va
- x(RCVC,d—ZRc j’.’jd), Va

f

fo\Lf,a is determined using Equation 22. EoL, 4 is
Quantity /oﬂVaste Produced, retrieved from dataset 32161 -
0004. EoLy 4 is obtained iterating EoLy 4 up to the
aggregated Waste accumulation total for Germany, WAC, 4,
obtained from the official Waste balance 2018. Ecif,e

is determined iterating fo\L f.d» using EoL. . obtained
from Eurostat. Exports of waste for the other states within
Germany, EXPw 7 4., is determined subtracting waste
generated locally, TRL ¢ 4 and waste exported to foreign
countries, EX Py f 4,4 from EoLy 4. TRL ¢ 4 is obtained
from dataset 32111-0010 and EXPw 7 4, is obtained
from Transboundary Movement of wastes, subject to noti-
fication, from Gergan\y by land and years. Amounts in 1,000
tonnes, for 2018. EX Py _ ¢ 4 is interpolated for every region
through Equation 23, considering that total imports of waste
within the German territory should be equal to the total waste
exports. The official quantity for waste imports, IM Pw r 4.;,
is obtained from 32111-0010.

Estimates for waste trade balance, WI'B = EX Py —
I M Py, are determined for DESTATIS, and by interpolation
for Eurostat using Eq.24. Waste trade balance for Ger-

=e, f € Fe=pE
= (13)
€A|yf, <e

DMC s, =DMCSP x popy ., Ve = DE, (14)
__ TRT,
TRT f,=TRTf 4 % TRT“; .¥c=DE, (15)
C,
ROV, TRT § ¢ x y}.e, <:>y}Ye <e, (16)
Fe "\ rRTp g xvia ©v), 2 e
B f, fie =
/ ’
RCV} 4 =TRTy 4 x ra Qy{’d = a7
o o Yf.e ny,d > €,
1
RCV;Zfd:RcV;{d+ﬁx(kcvcvd—z:kcv_}’_d). (18)

-1
Vfd X YeeXV,, Ya=e,
y}az { ! A Vf € Fe=DE (19)

~ —1
Yf.e X Ye,d X Ve,e Va=d,
m
RCVf,d

/.
Vf,d_iTRTf.d* (20)
RCV
yf.a:/\f’ﬂ, Va € A, (21)
TRT ;4
—1
— EoL WAC, EoL ,, Va=d,
EoLjq= /U\f,d X c.d X Eo 2‘11 a (22)
EoLfvd x EoL¢ e x WACc,d’ Va = e,
— (EoLyq—TRLyq—EXPw fd.a)
EXPw fa=—p f / f.d.a
Y (EoLfq—TRLfq—EXPy f4.a) (23)

IMPw fai+EXPw fda-
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many retrieved from DESTATIS, WT B, 4, is negative, while
retrieved from Eurostat, WT B ., is positive. Therefore, esti-
mates for each region Eurostat are interpolated separately,
where all negative quantities are grouped in subset 7, and
all positive quantities in subset %. The sum of all positive
balances with the sum of all negative balances has to be equal
to the net trade balance in the aggregate level, as expressed by
Eq.25. Finally, m f.as m /f 4 and L/a?fﬂ are deter-
mined using Equations 26, 27 and 28, respectively.

E/)-(\PW.f,dflMPW,f,dv Ya=d, f € F,
WTB T+
f.d Q . _ +
Zsf2+ mﬁd X Zj WTBf, VYa=e {feQ"|
WTBf, = WTB; 4> 0) 24)
_WT8fa Y WIBy, Va=e(feQ |
szz WTB 4
WTBf,d < 0}
ot Q-
WTBe_ppa =y WIBsq—Y WTBsy (25)
f f


https://www.destatis.de/EN/Themes/Society-Environment/Environment/Waste-Management/Tables/liste-brief-overview-waste-balance.html#367194
https://www.destatis.de/EN/Themes/Society-Environment/Environment/Waste-Management/Tables/transboundary-waste-exported-years.html
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R/C\Vfﬂ + WT\Bf,a
RCV;,+DMCy,

Q
<
<

=

Q
[

(26)

RCV 0~ WTE
R/C\Vfﬂ + D/I\R‘f‘a

Q
<
S
<
B
I

VaeA, feF.—pg 27

_ RCV
LCRf,a = % (28)
’ RCVy g+ DMCy g4

Data collected from scientific literature used to com-
pute LCRs for Brussels, Flanders, Wallonia, Samothraki and
Amsterdam are summarised in Table 3. For the Belgium
regions, all data used is exclusively taken from [28], since
all quantities were readily available. Values for Belgium are
aggregated from the regions; no estimates or calibration with
Eurostat’s figures are performed. For Samothraki, the only
data missing is waste imports. In this case, it is assumed
that no waste is imported to the Greek island. EoL is avail-
able; TRT is computed through Equation 4. For Amsterdam,
RCYV is obtained multiplying the official recycling rate by
the amount of waste treated; EoL is obtained using Equation
4. Results for Samothraki and Amsterdam are also compared
and discussed with national results for Greek and The Nether-
lands, respectively. WT B were obtained replacing DM C,
RCVg and CMU by its corresponding values in Eq. 1.

Micro-level: Amsterdam Textiles

To demonstrate the usage of the RCN material flow model,
we adopt a study from the Reflow Project (reflowproject.eu),
Textile (life)cycling in Amsterdam, The Netherlands. The SD
from Fig. 12, developed by the Reflow Project and Metabolic
(metabolic.nl), depicts flows and processes of Raw Materials,
Textiles Production, Distribution, Consumption, Collection
and EoL. Collection is performed via municipal waste bins,
collection containers or from the industrial waste stream.
Textiles collected via containers are forwarded to and sorted
by a Textile Sorting Centre run by a charity organisation con-
tracted by the City of Amsterdam. In the diagram, material
flows entering and leaving that organisation are indicated as
“URC”. Some quantities originally omitted in the diagram,
but required for modelling, are also indicated.

Data collected from the diagram is reported in Table 4,
Quantities originally omitted in the diagram are highlighted
- estimated using Eqs. 29a to 29d. The following assumptions
are made: all retail waste is reused; all unknown waste is con-
sidered landfilled; all losses sent for recycling or incineration
comes from material production; all losses from production
and retailing are considered re-used; last, all waste “exported
as-is” is considered for incineration.

X4 g1 4021 = 2414 — 617 — 113 — 756 — 349 (29a)
X +isg=8471 — 8296 (29b)
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(29¢)
(294d)

q7,1 +1i7,1 =288
021 —ijg8 —i71 = 1017 — 900

Results

Results are organised from the macro- to the micro-level per-
spective. First, the redesigned SD is presented. CMU, CMU’
and LCR are reported, analysed and discussed in the meso-
level for NUTS regions. Finally, resource circularity results
for the micro-level case of the Amsterdam textiles are pre-
sented.

Denmark’s Circular Sankey Diagram

Figure 4 depicts the expanded, circular material flow SD
for Denmark, 2018. Flows represented as dotted lines are
omitted in the original SD. An alternate DM’ is defined
excluding imports of waste, I/ M Py . Processed Materials is
modified; therefore, P M’ is used instead. DMC is explicitly
represented, as well as the EoL phase, i.e., the quantity of
waste collected, considering all waste generated is collected.
DMC and Material Use differ substantially: 139 against 102
Mtonnes, respectively. This difference is accounted as losses,
along with a remaining flow of 13.2 Mtonnes for which
no information could be retrieved - represented by a blank,
dashed line arrow. Without accounting for incineration, now
allocated as “linear waste”, 51 Mtonnes are lost as emissions
and dissipative flows.

Material Use, Stock Accumulation, Waste recovered
RC Vg and backfilling remain unchanged in Fig. 4. Exports of
waste E X Py are now an output of the EoL phase. Imports of
waste I M Py are an input for the next phase of Waste Treat-
ment (T RT). The remaining quantity of waste landfilled,
incinerated or not recovered is agglutinated in a single flow,
Linear Waste. Waste recovered through recycling, RC Vg,
is an input to the “make” phase of PM’. PR flows (Pf R)
are outputs of the Waste Treatment phase and are organised
in two streams: short loops stream, gathering Resell/Reuse
and Repair flows (R2 and R3, respectively) and medium long
loops stream, representing flows of refurbishing, remanufac-
turing and repurposing - R4, R5 and R7, respectively. Pf R
flows are gathered in the Products Recovered flow, RCVp, a
new input for Material Use. The unrecovered fraction, or the
CQG, is represented in the empty space between backfilling
and Pf R flows.

Comparison Between CMU, CMU’ and LCR

Figure 5 illustrates the difference between CMU and CMU’,
and between CMU and LCR, for all 27 member states
of the EU and the overall EU27, in light and dark grey
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I::’l'gc?; tiglagafucsﬁ%or Locality DMC EoL TRT 14 EXPy  IMPy  Year  Source

fgg‘;ﬁg;f:“l’;‘ifg;i?s Brussels' 9.4 1.8 0 0591 1.1 0.009 2011 [27]
Flanders! 85.9 23.6 8.5 8.0 1.1 1.6 2011 [27]
Wallonia! 57.7 16.5 6.4 6.9 1.7 1.2 2011 [27]
Samothraki? 48759 22,820 21,505 1,185 1,315 0 2018 (28]
Amsterdam? 12,783 1,820 3,020 1,419 700 1,900 2018 [41]
Greece! 130.71 42.558 42.652 4.555 4 0.094* 2018 (7]
Netherlands! 161.48 147.74 144.14  62.03 3.60* 4 2018 (7]

Table 4 Data from the SD in
Fig. 12 used in the
demonstration of the RCN
model, in tonnes per year

Fig.4 The upgraded SD for
Denmark, 2018, using the CG
approach (created with
sankeyflowshow)

! Values in a million tonnes. > Values in tonnes. 3 Values in kilotonnes. * Waste trade balance, reported in
EXPw if EXPy > IMPw,and in IM Py if IM Py > EX Py

Description of data Symbol Quantity

Raw Materials DMC 17,621
Incinerated from URC (non-sorted) X 173%*

Losses from Raw Materials y 203 —iy 8 —i7,1
Losses (Raw Materials + Production + Retail) 2,1 y+78 + 619
Raw materials to (direct) recycling 7.1 13*
Municipal Waste Collection i1 8,296

Waste Collected via containers ij7 2,414

Losses to non-sorted incineration isg 2%

Waste (Company/ Industry Waste + Non-sorted raw materials) ijL 964 +1i; 8
Locally Recycled from URC q7.1 274%
Clothing re-use (locally) 2.1 756

Re-use locally (URC) 02,1 132*

Locally Recycled + Recyclable Grade Exports 072 349 + 288
Incinerated from URC (Exported as is + sorted + non-sorted) 08,1 617+ 113 +x
Incineration (non-sorted, iy 1 +i,,8) 08.0 8,298*

*Estimated using Eqs.29a to 29d

EXP_W 26

emi. winc 45
diss. flows 6

™ Material

Use (MU Stock
1(§1 ) Accumulation Stock i
(StkAcc)  Degradation
85.2 (StkDeg)
Exports (EXP * Products Recovered End-of-Life
p (4063 o] } (RCV_P) (Eol) v
’ : 187
Processed Waste Treatment
Material (PM') ('I;IZTg -
193 i
Short Loops

(R2-R3)

Y GAP"

Medium Long Loops
(R4-R6)

Direct Material

Recycled Waste (RCV_R =R7)
10.4

"CIJCULARI

Inputs (DMI')
179

Imports excl. waste (IMP') 68.2

Bacﬁlling
3.4

Imports of Waste
o (IMP_W)
0.79

Exports of Waste
+ (EXP_W)
2.64

Linear Waste =

Incineration +
- landfill +

unknown

3.1
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Table 5 Comparison of Standard Deviations for even years between
2010 and 2018 for the average of EU27, between CMU, CM U’ and
LCR, in percentage

2010 2012 2014 2016 2018

CMU - CMU'’ 4.0 4.0 4.4 5.1 4.6
CMU — LCR 22 22 24 29 2.6

respectively, for 2018. Biggest differences are, as expected,
observed for countries where the waste trade balance and
local waste amounts are closer, like Luxembourg, Slove-
nia (waste importers), Latvia and Malta (waste exporters).
Table 5 shows, for every second year from 2010 until 2018,
the percentage difference in Standard Deviations between
CMU — CMU' and between CMU — LCR. Again, the lat-
ter shows smaller differences than the former.

Analysing alpha, beta and gamma for EU27 member
states

A bubble chart with all EU27 member states, ranked by «
and y, is represented in Fig.6. 1 — B is used for bubble
sizing, therefore normalising to zero the relative difference
between countries. Countries represented by black bubbles
have a positive waste trade balance (WTB), while countries
with a negative WTB are represented by white-filled bub-
bles. The chart is divided in four quarters: upper-right green,
for countries featuring « and y above 0.4. In the lower-left
yellow quarter are countries with both o and y below 0.4.
In the upper-left and lower-right blue quarters are countries
with a performance of either one of the indexes above 0.4,
but a performance of less than 0.4 in the other index. The
value of 0.4 is used as boundaries for the quarters as they
are roughly halfway to the highest performances recorded in
each index: 0.8131 for o and 0.7926 for y.

Luxembourg and The Netherlands are the only countries
in the green quarter of Fig. 6. While the former imports a lot of
waste, the latter has a positive WTB and features the second-
best performance in «. In the upper-left quarter, countries
showing best y are Italy and Belgium, with France showing
the best performance in . Other countries in this quarter are:
Hungary, Latvia, Denmark, Croatia, Portugal, Czech Repub-
lic, Poland, Slovenia and Germany, making a total of twelve
countries in this quarter. In the lower-right quarter, countries
with the worst performance in y are Romania and Bulgaria -
the latter showing the highest o of all EU27 member states.
Other countries in this quarter are: Estonia, Sweden and Fin-
land, making a total of five countries. Overall, seventeen
out of twenty-seven countries are in the blue quarters. The
remaining eight countries are in the bottom-left quarter, with
Ireland showing very low performance in both indexes. Other
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EU27 member states in this quarter are also Austria, Malta,
Greece, Cyprus, Spain, Slovakia and Lithuania.

Computing CMU, CMU;, LCR for NUTS Regions

Table 6 shows the results for CMU,, CMUef, LCR, and
LCRg, for all sixteen NUTS-1 regions of Germany. Nega-
tive results are found for CM U (seven regions) and CM U’
(five regions). Using Eurostat data, average LCR is 12.4%;
using DESTATIS data, the average is 20.2% - a difference of
7.8%. Notably, the lowest and highest performing state are
the same, regardless of the data used. Saxony-Anhalt is at the
top of the list with LCR estimates of 29.8 % and 38% (Euro-
stat and DESTATIS respectively); Berlin is at the bottom of
the list with LCR estimates of 5.2% and 7.2%, respectively.
However, some regions changed rankings considerably from
one estimate to the other. For example, Thuringia jumps from
thirteenth to third; North Rhine-Westphalia drops from fourth
to thirteenth. The biggest difference between estimates is
found for Thuringia (15.8%) and the smallest for Berlin, 2%.

Finally, Fig.7 shows values for «, 8, y and LC R for five
NUTS regions where data is retrieved from literature: Flan-
ders, Wallonia, Brussels, Samothraki and Amsterdam. o, ¥
and LCR are plotted as columns against the primary axis
on the left of the chart. 8 is plotted as a dashed line with
rounded markers against the secondary axis, to the right of
the chart. Flanders and Wallonia show similar levels of «,
both significantly higher than Brussels.

Samothraki shows the highest «, but a low y drives LCR
to a low value of 2.3%. Amsterdam shows the lowest value
for . The city features a positive WTB and a higher recovery
rate, with a B of 1.66, against 0.98 from the Netherlands, and
a y of 47% against 43%. Comparing their o shows the main
difference: 9.5% for Amsterdam and 66% for The Nether-
lands.

LCR of Amsterdam Textiles

Figure 8 shows the material flows from the SD of the Ams-
terdam Textiles translated into the RCN model. Processes
coloured in grey are inactive: remanufacturing, repurposing,
refurbishing, repairing and cannibalisation. Material flows in
grey are considered equal to zero. Some material flows are
split, like og 1, the output of URC for incineration, to allow
for identification of the material flows. EoL, TRT, «, 8, y
and LCR for the network are computed below. A recycling
rate of 19.2% with an LC R of 12.3% are achieved. The URC
provides 62.7% of all textiles recovered in Amsterdam.

EoL = 8296 + 964 + 2+ 2414 + 14 + 188 + 78 + 619 = 12, 575

TRT = 1641 + 637 + 964 + 8298 + 173 + 617 + 113 + 132 = 12, 575

12575
o = =0.6278
17621 + 1641 4 637 + 132
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Fig.5 Difference between 6%
CMU and CMU’ (light grey)
and between CMU and LCR 39%
(dark grey) for the aggregate I
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Fig.6 Bubble chart for all EU27 member states, for 2018. The size of the bubbles is given by the result of 1 — 8
g=1 Discussion
1641 + 637 + 132
y = HEOTHRZ 1916 . :
12575 In the macro-level, a circular SD for Denmark better illus-
LCR = 0.6278 x 1 x 0.1916 = 0.1203

urcy =

756 + 274 + 349 + 132

637 + 1641 + 132

= 0.627

trates how resource circularity evolves, compared with the
existing linear SD in Appendix C. In addition, it also indi-
cates which PfR flows still require data, covering the scope of
possible recovery strategies in the waste hierarchy [33], and
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Fig.7 Values for « (light grey,

primary axis),

(dashed-line-dots, secondary
axis), y (dark grey, primary

axis) and LCR (black,

primary

axis) computed for five NUTS
regions in Europe (NUTS codes

in parentheses)
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Table6 CMU.,CMU,, LCR:  NyTS.-| Region cMu, cMU! LCR, LCR;  Ranke  Rankd
and LC R, computed for all
NUTS-1 regions in Germany, Baden-Wiirttemberg -338 17.9 8.3 15.9 15 14
2018, in percentage, and .
rankings for LCR, and LC Ry Bavaria 7.4 13.9 10.8 19.2 10 8
Berlin 0.8 9.2 5.2 7.2 16 16
Brandenburg 73.1 174 15.9 28.3 2 2
Bremen 36.7 —354 13.7 18.1 5 11
Hamburg —20.5 27.3 9.3 12.2 12 15
Hesse —42.1 36.9 12.6 23.4 6 4
Mecklenburg- Vorpommern —35.6 33.6 10.9 21.9 9 5
Lower Saxony 22.8 —-5.7 10.8 19.0 11 10
North Rhine-Westphalia -3.0 26.1 14.0 16.4 4 13
Rhineland-Palatinate 3.6 19.1 12.0 20.5 7
Saarland 46.4 —107 14.8 21.3 3
Saxony 54.0 —6151 8.8 20.0 14
Saxony-Anhalt —192 60.1 29.8 38.0 1
Schleswig-Holstein —39.7 35.7 12.0 17.3 8 12
Thuringia 329 —40.5 9.2 25.0 13 3

therefore, providing a comprehensive picture of the actual
NCG. WTB will not influence LCR unless the country or
region under analysis is importing waste for PfR, not for e.g.
production of electricity. In this case, these countries will
feature a higher LCR compared to countries exporting waste
for PfR.

Distortions on CMU can already be observed in the
country-level, re-instating the need for an alternative met-
ric to CMU or CMU'’ for lower levels of analysis. Bianchi
et al. [13] observed that Luxembourg’s circularity perfor-
mance would be considerably improved using an indicator
that rewards secondary material internally reused. Over-
all, differences between CMU and LCR are smaller than
between CMU and CMU’, as observed in Fig.5 and com-
paring standard deviations (SD) reported in Table 5. For every
second year from 2010 until 2018, the percentage differ-
ence between CMU — CMU'’ is around twice as much as
of CMU — LCR, stating the higher comparability of LCR
to CM U, rather than CM U’. This comparison highlights a
limitation of LC R: it cannot be interchangeable with CM U
when the ratio between WT B and O M U is significant. How-
ever, this is only the case for Luxembourg and Malta; for the
other twenty-five countries in the EU27, such interchange-
ability still holds.

Comparing the breakdown of LCR of EU27, only The
Netherlands and Luxembourg are in the upper right quarter
of Fig. 6, 1.e., have both « and y above 0.4. In the meso-level,
negative results for CMU and CMU’ where found for twelve
NUTS-1 regions in Germany, out of sixteen, evidencing their
unsuitability for downscaling. For Samothraki, results differ
considerably from Noll et al. [28] which considers circularity
of inputs as a ratio of secondary materials from PM, and

circularity of outputs as a ratio of secondary materials from
the intermediate output [42]. In the micro-level, PfR flows
of textiles in Amsterdam, allocated using the RCN model,
make up for an LCR of 12%, where the URC contributes
with roughly two thirds of all textiles recovered.

For all German states, greater values are found for LC Ry
comparing to LCR,, an expected outcome since RCVj is
higher than RC'V,, while DMC is the same for both. For Flan-
ders and Wallonia, LC R computed where 9.1% and 9.9%,
respectively, while Towa et al. [27] found a circularity of
6.3% and 8.1%. The equation used in that research computes
resource circularity summing imports with domestic extrac-
tion as denominator, instead of DMC (DE +IMP — EXP)
plus RCV [6]. Results matched for Brussels’ LCR, 0%,
since no local recovery flow is reported. These results would
probably be different if PfR flows were considered, since
Kringwinkels, a network of URCs, have been recovering
products in the whole Belgium since the mid-90s [34, 43].

Across levels, the difference in LCR between Amsterdam
and the Netherlands is due to «, or the EoL-to-OMU ratio. A
possible explanation is that Stock Accumulation is substan-
tially higher in Amsterdam than in the rest of the country.
These results cannot be directly compared with what was
achieved by Sileryte et al. [11], due to substantial differences
in the order of magnitude between data used. That research
reported that waste treated locally in Amsterdam is 2,135
Mtonnes, while the official amount of waste treated in the
whole Netherlands in that same year was 144 Mtonnes [44]
- almost fifteen times smaller.
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Conclusion

This research proposes an upgrade in the EU’s circular econ-
omy monitoring framework, specifically in the material flow
SD and the Circular Material Use Rate, the CMU. A new
circular SD is proposed, accounting for PfR flows. Based on
CMU, an alternate index is proposed, the LCR, to allow for
cross-scaling comparison between countries, regions, cities
and networks. Differences between the LCR and the official
CMU - including its alternate version, the CMU’ - are clearly
stated, mitigating risks of misuse while demonstrating how
to compare both indexes and accounting for the limitations.
LCR’s partial ratios, «, 8 and y allows countries to identify
the most critical aspects of resource circularity, improving
prioritisation of strategies and public policies.

In the micro-level, material flows are modelled using
STAN2WEB™  based in RCNs and URCs. These new arte-
facts are demonstrated in the macro-, meso- and micro- level.
Conditions for comparing resource circularity in the macro-
level of nations down to the micro-level of RCNs are defined.
The pivotal role of the URC as a driver of CE is observed
in the magnitude of its contribution to the overall material
recovered, stemming from being at the core of the RCN. The
expansion of scientific literature and data availability about
URCs may lead to revisions of such framework in the future.

Currently, the applicability of LCR is limited to the EU
region, depending on EU’s definitions of material flows and
geographical divisions. The NUTS regions provided a con-
sistent structure to model nested, geographic levels within
the complex material flow system. Despite being a major
advocate of CE, there is still a lack of data systematisation
in most countries in the EU27, increasing the uncertainty
of results achieved. It was not until very recently that PR
flows could be found in Eurostat, and only for France.
To this date, figures for WTB, for example, are too diffi-
cult to be retrieved, which prevents policy makers to adopt
such an index. Another barrier to use such factor concerns
waste databases: information across regional and national
databases are still non-standardized.

A rather simplistic process to generate estimates was
developed than what has been employed [26-28]. In the
future, this research can be expanded to include EXIOBASE
as a data source; accuracy of DMC estimates can be improved
using, for example, the method of Bianchi et al. [45]. Never-
theless, using LCR, «, 8 and y as upper bounds for

@ Springer

intermediate quantities improved the quality of estimates.
For example, assuring that the quantity of recovered waste
is smaller than the quantity of treated waste, and that the
quantity of EoL waste is smaller than the sum of DMC with
RCV.

It is unlikely that 100% circularity can be achieved due
to thermodynamic limitations [4] - it remains unclear what
is the maximum value that could be realistically achieved.
In the other hand, it may not even be desirable since it could
bring implications to a system’s resilience, e.g., fragility [46].
In the other hand, the inclusion of PfR increases the diversity
of flows in the system, potentially mitigating such effect and
ultimately improving the system’s resilience.
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Appendix A: List of Variables and Acronyms

Variable/Acronym

Description

o (EoL-to-OMU)

B (TRT-to-EoL)
CG

CE

CMU
CRO

d

DE
DESTATIS
DMC
DMI

e

EoL

€

EU

EU27

Eurostat
EUCEMF

EXP
EX Py
¥ (RCV-to-TRT)

GDP
IMP
IM Py
LCR
oMU
MCI
MFA
NCG.
NUTS

PfR
PM
RCN
RCV
SD
SM
TRT
WTB

ratio of end of life material (waste) from
overall material used

ratio of treated waste from EoL material

Circularity Gap

Circular Economy

Circular Material Use Rate

Community Reuse Organisation

index for DESTATIS estimates

Domestic Extraction

Federal Statistical Office of Germany

Domestic Material Consumption

Direct Material Inputs

index for Eurostat estimates

End-of-Life

recovery rate upper bound

European Union

European Union 27 member states
aggregate

European Statistical Office

European Union’s Circular Economy
Monitoring Framework

Material Exports

Waste Exports

ratio of recovered waste from treated
waste

Gross Domestic Product

Material Imports

Waste Imports

Local Circularity Rate

Overall Material Used

Material Circularity Indicator

Material Flow Analysis

National Circularity Gap

Nomenclature of territorial units for
statistics

Preparation for Reuse

Processed Materials

Resource Circularity Network

Recovered Waste (no backfilling)

Sankey diagram

Secondary Materials

Waste Processed

Waste Trade Balance

Appendix B: Symbols for input, intermedi-
ate and output flows within the RCN and
between the RCN and the environment.

Symbol Source Destination
(xj,1,Vx €
Xk)
21 Consumer 2nd Life Retailing (3rd)
22 Retailing 2nd Life Retailing (3rd)
23 Product manufacturing 2nd Life Retailing (3rd)
i2.4 Component Production 2nd Life Retailing (3rd)
25 Material Production 2nd Life Retailing (3rd)
i3.1 Consumer Repair
ia1 Product Manufacturing Refurbishing
i42 Component Production Refurbishing
is.] Product Manufacturing Remanufacturing
is2 Component Production Remanufacturing
i7.1 Material Production Recycling
ir1 Consumer Collection
ijo Material Production Collection
ij3 Component Production Collection
ij4 Product Manufacturing Collection
ijs Retailing Collection
ij6 Landfill Cannibalisation
if7 Consumer URC
q2.1 URC 2nd Life Retailing
9.2 Refurbishing 2nd Life Retailing (3rd)
923 Repairing 2nd Life Retailing (3rd)
q3,1 URC Repairing
qa.1 URC Refurbishing
gs.1 URC Remanufacturing
qe6.1 URC Repurposing
q7.1 URC Recycling
q7,2 Cannibalisation Recycling
49.0 Collection Cannibalisation
47,0 Collection URC
qr.2 Cannibalisation URC
02,1 URC Consumer
022 3rd-party Repurposing Retailer
023 3rd-party Refurbishing Retailer
02.4 3rd-party 2nd Life Retailing ~ Consumer
025 3rd-party Repairing Retailer
02,6 Cannibalisation Low developed Country
02,7 3rd-party Remanufacturing Retailer
07.0 Collection Low developed Country
07,2 Recycler Material Producer
08.0 Collection Incineration
08,1 URC Incineration
010,0 Collection Landfill
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Appendix C: EU Sankey Material Flow Diagram

Material flow diagrams 2018 for

Denmarl

Thousand tonnes Exports of waste
for recyciing
2us

Imports of waste
for recyeling
e

Exports

Exports excluding
exports of waste
for recycling
ez

Dissipative flows.
Imports excluding
imports of waste
for recycling
wrare

Emissions to air

Emissions to
water
2

Incineration —

Natural resources. 2008 Waste landfilled

extracted

Material
accumulation
st

Backfiling
sa5

Sources: env_ac_mfa , env_ac_sd , env_wassd

eurostat@

Reeyeling

Fig.9 Material flow diagram for the European Union (27 countries) for 2020 (estimated data). Units are in a thousand tonnes. Source
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Appendix D: Circular Economy 3.0 Framework
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Fig. 10 The “Circular Economy 3.0” Framework. Source: [47]
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Appendix E: Urban Resource Centre

U RBAN ENVIRONMENTAL FUNCTIONS
R * WASTE PREVENTION

Es o u RC E * WASTE MANAGEMENT
CENTRES

* 2"° RAW MATERIALS

ECONOMICAL FUNCTIONS

* INCUBATOR
« CO-CREATION

+ TRANSFORMING
INDUSTRIAL SECTOR

— SOCIAL FUNCTIONS ﬁ —
« JOB CREATION
+ ENGAGING COMMUNITY -
* QUALITY OF LIFE

Fig. 11 An illustration of the concept of Urban Resource Centres. Source: [48]

Appendix F: Amsterdam Textiles SD

[l L°a » mn leen

RAW MATERIALS PRODUCTION DISTRIBUTION CONSUMPTION COLLECTION END-OF-LIFE
17.621 tons/yr 17.377 tons/yr 17.228 tons/yr 16.539 tons/yr 11.674 tons/yr 12575 tons/yr

Stock buildup A

NON-SORTED (9.

Cotton
6.266 tons/yr

'MUNICIPAL WASTE
Household consumption
10.759 tons/yr COLLECTION

Wholooale 8.296 tons/yr
Bprpcessc 8471 tons/yr
Polyester
o727 tonsly 16.868 tons/yr
Wool AMSTERDAM NEIGHBORHOOD Exported as s
1,584 tons/yr 2 :;l;«.s";’u/,: - COLLECTION CONTAINERS 617 tons/yr
Viscose 2414 tonsiyr
1.545 tons/yr Domestic textile industry
Nylon/Polyamid Lot 1.630 tons/yr Zid [ sORTED LoCALLY (2.523 tons/y) |
1351 tons/yr National textile Other businesses 634 bonelyr
PUPPIEA Hold in 1.146 tons/yr . m/ . I
776 tons/ye [nventory Public consumption okt
Acrylic i 615 tons/yr ast Incineration
644 tons/yr 41tons/yr ity 499 toms/yr 113 tons/yr
Sosphan Centrum
588 tons/yr &1 tonehe 272t0ns/yr o~
Primary| Noord L
236 tons/yr Ll 259 tons/yr Cloth ports
b Zuidoost Tbtany
45 tons/yr 185 tons/yr
AEB Milleustraat -
59 tons/yr S
Nieuw-West Recyclable grade exports
4tons/yr 349 tons/yr
g i)
UNACCOUNTED Ml
OUTFLOW/ Locally
STOCK BUILDUP gy 20800l
(3,461 tons/yr) &
-
Losses Losses 619 tonaryr % N
203 tons/yr 78 tons/yr Clothing re-use locally
1.017 tons/yr

LEGEND:
<S0tons/yr

Fig.12 SD for the Reflow project used as a case of application for the RCN and LCR models. Slightly modified from [49]

COMPANY /
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