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Waste electronics present a growing concern due to their economic value and material intensification, making
proper collection and recycling essential for sustainable growth. However, quantifying the size and composition
of waste flows is challenging. Using a material flow analysis this study combines electronic waste flows and
product compositions of six selected elements (chromium, copper, indium, magnesium, neodymium, and
niobium) based on their significance in the electrical and electronic products (EEE) in the EU. The study found
that in 2018, 52 % of all WEEE generated in EU28+3 was properly collected and recycled, and the remaining 48

% were unreported or unaccounted for of which the selected elements represented 5 %, representing a combined
loss of €1.41 billion. The obtained results provide a much-needed perspective to map electronic products on a
material level for circular material supply. Proper collection and recycling of WEEE are crucial for sustainable
growth and the recovery of valuable materials.

1. Introduction

According to the OECD, global material use is projected to more than
double from 79 Gt in 2011 to 167 Gt in 2060. The past decade has seen a
surge in resource pressure and demand driven by population growth,
technological advancements, industrialization and transition towards
clean energy (Oberle et al., 2019). This increased the demand of mate-
rials and attention from global authorities towards resource efficiency
and circular economy strategies (British Geological Survey et al., 2017a;
2017b; European Commission, 2008a; Henderson, 2013).

To address these challenges, the european commission (EC) launched
the "Raw Materials Initiative" in 2008, aimed at ensuring consistent and
unhindered sources of raw materials while also addressing resource
scarcity (European Commission, 2008b, 2008a). In 2011, the EC iden-
tified 14 critical raw materials (CRMs) that require special attention due
to their economic importance and higher risk of supply interruption. The
EC’s definition of CRMs encompasses materials or elements in scarce
supply that are vital for sustainable economic development. This list has
been updated every three years since 2011 to reflect technological ad-
vancements (British Geological Survey et al., 2017a; European Com-
mission, 2011; Grohol and Veeh, 2023; Nilsson et al., 2009). The 2023
update introduces 34 CRMs, encompassing heavy and light rare earth

* Corresponding author.
E-mail address: michellegbrechu@gmail.com (M.A. Wagner).

https://doi.org/10.1016/j.resconrec.2023.107243

elements (REE), platinum-group metals, as well as newly added strategic
materials: arsenic, feldspar, helium, manganese, copper, and nickel.
(Grohol and Veeh, 2023). Despite having one of the world’s largest
economies, the EU relies heavily on imported raw materials (e.g. Cr, Cu,
In, Mg and Nb) (European Commission and Directorate-General for In-
ternal Market, Industry, Entrepreneurship and SMEs, 2021). The EU’s
pursuit of climate neutrality and a circular economy hinges on respon-
sibly and sustainably sourcing materials (Bobba et al., 2020a). Securing
sustainable access and supply of raw materials through circular econ-
omy, is vital for the european union (EU) economy as it increases value
chains resilience and ensures supply stability (Bobba et al., 2020b, 2018;
OECD, 2015). Import dependency exposes the EU to substantial eco-
nomic and supply risks, especially in manufacturing, where trade limi-
tations and disruptions can affect material supply and pricing.

In Europe, hazardous materials are regulated by several laws and
directives enforced by the EU Member States (MS) with the support of
the european chemicals agency (ECHA). ECHA, an EU agency, provides
scientific and technical expertise in chemical safety and manages the
registration, evaluation, authorisation, restriction, classification, label-
ling, and communication of hazardous substances under REACH
(registration, evaluation, authorisation and restriction of chemicals),
CLP (classification, labelling and packaging), BPR (biocidal products
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regulation) etc. ECHA, defines hazardous materials as substances or
mixtures bearing physical, health and/or environmental risks (Euro-
pean Chemicals Agency (ECHA), 2023).

The electronic industry has become an integral driver for our modern
lifestyle and plays a crucial role in our society. Fast product design cycles
and unsustainable consumer habits present challenges (i.e. inappro-
priate treatment or disposal of products containing hazardous mate-
rials), opportunities (recovery of valuable material) and add further
demand for materials (Forti et al., 2020; Wagner et al., 2021). This
sector is vulnerable as it relies heavily on these materials. Lack of access
could impede the EU’s electronics industry in meeting rising demand
(Bobba et al., 2018; European Commission, 2008b).

Urban mining reclaims compounds, materials, and elements from
anthropogenic sources, including waste electrical and electronic
equipment (WEEE), being a crucial source for recovering of materials.
Urban mining diversifies resource supply, reduces import dependence,
minimizing depletion, and securing sustainable sources (European
Commission, 2019; Huisman et al., 2017a; Johansson et al., 2013). To
develop a sustainable approach for secondary resources use, extraction
and recovery, comprehending material content, product quantity, and
end-of-life equipment is crucial (Wagner et al., 2021). By mapping and
quantifying these flows, we can develop long-term strategies to mitigate
supply disruptions. Appendices (A.) A.1 and A.2 illustrate the CRM
relevant chemical elements for manufacturing and upgrading electrical
and electronic equipment (EEE) considering their hazardousness under
the European Chemical Agency (European Chemicals Agency (ECHA),
2022; Huisman et al., 2017a).

This study extends the temporal dimension and bridges a knowledge
gap of the selected materials flow within EEE. Previous research, as
noted in the literature, has predominantly focused on limited geographic
scopes (Parajuly et al., 2017; Van Eygen et al., 2016; Vexler et al., 2004),
selected classifications (Dimitrakakis et al., 2009; Johnson et al., 2018;
Karlsson, 2021; Salhofer et al., 2011) and a narrow range of metals
(Chancerel and Rotter, 2009; Habib et al., 2022; Horta Arduin et al.,
2020; Van Eygen et al., 2016; Vexler et al., 2004). This research extends
from 2000 to 2018, offering an overview of the selected materials in
various (W)EEE flows across all EU28+3 countries, thereby providing a
more holistic understanding of the dynamics within this domain. This
extended time dimension allows us to capture critical trends and shifts
over nearly two decades (Huisman et al., 2017a; Mahlitz et al., 2020;
Mining, 2015; Van Eygen et al., 2016). Furthermore, our research
methodology builds upon well-established methodologies (Balde et al.,
2015; Bobba et al., 2018, 2020b, 2020a; Huisman et al., 2015, 2017a,
2017b; Huisman and Baldé, 2013; Wagner et al., 2021) used by the EC to
estimate flows as well as EEE composition which incorporates the urban
mine platform and Wagner et al., 2021 as a key reference point
(Hischier et al., 2007; Huisman, 2004, 2003; Huisman et al., 2012;
Magalini et al., 2014b; Oguchi, 2007). By adopting their approach, we
conduct material flow characterization, ensuring continuity in the
research landscape.

In this work, we provide insight into the flows of six selected mate-
rials in the EEE sector in the EU: copper (Cu), chromium (Cr), magne-
sium (Mg), indium (In), niobium (Nb), and neodymium (Nd). These
elements were chosen due to their significance in the sector, including
supply risk, economic importance, and hazardousness (see A.1 - A.4)
(Duarte et al., 2010; European Chemical Agency, 2021a; European
Chemical Agency (ECHA), 2021a, 2021b; European Chemicals Agency
(ECHA), 2021a, 2021b, 2021c; Nnorom and Osibanjo, 2009; Townsend,
2011).

In the EU, In, Mg and Nb are considered CRM due to their supply risk
and economic importance (European Commission, 2020). In is charac-
terized by its high thermal and electrical conductivity, and resistance to
thermal fatigue, which makes it suitable for use in electronic applica-
tions such as photovoltaic (PV) panels, flat panel displays, alloys (Bobba
et al., 2020b) and semiconductors (U.S. Geological Survey, 2019). Nb is
mainly used in magnets, lamps, and IT equipment (Schulz et al., 2017),
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while Mg is valued for its lightweight, heat and oxidation resistance as
well as relatively high tensile strength making it an ideal material for the
automotive, aerospace and electronics industry (Shapiro, 1999; U.S.
Geological Survey, 2019). Nd is a REE with malleable characteristics
used in the manufacturing of magnets, and various household equip-
ment such as washing machines, desktops and laptops (Crock, 2016;
Thornton et al., 1969). Cr is a tough and brittle transition metal, highly
corrosion-resistant and a primary additive in stainless steel production.
It holds a key role in electronics, particularly in cooling, freezing, and
larger equipment, forming stainless steel component (Steinitz, 1986).
Despite Cr not currently considered a CRM, in 2018 the US Department
of the Interior added Cr to its list of 35 critical minerals (83 FR 23,295)
highlighting its importance for US industry and defence applications
(Blengini et al., 2020; Goonan, 2011). Cu, a malleable and ductile base
metal, is widely used in various industries, including EEE production,
transportation, and construction, due to its excellent thermal and elec-
trical conductivity (Goonan, 2011).

The study presents and analyses 1) quantification of selected mate-
rials in EEE over time (2010-2018) as per EU6 collection categories (as
described in WEEE Directive 2012/19/EU, see A.2 and A.5) 2) quanti-
fication in various flows: EEE Placed on the Market (POM), stocks, waste
generated, officially collected and reported and unreported and unac-
counted flows in the EU28+3 (the MS plus Norway, Great Britan and
Switzerland (European Commission, 2012a).

2. Materials and methods
2.1. System boundary of this research

This research examines the material flows of six elements — Cr, Cu, In,
Mg, Nb and Nd - within EEE and WEEE across the EU28+3 region
spanning 2010 to 2018, with a specific focus on the year 2018. Fig. 1
flow diagram serves as the foundation, illustrating the selected elements
flow within the EU28+-3 region for 2018. This year is chosen as refer-
ence as its the latest year with official information from EU MS to the EC
following Article 16 of the WEEE Directive 2012/19/EU (European
Commission, 2012b).

The analysed (W)EEE flows (Fig. 1) include 1) products POM
including imports, domestic production, refurbished/repaired products
and exports 2) Stock comprises products in use, hibernation and accu-
mulated 3) WEEE generated 4) WEEE formally collected and reported
and unreported flows. These are aligned with the EUs Waste Statistics
Regulation and the WEEE Directive 2002/96/EC and 2012/19/EU
(Eunomia Research and Consulting Ltd, 2018; European Commission,
2013, 2012b, 2003)). Furthermore, our studies results are illustrated per
the amended WEEE Directive 2012/19/EU collection categories (EU6,
see A.5). In this work, the EU6 collection category VI (Information and
Telecommunication, IT Equipment) is used as an example.

2.2. Methodology and data sources to quantify WEEE flows

All data analysis employed the EU6 collection category, with con-
versions carried out using the UNU Keys and their correlated relation-
ships with the WEEE Directive collection categories (refer to A.6).

In April 2017 a new EC regulation (EU) 2017/699 standarized
methodologies for calculating EEE POM weights and WEEE generation
across EU MS (European Commission, 2017a, p. 699). The Multivariate
Sales-Stock-Lifespan method (Implementing Act of Article 7 of the
EU-WEEE Directive) was used to determine EEE stock and flows (Mag-
alini et al., 2014a). The market input component is determined through
“Apparent Consumption” methodology which uses official statistical
data as the central data source, encompassing domestic production
figures extracted from the ProdCom statistics and EEE products that are
subtracted from the exports and imports (Balde et al., 2015).

As a first step, the WEEE POM information over time (EEE POM(t))
was estimated using relevant combined nomenclature (CN) codes



M.A. Wagner et al.

Resources, Conservation & Recycling 199 (2023) 107243

!

Refurbishments
Remanufactured

- Refubiehiant lifespan of products

-

« Second hand
- i\

. J u

Repair

(" stock (I hase) ) (
EEE POM ock (In-use phase) WEEE generated
Includes: Includes:
Imports ’ « Hibernation

" =—————| - Accumulation of —
+ domdesu_c Includes: products Lifetime
production * Upgrade The phase where the

- Exports « Repair

WEEE formally
collected and reported |

WEEE formally treated
(recover and recycling)

Landfill /
Incineration

—

Unreported and
unaccounted

I
waste flows WEEE mixed in residual — — J

waste

— lllegal
scavenging of WEEE)

— WEEE in complementary
recycling (mixed metal
scrap)

— WEEE Export for

activities (e.g.,

System boundary analyzed for Cu, Cr, In, Mg, Nd and Nb in EU28+3

Sources:
**** Trade Statistics (UN Comtrade database, ProdCom)

* Country studies and consumer surveys. Interviews with WEEE Forum members.
Apparent consumption methodology, comparison with WEEE Forum key figures.

+ Country studies, research studies, Basel Convention National Reports for the EU (in the case of Export for reuse flow), expert estimates, UN and WEEE Forum

publications.

]
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
: can be increased
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
{ All sources and methodologies used can be found in A.8 for more information.

1
1
1
1
1
1
1
1
1
1
1
1
reuse 1
1
1
1
1
1
1
1
1
1
1
]

Scope of this work

Fig. 1. Research system boundary adapted from (Baldé et al., 2020; Habib et al., 2022; Shittu et al., 2022). All flow definitions and data sources can be found in A.8.

(Balde et al., 2015; European Commission, 2017b; Forti et al., 2018;
Goonan, 2011; Habib et al., 2022). CN codes, integral for EU export
certificates, can be cross-referenced with ProdCom codes via Eurostat
correspondence tables (Balde et al., 2015; European Commission and
Eurostat, 2022). ProdCom codes provide national-level manufacturing
statistics within EU reporting countries (European Commission and
Eurostat, 2022). These estimations were later compared with WEEE
Forum Key figures, ensuring reliable and coherent time series of vali-
dated POM data from EU countries (WEEE Forum, 2019).

EEE POM(t) = Domestic Production + Import — Export 1)

Subsequently, WEEE generated volumes were calculated using a
POM sales-lifespan approach, incorporating lifespan parameters ac-
cording to Commission Implementing Regulation (EU) 2017/699
(Balde et al., 2015; European Commission, 2017a). This involves using
Eq. (2) to calculate WEEE for a given year (Balde et al., 2015; European
Commission, 2017a; Forti et al., 2018; Habib et al., 2022).

WG (n) = Z EEE POM (1) « LV (1,n) (2

1=10

WG(n) is the WEEE generated volume in year n; POM(t) is the POM
product sales within historical years t before year n; t0 is the initial year
of products sales and the Weibull distribution A (t, n) is the discard-
based life-time profile for the batch of products sold in historical year
t. This lifespan distribution reflects the probability of batch disposal over
time, aligning the definition of waste as outlined in article 3 of the Waste
Framework Directive (European Commission, 2012a; Forti et al., 2018;
Habib et al., 2022).

al)
L? (t,n) = x(t) (n— £)=0! 67 {ﬁ} o

B (0"

Lifespans for various UNU keys were taken from previous UNU
country studies performed by (Forti et al., 2018). The average lifespans
and weights for 2014 are illustrated in A.7 (Forti et al., 2018). With a
classification of 54 categories, the detailed UNU keys’ product classifi-
cation and its alignment with the recast 2012/19/EU WEEE Directives
are outlined in A.6 (Forti et al., 2018).

As a third step, the stock S(n) was estimated using the Apparent
Consumption Methodology by summing all historical POM, POM(t) and
subtracting the cumulative WEEE generated in those years WG(n),
where n is the evolution year and t0 is the initial year that a product was
sold (Forti et al., 2018).

S(n) = Y POM(t) = > WG (n) 4
t=t10 t=10

The analysis of WEEE officially collected and reported' (WOCR) was
conducted using data from national registers across EU MS as reported to
the EC and accessible in Eurostat for the latest available year (2018)
(Forti et al., 2018). For Switzerland, 2018 information was accessed
from SENS and SWICO technical reports, which are annually published
(Baldé et al., 2020; Conte et al., 2020).

Unreported flows, illustrated in Fig. 1, include illegal activities (e.g.
scavenging practices of WEEE), WEEE mixed within residual waste and
WEEE export for reuse, also known as “complementary flows”. EU MS do
not report this type of flow to the EC, resulting in exceedingly limited,
scattered, non-harmonized, and occasionally incomplete data. To assess
these flows, sources from various projects, such as the urban mine
platform, (Huisman et al., 2017a) CWIT project outcomes (Huisman
etal., 2015), reviews of the in-depth review of the WEEE collection rates
and targets in the EU (Baldé et al., 2020), country studies (Aurez et al.,
2018; Mihai et al., 2019; Stowell et al., 2019) and various other publi-
cations, see A.8. For estimating the complementary recycling (mixed
metal scrap) flow, a combination of Eurostat data and country studies
was employed due to the non-uniform and occasionally incomplete
methodologies utilized across Member States (European Commission
and Eurostat, 2022).

Subsequently, the unaccounted flow” was estimated by subtracting
the estimated WEEE generated (WG) and the WOCR from data derived
from sources including SENS, Eurostat information for EU28+3, and
pertinent country studies for corresponding years (A.8) using the
following equation (Conte et al., 2020; Huisman et al., 2017a):

Unaccounted flows = WG — WOCR — Z unrepoted flows 5)

1=t0

2.3. Methodology and data sources to quantify material composition in
WEEE flows

Product composition information was extracted from the urban mine
platform (Huisman et al., 2017a) using the methodology described in
Wagner et al. (Wagner et al.,, 2021). EEE product and component
composition flow information were estimated by extracting EEE product

1 In some literature also known as WEEE collected
2 In some literature also known as “the Gap” or “unknown whereabouts”.
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composition information from 2010 to 2018 through the urban mine
platform applying the methods established therein (Huisman et al.,
2017a; Wagner et al., 2021). Specifically, the EEE product compositions
of the selected elements for all UNU Keys were multiplied with the
tonnage of various total flows (POM-Eq. (1), WEEE generated-Eq. (2)-3,
stock-Eq. (4), unreported and unaccounted flows-Eq. (5)) for a specific
reference year (Huisman et al., 2017a). Initially, all flows were esti-
mated at a UNU key level to enhance robustness, followed by conversion
to the EU6 collection category using a correlation table (A.8).

Flow, (1 of UNU Key, for the Year,

emc UNU Key, in Flow, = emc.qopen ek 1,000,000

(6)

emc represents the element (e), material (m) and component (c) of a
specific UNU Key for a specific flow x, i.e. POM, stock, complementary
and unreported flows. In this case, only the concentration (in%) of emc
for a specific UNU Key y is known, it is multiplied by the flow (Eq. (6)).
Similar to the calculation of WEEE, the estimated emc waste generated
lifespan parameters a POM sales-lifespan approach is used. For a specific
year n, the emc waste is the sum of the emc of the discarded product POM
and multiply by the UNU Keys lifespan.

7

=10

emc WG/UNU Key,(n) = ZPOM (1) % LY (1,n)

A summary table of data sources and methodologies used for each
(W)EEE flow can be found in A.8.

Assessing the quality and uncertainty of data is essential for ensuring
the robustness and reliability of our study’s findings. In this regard, we
implemented the methodologies described in Wolk-Lewanowicz et al.,
Habib et al. and Wagner et al. and applied in the urbanmine platform
(Habib et al., 2022; Huisman et al., 2017a; Wagner et al., 2021; Wol-
k-Lewanowicz et al., 2016). This involved quantifying and averaging the
uncertainty and data quality for all (W)EEE flows and composition
applying the ranges provided in A.9 on a case-by-case basis. For detailed
information on the data quality characterization please refer to A.9.

3. Results and discussion

In this study, we focus on the mapping of Cr, Cu, In, Mg, Nb and Nd in
category VI - IT Equipment (other EU6 WEEE collection categories are
illustrated in A.10-14) within the scope defined in Fig. 1 (European
Commission, 2012b). The result of the analysis of (W)EEE product flows
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can be found in A.15. To assess the significance of the selected materials,
a comprehensive analysis was performed at both the product and
component levels within the EU6 collection categories (see A.16 for the
products with highest concentrations for the selected materials). By
applying the methodologies described in Section 2, it is possible to
quantify elements, materials and components found in (W)EEE in
different types of flows in scope for all EU6 collection categories for
EU28+3 and per country. This methodology allows not only to measure
the share of different materials and components in different flows but
illustrates the volume of secondary raw materials (SRM) available in the
urban mine and the potential volume that could be recovered at country
and regional levels.

3.1. Quantification of selected elements from 2010 to 2018

Trends in the changes of material composition over time, illustrated
in Fig. 2 for EU 28+3 from 2010 to 2018, provide insights into tech-
nology development (e.g. continuous miniaturization of microchips),
disruptions (e.g. replacement of cathode ray tubes by LED technology),
legislation changes (e.g. banning of Pb-base soldering material), and
enable forecast of future material composition which will allow stake-
holders to make strategic decisions.

Fig. 2 illustrates that the stock amount for the selected elements is
significantly higher than the POM and WEEE generated flows. This is
mainly due to equipment being in an in-use phase and consumer
behaviour practices such as hibernating (Shittu et al., 2022). Between
2010 and 2018, Nb demand decreased from 0.24 to 0.20 tonnes, while
other selected materials remained stable in POM, stock, and WEEE
flows. In IT equipment, Nb is mainly found in PCBs of computers and
electrolytic capacitors (Montero et al., 2012). However, due to the trend
of miniaturization in IT products, which makes them more
energy-efficient and faster, consumers have been upgrading their de-
vices. This has resulted in a decrease in Nb within POM and stock flows
(Maurice et al., 2021; Ueberschaar et al., 2017). Nb’s economic signif-
icance and reduced content in IT products are seen as a positive trend,
mitigating its supply risk and potentially averting EU shortages (Blen-
gini et al., 2020).

On the contrary, Cu stock volumes increased steadily from 108,435
tonnes in 2010 to 120,050 tonnes in 2018, as well as an increase in
demand from 18,733 to 25,560 tonnes over the same period. This
growth is attributed to the diversification of new products and primary
contributor to components such as cables, PCBs, and magnets in IT
equipment (Wilburn et al., 2001; Zhang et al., 2014). Its presence in IT

b) c) —i
2000 —e— Stock 25000 —e— Stock POM
= 1200 —— POM 140000 a WEEE
1750 WEEE WEEE <
—————¢ 1120C
i W;- 10000 4 4 20000 4:%’3/. = @ %—“—’—‘P“Q = == ] -
£ 2 2 100000 93 20 @
£ 555 § =] = £ < 2
£ 125 8000 £ € 15000 £ c e
] o ) , © ] 59
+ 1000 ~ - = & 1
= 6000 & £ £ c2 c
= = 10000 ’ - ==
~ 750 = = > = 10
o 00 O O oo O = =
500 4C 0
5000 1
)50 20C 0000
o o o 0 C
S 3 V ] g ] o A 2 S > V ] L > o A 2
S A AT A A SRS A A S A < % o
DT DT DT BB B PSP DT DT DT P PP P D RIS QR SR RN U R C e g
Year Year A M I R A A S
Year
d) 600 e) 0.30 f)
—— Stock —e— Stock 260 —— stock | o
—~— POM ; —w— POM |1 —+— POM
500 WEEE 0.25 WEFE 5 WEEE
. ——% ) 175 =
e - — C >
o | —— @ " “ 0 s === i
w-’UO ,~r'vw mO)U o o B oo @
c & 2 c c c e <
c £ c — s g € 125 c
S 2000 © ] ] ] 800 S
+ 300 = +o1 = * 100 &
] c < .6 = c <
= 1500°= = — = 600 =
D 200 > 2010 K- s 75 -
= 15006 = i Z = L
50
100 0.05
s 25
o ) 0.00 C o
o g o 2 \J o o x 2 o >N 2 > > 5 o 4, > S % S <] > ] o %3 2
D & 7P P P 3 Y &P P > S S S S S S
S S M M S I U MR ) ST S S S S SR U U M S

Year

Fig. 2. POM, Stock and WEEE of (a) Cr, (b) Cu, (c) Mg, (d) Nd, (e) Nb (f)

Year Year

In contained in category VI — IT equipment in EU 28+3 from 2010 to 2018.
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products surpasses that of other materials, underscoring its economic
significance (Blengini et al., 2020). As a result the European Commission
has defined it as a strategic raw material due to its growing demand in
electric vehicles, renewable energy technologies (reaching 20 Mt in
2020), and other applications. This surge in demand could further stress
global supply chains and potentially result in disruptions (Grohol and
Veeh, 2023).

The demand of Cr has increased from 1549 tonnes in 2010 to 1980
tonnes in 2018. Its application is primarily linked to its unique physical
properties, particularly its use as a coating in PCBs and magnets due to
its diamagnetic characteristics (Bongers et al., 1968). Cr substantial
presence in IT devices and various applications is economically crucial.
However, its moderate supply risk, exacerbated by limited availability,
raises potential concern. As per 2022 statistics, most of the global Cr
supply originates from South Africa, Turkey, Kazakhstan, India, and
Finland. While Cr(0) and Cr(III) are considered non-toxic, Cr(VI) is both
carcinogenic and toxic (“Chromium Market Size, Share and Outlook
Report, 2020-2025,” 2020; Schulte, 2021, 2021). In IT devices, partic-
ularly older electronics, Cr(VI) can be present in specific components or
coatings, and it may leach over time due to environmental factors like
moisture, heat, or corrosives. In addition, CrO3 is mainly used in in-
dustrial plating, anodic coating, and re-packaging processes (A.2) (Eu-
ropean Chemical Agency, 2021a, 2021b). To address health and
environmental concerns related to Cr(VI) and CrOs, the EU has imple-
mented regulations and standards aimed at reducing their usage and
encouraging manufacturers to adopt safer alternatives.

Nd, found in computer hard disk drives (HDDs), magnets, and PCBs
amongst others (Huisman et al., 2017a). Based on literature review and
as illustrated in Fig. 2, Nd exhibited relatively stable quantities, ranging
from 167 to 161 tonnes between 2010 and 2018, a phenomenon
attributed to market penetration and component miniaturization

a)
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(Miinchen et al., 2021). Beyond its significance in IT devices, Nd plays a
crucial role in sustainable energy generation, electromobility, and
electric motors (Crock, 2016; van Nielen et al., 2023). China dominance
in producing over 70 % of the world’s Nd supply creates supply risk due
to the concentration of production and driving increased demand for
recycling (American Chemical Society, 2020; Haxel, 2002; van Nielen
et al., 2023).

In, commonly found in all IT equipment, particularly in LED screens
and III-V semiconductors on printed circuit boards (PCBs) (Schuyler
Anderson, 2021) exhibits usage patterns influence by technological
advancements and sales trends (Huisman et al., 2017a). From 2010 (3.5
tonnes) to 2018 (3.4 tonnes), the demand for Indium and its waste
generation (both at 0.003 tonnes for both years) remained relatively
stable. According to Gomez et al. the electronics and photovoltaic in-
dustries are expected to drive In demand, requiring approximately 10.5
kt for EEE production from 2010 to 2050 (Gomez et al., 2023). In faces
increased supply risk due to its rarity and production outside of the EU
(Werner et al., 2015). While generally considered low in toxicity, III-V
semiconductors containing indium arsenide, indium gallium arsenide
or indium phosphide, exhibit toxicity in animals, have a high carcino-
genic potential and can contaminate the environment when landfilled
(Cui and Zhang, 2008; Tanaka, 2004).

Mg’s physical and chemical properties making it a sought-after
component in IT equipment, including capacitors, LEDs, and PCBs.
Nevertheless, its demand has decreased from 459 in 2010 to 437 tonnes
in 2018, a trend attributed to miniaturization. a trend attributed to
miniaturization. Mg faces a low supply risk, thanks to its wide distri-
bution in the Earth’s crust and its non-hazardous nature (Lee Bray,
2021). Recovery and recycling of Mg is vital to reduce supply risk
(Swain and Lee, 2019).

This methodology allows not only the analysis of different flows in
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Fig. 3. (a) EEE Stock in Mt for all EU6 collection categories in EU28+3 from 2010 to 2018 (POM and WEEE generated per collection categories can be found in
A.17-18.). (b) Stock of Cu contained in IT Equipment per country in EU 28+3 from 2010 to 2018. A.19-23 illustrates the Cu stocks per country for EU 28+3 from

2010 to 2018 for the other EU6 collection categories.
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the EU28+3 (Fig. 3 (b)) but also allows the mapping and analysis of
material flows (Fig. 4 a,b). An increasing trend in the weight of EEE in
stock can be seen from 2010 (101 Mt) to 2018 (109 Mt). In some EU6
collection categories, this trend can be seen more than in others. For
example, the weight of large household equipment (col. Cat IV)
increased from 37 Mt in 2010 to 43 Mt in 2018, while temperature ex-
change equipment (col. Cat. I) increased from 20 Mt in 2010 to 24 Mt in
2018. This weight increase is due to technological upgrades and
increased sales of PV panels. Small and IT equipment (col. Cat V and VI)
showed a consistent increase from 26 Mt in 2010 to 29 Mt in 2018 and
from 4.4 Mt in 2010 to 5.7 Mt in 2018, respectively. Screen weights (Col.
Cat II) decreased from 12.6 Mt to 7.8 Mt due to a technology shift from
cathode ray tubes to flat panel displays for TVs and monitors. Lamp
weights also increased slightly from 53 Mt in 2010 to 62 Mt in 2018 due
to a change in technology from compact fluorescent lamps to light-
emitting diode lamps with longer lifespans. Consumer behaviour,
influenced by cultural and economic factors, such as national/regional
economic crises, education, and misinformation, directly affects EEE
hibernation, which prolongs equipment lifespans and affects WEEE
collection and material recovery (Aman et al., 2013; Bertoldi and Ata-
nasiu, 2008; Huisman et al., 2017a).

POM, Stock and WG varies across diffrent EU regions depending on
economic development, population, enforcement, consumption patterns
etc. These patterns can also be seen in other parts of the world (i.e.
Brazil, USA, Australia etc.). In the EU, Northern Europe (NE, 20 kg/inh)

a) 2018

Material flowin
EU28+3 of Cu, Cra
Mginkton

Placed on
Market

Waste Gene!

- Largo! -
Progusloy Comper 79386

\Q
Unreported &
A Unaccounted

Resources, Conservation & Recycling 199 (2023) 107243

has the highest average WG followed by Western Europe (WE,18 kg/
inh), Southern Europe (SE, 14 kg/inh) and Eastern Europe (EE, 12.5 kg/
inh). In the case of Stock NE has the highest average (138 kg) followed
by WE (130 kg), SE (96 kg) and EE (77 kg). Once estimating the different
flows per country and knowing the composition of the materials at the
product level they can be mapped and analysed at a regional and
country level. For example, Fig. 3(b) illustrates that the stock of Cu in
(W)EEE IT equipment in EU 2843 from 2010 to 2018 has steadily in-
crease. As a result, the recovery potential of Cu contained in these
products per country can be evaluated. Fig. 3(b) shows that in 2018
Great Britain (23 kt), Germany (21 kt) and France (18 kt) had the highest
stock of Cu from IT equipment in their countries, while Greece (0.013
kt), Iceland (0.012 kt) and Malta (0.04 kt) had the lowest stock.

3.2. Quantification of EOL flows of selected elements in 2018

To conduct a more detailed analysis of the contribution of the
selected materials in the urban mine a Sankey diagram (Fig. 4 a,b) was
created for EU28+-3 for the year 2018, following the structure shown in
Fig. 1. Of the EEE POM (10.7 million tons), Cu has the greatest contri-
bution (331 kt) illustrating how heavily reliant the EEE industry is on
this material and highlighting and supporting why the European Com-
mission deemed it as a strategic raw material. Following closely are Cr
and Mg, with 148 kt and 28 kt, respectively. Nd and Nb contribute
moderately, accounting for 0.6 kt and 0.08 kt, respectively, while In
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exhibits a smaller contribution of 0.02 kt. These elements play vital roles
in manufacturing magnets for electronic devices, wind turbines, and
clean energy technologies, making them crucial for technological ad-
vancements indicating a level of criticality and highlighting the
importance of their sustainable extraction and recycling to ensure a
stable supply for future developments. Examining the EEE in stock
provides further insights into the material dynamics. With 3509 kt of Cu,
2200 kt of Cr, and 182 kt of Mg, these elements hold significant eco-
nomic importance, guaranteeing essential resources for future produc-
tion and manufacturing needs. Additionally, Nd (12 kt), In (0.2 kt), and
Nb (0.2 kt) contribute to the stock, underscoring their relevance in
maintaining the sustainability of advanced technologies.

The total estimated WEEE generation for 2018 in EU28+3 corre-
sponded to 9.7 Mt of which 5.1 Mt (representing 52 %) was officially
reported as collected and recycled, while 4.8 Mt (representing 48 % of
the total) corresponded to unreported flows of which 2.6 Mt (repre-
senting 27 %) were unaccounted for, indicating a significant gap in the
tracking and reporting of these materials. When evaluating the materials
it can be seen that there is a significant amount of Cr (54 kt), Cu (149kt),
In (0.01 kt), Mg (15kt), Nb (0.06 kt) and Nd (0.3 kt) that are currently
unreported and unaccounted for.

When comparing unaccounted and unreported flows, Fig. 4 a,b il-
lustrates that the unaccounted flow is the largest flow of all of them and
a significant amount of material is currently undocumented. From the
selected elements Cu has the highest volume (64 kt) the highest share
corresponds to small equipment (31 kt). This is followed by Cr with 24 kt
(highest share found in temperature exchange equipment with 10 kt)
and Mg with 6 kt (highest share found in screens with 3kt). In addition,
when analysing the unreported flows, WEEE in complementary recy-
cling has the highest volume (47.91 kt) followed by scavenged WEEE
(33.02 kt), WEEE mixed in residual waste (32.98 kt) and WEEE exported
(10.64 kt), indicating the significance of these materials in informal
recycling and scavenging practices. Cu has the highest share of all un-
reported flows, followed by Cr and Mg. WEEE in complementary recy-
cling can be seen mainly in large equipment (24.52) kt and small
equipment (15.01 kt) due to their compositional content and volume
making them lucrative targets for scrapping.

In the case of scavenged WEEE, Cu presents the highest share in
temperature exchange equipment, followed by large equipment and
small equipment mainly driven by the extraction of valuable compo-
nents such as compressors in fridges, Cu/Fe motors and coils and cables
in large equipment. For WEEE mixed in residual waste, the three EU6
collection categories with the highest contribution for EU28+-3 are small
equipment with 25.53 kt followed by screens with 1.39 kt. The selected
materials content in WEEE mixed in residual waste for large equipments
was minimal (0.95 kt) and temperature exchange equipment was non-
existent, this can be attributed to the size as well as national and
regional monitoring.

To measure the economic impact of these materials, an average

Table 1

Average material price of Cr (Schulte, 2021), Cu (Flanagan, 2022), In (Schuyler
Anderson, 2021), Mg (Lee Bray, 2021), Nb (Padilla, 2021), Nd (Garside, 2022)
per flow in EU28+3 for 2018. The average conversion rate of 2018 was used for
USD to EUR, which was 1 USD = 0.8475 EUR (Exchangerates.org.uk, 2023).

Element Average WEEE Collected Unreported Unaccounted
/ Flow material Generated and flows flows (million
price (million €) recycled (million €) €)
(million (million
€/kt) €)
Cr 9.58 1513.13 689.53 296.88 296.88
Cu 5.47 1653.29 854.02 465.33 470.80
In 266.96 5.34 5.34 0 2.67
Mg 4.05 89.20 72.98 36.49 28.38
Nb 20.12 0.80 0.40 0.20 1.41
Nd 42.21 46.43 12.66 8.44 4.64
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material price per flow was calculated as seen in Table 1.

WEEE contains a wide range of materials and is a potential source of
SRM:. It is important and necessary to quantify all flows especially un-
reported flows in the EU to have a complete understanding and an
overview of SRM in the urban mine. Having this type of estimation can
help provide countries and policymakers knowledge on the volume of
materials contained in WEEE that is unaccounted for, understand the
impact of unreported flows and help improve the formal collection of
specific equipment. As a result, they can a) implement and enforce
policies that encourage the proper collection, recycling, and disposal of
e-waste (e.g. standardization of recycling standards across the EU,
establishing accessible and convenient e-waste collection points), b)
introduce EPR programs that encourage product design for recycling
and creates incentives for manufacturers to use more sustainable ma-
terials c) raise public awareness d) encourage recycling and recovery by
offering financial incentives or tax breaks to recyclers and businesses
that engage in responsible e-waste recycling and resource recovery
practices e) encourage circular design (e.g. modular construction and
easier disassembly for recycling) f) monitor strategies implemented g)
foster international cooperation such as sharing best practices and
technology to improve resource recovery.

Unreported and unaccounted flows represent 48 % of the total WEEE
generated. While some of these flows might undergo informal recycling
elsewhere, there remains a risk of inadequate waste handling, improper
disposal, and potential exposure to hazardous substances, posing envi-
ronmental and health concerns. To put it in perspective, when analysing
these flows for the year 2018 a combined loss of € 1.41 billion was
estimated for the selected elements (see Table 1). This is a substantial
amount which shows the significance of unaccounted flows and the
substantial economic impact associated with them. Failing to recover
materials found in WEEE means missing out on the opportunity to
extract them and utilize them in the manufacturing of new products,
leading to a loss of valuable resources. Furthermore, WEEE that is
disposed of in landfills, can cause soil and water pollution, leading to
increased health risks and remediation costs.

The analysis done highlights the importance of developing robust e-
waste statistics not only on a product level but a material level.
Furthermore, by measuring this type of flow’s future accessibility of
these materials, sustainability in all parts of the value chain can be
ensured and supply risk can be avoided. Having a broader overview and
monitoring will allow policy and decision-makers to develop strategies
that are efficient and effective and aim to move more towards a circular
economy.

4. Conclusions

The EU’s substantial dependence on CRM imports poses a significant
economic and security challenge, particularly in an increasingly inter-
connected and volatile global market. This import reliance is especially
pronounced in the electronics industry, which heavily depends on raw
materials such as the six analysed materials. The potential outcomes of
supply chain disruptions, trade restrictions, and other factors affecting
material availability can significantly affect the EU’s capacity to satisfy
consumer demands, highlighting the need for policymakers to develop
resource access safeguarding strategies.

WEEE represents a potential source for recovering CRMs, REE, and
base metals. Analysing (W)EEE sales, stocks, and waste flows is instru-
mental for understanding the significance of these materials in an
expanding technology sector and to assess the availability of resources.
In 2018, only 52 % of WEEE generated was properly collected and re-
ported, with 48 % being unreported and/or unaccounted for. When
analysing the economic impact of these flows a combined loss of € 1.41
billion was estimated for Cr, Cu, In, Mg, Nb and Nd. Improper handling
and disposal of WEEE in landfills can pose environmental and health
risks, highlighting the need to improve recycling and recovery of ma-
terials, increase public awareness and implementing and enforcing
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appropriate regulations. Overall, these findings underscore the need to
increase focus on electronic waste management, particularly in terms of
monitoring and reporting unaccounted flows.

Official statistics and forecasts on CRMs in WEEE flows are currently
unavailable. Estimating urban mine material content can enhance
resource security, reduce supply dependency, improve resource effi-
ciency, and promote circularity. Setting recycling targets and sustain-
able design practices can incentivize stakeholders and policymakers
while improving traceability and understanding of unreported and un-
accounted flows can identify areas of concern. Implementing circular
strategies can help policymakers make informed decisions and improve
SRM recovery.

Furthermore, reducing consumption and/or substituting CRMs
should be a priority, however, should be done with caution as potential
substitutes could be CRMs and/or be costlier and less effective than the
originals. Ecodesign and intelligent product design can contribute to
reducing CRM demand hence Research and Development investments
are necessary. The EU should actively diversify its CRM sources by
exploring new trading partners (non-EU countries), investing in do-
mestic extraction, and supporting sustainable mining practices within
the EU.

CRediT authorship contribution statement

Michelle A. Wagner: Conceptualization, Methodology, Software,
Visualization, Writing — review & editing, Data curation, Formal anal-
ysis, Writing — original draft, Resources, Validation, Investigation. Hina
Habib: Writing — review & editing, Data curation, Validation, Investi-
gation. Lucia Herreras: Data curation, Writing — review & editing. Ester
van der Voet: Supervision, Writing — review & editing, Validation.

Declaration of Competing Interest

The authors declare the following financial interests/personal re-
lationships which may be considered as potential competing interests:
Michelle A. Wagner reports financial support was provided by Leiden
University Institute of Environmental Sciences.

Data availability

Data will be made available on request.

Acknowledgements

The authors acknowledge the methodology, data recorded and
financial support from the Prospecting Secondary raw materials in the
Urban mine and Mining wastes (ProSUM) project (Horizon 2020, Grant
Agreement No. 641999) as well as the project optimising data collection
for Primary and Secondary Raw Materials (ORAMA) [grant number
776517, 2019]. The authors thank Kees Baldé, Giulia Iattoni and
Vanessa Forti (UNITAR), Eniké Hajési (WEEE Forum) for providing
data, Jaco Huisman (EC-DG Environment) for providing guidance and
Stefan Wagner (Black Semiconductor GmbH) for their helpful discus-
sions. Further information and resulting datasets are made available at
www.urbanmineplatform.eu.

Supplementary materials

Supplementary material associated with this article can be found, in
the online version, at doi:10.1016/j.resconrec.2023.107243.

Resources, Conservation & Recycling 199 (2023) 107243

References

Aman, M.M., Jasmon, G.B., Mokhlis, H., Bakar, A.H.A., 2013. Analysis of the
performance of domestic lighting lamps. Energy Policy, Special Sec. 52, 482-500.
https://doi.org/10.1016/j.enpol.2012.09.068.

American Chemical Society, 2020. Neodymium - an element for a modern world [WWW
Document]. Am. Chem. Soc. https://www.acs.org/content/dam/acsorg/greenchem
istry/redesign/Research%20and%20Innovation/Endangered%20Elements/enda
ngered-elements-neodymium.pdf (accessed 3.8.23).

Aurez, V., Bonvallet, K., Kucab, L., Lafore, F., Mugnier, E., Sahakian, R., Sims, E., 2018.
Etude Sur Le Réemploi Des équipements électriques Et électroniques professionnels a
L’export. Ernst Young Assoc. Fr.

Baldé, C., Wagner, M., lattoni, G., Kuehr, R., 2020. In-depth Review of the WEEE
Collection Rates and Targets. UNU UNITAR Bonn.

Balde, C.P., Kuehr, R., Blumenthal, K., Fondeur Gill, S., Kern, M., Micheli, P., Magpantay,
E., Huisman, J., 2015. E-waste statistics - guidelines on classification, reporting and
indicators 2015. UNU.

Bertoldi, P., Atanasiu, B., 2008. Characterization of residential lighting consumption in
the enlarged European union and policies to save energy. Int. J. Green Energy 5,
15-34. https://doi.org/10.1080/15435070701839397.

Blengini, G.A., Latunussa, C.E., Eynard, U., Torres de Matos, C., Wittmer, D.,
Georgitzikis, K., Pavel, C., Carrara, S., Mancini, L., Unguru, M., Blagoeva, D.,
Mathieux, F., Pennington, D., 2020. Study on the EU’s list of critical raw materials.

Bobba, S., Carrara, S., Huisman, J., Mathieux, F., Pavel, C., 2020a. Critical raw materials
for strategic technologies and sectors in the EU - a foresight study.

Bobba, S., Carrara, S., Huisman, J., Mathieux, F., Pavel, C., 2020b. Critical Raw Materials
for Strategic Technologies and Sectors in the EU—A Foresight Study. Eur. Comm.
Bruss. Belg. https://doi.org/10.2873/58081.

Bobba, S., Claudiu, P., Huygens, D., Alves Dias, P., Gawlik, B., Garbarino, E., 2018.
Report on critical raw materials and the circular economy. SWD 2018, 36. https://
doi.org/10.2873/331561.

Bongers, P., Van Bruggen, C., Koopstra, J., Omloo, W., Wiegers, G., Jellinek, F., 1968.
Structures and magnetic properties of some metal (I) chromium (III) sulfides and
selenides. J. Phys. Chem. Solids 29, 977-984. https://doi.org/10.1016/0022-3697
(68)90234-5.

British Geological Survey, Bureau de recherches géologiques et minieres, deloitte
sustainability, European commission, TNO, 2017a. Study on the review of the list of
critical raw materials : final report. EU Publ. 10.2873/876644.

British Geological Survey, Bureau de recherches géologiques et minieres, deloitte
sustainability, European commission, TNO, 2017b. Study on the review of the list of
critical raw materials : final report. EU Publ. 10.2873/876644.

Chancerel, P., Rotter, V.S., 2009. Assessing the management of small waste electrical and
electronic equipment through substance flow analysis - the example of gold in
Germany and the USA. In: 2009 IEEE International Symposium on Sustainable
Systems and Technology. Presented at the 2009 IEEE International Symposium on
Sustainable Systems and Technology, pp. 1-6. https://doi.org/10.1109/
ISSST.2009.5156718.

Chromium Market Size, Share & outlook report, 2020-2025 [WWW Document], 2020.
https://www.grandviewresearch.com/industry-analysis/chromium-market
(accessed 7.20.23).

Conte, F., Bondolfi, A., Gasser, M., Renner, N., Boni, H., Savi, D., Eppenberger, R.,
Villiger, A., Widmer, R., Gnos, R., Hug, G., Bill, A., 2020. SENS, Swico, SLRS —
technical report 2020 (technical report). SENS, SWICO, SLRS.

Crock, W.D., 2016. Mapping stocks and flows of neodymium: an assessment of
neodymium production and consumption in the Netherlands in 2010 and 2030.
Cui, J., Zhang, L., 2008. Metallurgical recovery of metals from electronic waste: a review.

J. Hazard. Mater. 158, 228-256. https://doi.org/10.1016/j.jhazmat.2008.02.001.

Dimitrakakis, E., Janz, A., Bilitewski, B., Gidarakos, E., 2009. Small WEEE: determining
recyclables and hazardous substances in plastics. J. Hazard. Mater. 161, 913-919.
https://doi.org/10.1016/j.jhazmat.2008.04.054.

Duarte, A.T., Dessuy, M.B., Silva, M.M., Vale, M.G.R., Welz, B., 2010. Determination of
cadmium and lead in plastic material from waste electronic equipment using solid
sampling graphite furnace atomic absorption spectrometry. Microchem. J., Brazil.
Nat. Meeting Analy. Chem. 2009 (96), 102-107. https://doi.org/10.1016/j.
microc.2010.02.008.

Eunomia Research & Consulting Ltd, 2018. Final implementation report for directives
2002/96/EC and 2012/19/EU on waste electrical and electronic equipment (WEEE):
2013-2015.

European Chemical Agency, 2021a. Substance information card chromium-ECHA
[WWW Document]. https://echa.europa.eu/substance-information/-/substa
nceinfo/100.028.324 (accessed 8.7.23).

European Chemical Agency, 2021b. Substance information - chromium trioxide [WWW
Document]. https://echa.europa.eu/substance-information/-/substanceinfo,/100.0
14.189 (accessed 1.23.22).

European Chemical Agency (ECHA), 2021a. Substance information card copper-ECHA
[WWW Document]. https://echa.europa.eu/substance-information/-/substancein
f0/100.028.326?_disssubsinfo_ WAR_disssubsinfoportlet_backURL=https%3A%2F%
2Fecha.europa.eu%2Finformation-on-chemicals%3Fp_p_id%3Ddisssimplesearchh
omepage_WAR _disssearchportlet%26p_p_lifecycle%3D0%26p_p_state%3Dnormal%
26p_p_mode%3Dview%26_disssimplesearchhomepage WAR _disssearchportlet_sess
ionCriteriald%3D (accessed 8.7.23).

European Chemical Agency (ECHA), 2021b. Substance information card indium-ECHA
[WWW Document]. https://echa.europa.eu/substance-information/-/substa
nceinfo/100.028.345 (accessed 8.7.23).


https://doi.org/10.1016/j.resconrec.2023.107243
https://doi.org/10.1016/j.enpol.2012.09.068
https://www.acs.org/content/dam/acsorg/greenchemistry/redesign/Research%20and%20Innovation/Endangered%20Elements/endangered-elements-neodymium.pdf
https://www.acs.org/content/dam/acsorg/greenchemistry/redesign/Research%20and%20Innovation/Endangered%20Elements/endangered-elements-neodymium.pdf
https://www.acs.org/content/dam/acsorg/greenchemistry/redesign/Research%20and%20Innovation/Endangered%20Elements/endangered-elements-neodymium.pdf
http://refhub.elsevier.com/S0921-3449(23)00377-4/sbref0003
http://refhub.elsevier.com/S0921-3449(23)00377-4/sbref0003
http://refhub.elsevier.com/S0921-3449(23)00377-4/sbref0003
http://refhub.elsevier.com/S0921-3449(23)00377-4/sbref0004
http://refhub.elsevier.com/S0921-3449(23)00377-4/sbref0004
https://doi.org/10.1080/15435070701839397
https://doi.org/10.2873/58081
https://doi.org/10.2873/331561
https://doi.org/10.2873/331561
https://doi.org/10.1016/0022-3697(68)90234-5
https://doi.org/10.1016/0022-3697(68)90234-5
https://doi.org/10.2873/876644
https://doi.org/10.2873/876644
https://doi.org/10.1109/ISSST.2009.5156718
https://doi.org/10.1109/ISSST.2009.5156718
https://www.grandviewresearch.com/industry-analysis/chromium-market
https://doi.org/10.1016/j.jhazmat.2008.02.001
https://doi.org/10.1016/j.jhazmat.2008.04.054
https://doi.org/10.1016/j.microc.2010.02.008
https://doi.org/10.1016/j.microc.2010.02.008
https://echa.europa.eu/substance-information/-/substanceinfo/100.028.324
https://echa.europa.eu/substance-information/-/substanceinfo/100.028.324
https://echa.europa.eu/substance-information/-/substanceinfo/100.014.189
https://echa.europa.eu/substance-information/-/substanceinfo/100.014.189
https://echa.europa.eu/substance-information/-/substanceinfo/100.028.326?_disssubsinfo_WAR_disssubsinfoportlet_backURL=https%3A%2F%2Fecha.europa.eu%2Finformation-on-chemicals%3Fp_p_id%3Ddisssimplesearchhomepage_WAR_disssearchportlet%26p_p_lifecycle%3D0%26p_p_state%3Dnormal%26p_p_mode%3Dview%26_disssimplesearchhomepage_WAR_disssearchportlet_sessionCriteriaId%3D
https://echa.europa.eu/substance-information/-/substanceinfo/100.028.326?_disssubsinfo_WAR_disssubsinfoportlet_backURL=https%3A%2F%2Fecha.europa.eu%2Finformation-on-chemicals%3Fp_p_id%3Ddisssimplesearchhomepage_WAR_disssearchportlet%26p_p_lifecycle%3D0%26p_p_state%3Dnormal%26p_p_mode%3Dview%26_disssimplesearchhomepage_WAR_disssearchportlet_sessionCriteriaId%3D
https://echa.europa.eu/substance-information/-/substanceinfo/100.028.326?_disssubsinfo_WAR_disssubsinfoportlet_backURL=https%3A%2F%2Fecha.europa.eu%2Finformation-on-chemicals%3Fp_p_id%3Ddisssimplesearchhomepage_WAR_disssearchportlet%26p_p_lifecycle%3D0%26p_p_state%3Dnormal%26p_p_mode%3Dview%26_disssimplesearchhomepage_WAR_disssearchportlet_sessionCriteriaId%3D
https://echa.europa.eu/substance-information/-/substanceinfo/100.028.326?_disssubsinfo_WAR_disssubsinfoportlet_backURL=https%3A%2F%2Fecha.europa.eu%2Finformation-on-chemicals%3Fp_p_id%3Ddisssimplesearchhomepage_WAR_disssearchportlet%26p_p_lifecycle%3D0%26p_p_state%3Dnormal%26p_p_mode%3Dview%26_disssimplesearchhomepage_WAR_disssearchportlet_sessionCriteriaId%3D
https://echa.europa.eu/substance-information/-/substanceinfo/100.028.326?_disssubsinfo_WAR_disssubsinfoportlet_backURL=https%3A%2F%2Fecha.europa.eu%2Finformation-on-chemicals%3Fp_p_id%3Ddisssimplesearchhomepage_WAR_disssearchportlet%26p_p_lifecycle%3D0%26p_p_state%3Dnormal%26p_p_mode%3Dview%26_disssimplesearchhomepage_WAR_disssearchportlet_sessionCriteriaId%3D
https://echa.europa.eu/substance-information/-/substanceinfo/100.028.326?_disssubsinfo_WAR_disssubsinfoportlet_backURL=https%3A%2F%2Fecha.europa.eu%2Finformation-on-chemicals%3Fp_p_id%3Ddisssimplesearchhomepage_WAR_disssearchportlet%26p_p_lifecycle%3D0%26p_p_state%3Dnormal%26p_p_mode%3Dview%26_disssimplesearchhomepage_WAR_disssearchportlet_sessionCriteriaId%3D
https://echa.europa.eu/substance-information/-/substanceinfo/100.028.345
https://echa.europa.eu/substance-information/-/substanceinfo/100.028.345

M.A. Wagner et al.

European Chemicals Agency (ECHA), 2023. Substance information - ECHA [WWW
Document]. https://echa.europa.eu/substance-information/-/substanceinfo/100.
100.047 (accessed 8.7.23).

European Chemicals Agency (ECHA), 2022. Hazard class table - ECHA [WWW
Document]. https://echa.europa.eu/support/mixture-classification/hazard-class
-table (accessed 8.7.23).

European Chemicals Agency (ECHA), 2021a. Substance information card magnesium-
ECHA [WWW Document]. https://echa.europa.eu/substance-information/-/subs
tanceinfo/100.028.276?_disssubsinfo WAR_disssubsinfoportlet backURL=https%3A
%2F%2Fecha.europa.eu%2Fsearch-for-chemicals%3Fp_p_id%3Ddisssimplesearch_
WAR _disssearchportlet%26p_p_lifecycle%3D0%26p_p_state%3Dnormal%26p_p_
mode%3Dview%26_disssimplesearch_ WAR_disssearchportlet_sessionCriteriald%
3DdissSimpleSearchSessionParam101401691438257805 (accessed 8.7.23).

European Chemicals Agency (ECHA), 2021b. Substance information card niobium-ECHA
[WWW Document]. https://echa.europa.eu/substance-information/-/substa
nceinfo/100.028.284 (accessed 8.7.23).

European Chemicals Agency (ECHA), 2021c. Substance information card neodymium-
ECHA [WWW Document]. https://echa.europa.eu/substance-information/-/subs
tanceinfo/100.028.281?_disssubsinfo_ WAR _disssubsinfoportlet_backURL=https%3A
%2F%2Fecha.europa.eu%2Fsearch-for-chemicals%3Fp_p_id%3Ddisssimplesearch_
WAR _disssearchportlet%26p_p_lifecycle%3D0%26p_p_state%3Dnormal%26p_p_
mode%3Dview%26_disssimplesearch WAR_disssearchportlet_sessionCriteriald%
3DdissSimpleSearchSessionParam101401691438582285 (accessed 8.7.23).

European Commission, 2020. Communication from the commission to the European
parliament, the council, the European economic and social committee and the
committee of the regions critical raw materials resilience: charting a path towards
greater security and sustainability.

European Commission, 2019. Report from the Commission to the European parliament,
the council, the European economic and Social Committee and the Committee of the
Regions On the Implementation of the Circular Economy Action Plan. EUR-Lex
Access Eur. Union Law.

European Commission, 2017a. Commission implementing regulation (EU) 2017/699, OJ
L.

European Commission, 2017b. Communication from the Commission to the European
Parliament, the Council, the European Economy and Social Committee and the
Committee of the Regions on the 2017 List of Critical Raw Materials for the EU.
European Commission, Brussels.

European Commission, 2013. Eurostat - EDAMIS-PROD - portal [WWW Document].
Eurostat - EDAMIS-PROD - portal. https://webgate.ec.europa.eu/edamis/login/inde
x.cfm?TargetUrl=disp_login (accessed 1.16.22).

European Commission, 2012a. Guidance On the Interpretation of Key Provisions of
Directive 2008/98/EC On Waste. Waste Framew. Dir.

European Commission, 2012b. Directive 2012/19/EU of the European parliament and of
the council of 4 July 2012 on waste electrical and electronic equipment (WEEE),
197.

European Commission, 2011. In: Communication from the commission to the European
parliament, the council, the European economic and social committee and the
committee of the regions tackling the challenges in commodity markets and on raw
materials. EUR-Lex Access Eur. Union Law.

European Commission, 2008a. In: Communication from the commission to the European
parliament and the council - the raw materials initiative : meeting our critical needs
for growth and jobs in Europe {SEC(2008) 2741}. EUR-Lex Access Eur. Union Law.

European Commission, 2008b. Annex of the raw materials initiative — meeting our
critical needs for growth and jobs in Europe {COM(2008) 699}. Commun. Comm.
Eur. Parliam. Counc.

European Commission, 2003. Directive 2002/96/EC of the European parliament and of
the council of 27 January 2003 on waste electrical and electronic equipment (WEEE)
- joint declaration of the European parliament, the council and the commission
relating to article 9, 037.

European Commission, 2021. 3rd Raw Materials Scoreboard: European innovation
Partnership On Raw Materials. Publications Office of the European Union, LU.

European Commission, Eurostat, 2022. Generation of waste by waste category,
hazardousness and NACE Rev. 2 activity [WWW Document]. https://ec.europa.eu/
eurostat/databrowser/view/env_wasgen/default/table?lang=en (accessed 1.23.22).

Exchangerates.org.uk, 2023. US Dollar to Euro Spot Exchange Rates For 2018 [WWW
Document]. US Dollar Euro Spot Exch. Rates, 2018. https://www.exchangerates.org.
uk/USD-EUR-spot-exchange-rates-history-2018.html (accessed 2.26.23).

Flanagan, D.M., 2022. U.S. geological survey minerals yearbook - 2018 - copper.

Forti, V., Balde, C.P., Kuehr, R., Bel, G., 2020. The global E-waste monitor 2020,
quantities, flows and the circular economy potential. In: United Nations University
(UNU)/united nations institute for training and research (UNITAR) -co-hosted
SCYCLE Programme, international telecommunication union (ITU) & international
solid waste association (ISWA), Bonn/Geneva/Rotterdam.

Forti, V., Baldé, K., Kuehr, R., 2018. E-waste statistics: guidelines on classifications,
reporting and indicators, second edition.

Garside, M., 2022. Neodymium oxide price globally 2009-2030 [WWW Document].
Statista. https://www.statista.com/statistics/450152/global-reo-neodymium-oxide-
price-forecast/(accessed 2.26.23).

Gémez, M., Xu, G., Li, J., Zeng, X., 2023. Securing indium utilization for high-tech and
renewable energy industries. Environ. Sci. Technol. 57, 2611-2624. https://doi.org/
10.1021/acs.est.2c07169.

Goonan, T.G., 2011. Rare earth elements: end use and recyclability (USGS Numbered
Series No. 2011-5094), Scientific Investigations Report. U.S. Geological Survey,
Reston, VA.

Grohol, M., Veeh, C., 2023. Study on the critical raw materials for the EU.

Resources, Conservation & Recycling 199 (2023) 107243

Habib, H., Wagner, M., Baldé, C.P., Martinez, L.H., Huisman, J., Dewulf, J., 2022. What
gets measured gets managed — does it? Uncovering the waste electrical and
electronic equipment flows in the European union. Resour. Conserv. Recycl. 181,
106222 https://doi.org/10.1016/j.resconrec.2022.106222.

Haxel, G., 2002. Rare Earth Elements: Critical Resources For High Technology. U.S.
Department of the Interior, U.S. Geological Survey.

Henderson, P., 2013. Rare Earth Element Geochemistry. Elsevier.

Hischier, R., Classen, M., Lehmann, M., Scharnhorst, W., 2007. Life cycle inventories of
electric and electronic equipment: production, use and disposal. Final rep. ecoinvent
data V2 0 18.

Horta Arduin, R., Mathieux, F., Huisman, J., Blengini, G.A., Charbuillet, C., Wagner, M.,
Baldé, C.P., Perry, N., 2020. Novel indicators to better monitor the collection and
recovery of (critical) raw materials in WEEE: focus on screens. Resour. Conserv.
Recycl. 157, 104772 https://doi.org/10.1016/j.resconrec.2020.104772.

Huisman, J., 2004. QWERTY and eco-efficiency analysis on treatment of CRT containing
appliances at Metallo-Chimique NV. Huisman Recycl. Res.

Huisman, J., 2003. The QWERTY/EE concept, quantifying recyclability and eco-
efficiency for end-of-life treatment of consumer electronic products.

Huisman, J., Baldé, K., 2013. EEE Mass Balance and Market Structure in belgium. Final
Rep. Comm. Recupel U. N. Univ.

Huisman, J., Botezatu, 1., Herreras-Martinez, L., Liddane, M., Hintsa, J., Luda di
Cortemiglia, V., Leroy, P., Vermeersch, E., Mohanty, S., van den Brink, S., Ghenciu,
B., Dimitrova, D., Nash, E., Shryane, T., Wieting, M., Kehoe, J., Balde, C.P., Magalini,
F., Zanasi, A., Ruini, F., Mannisto, T., Bonzio, A., 2015. Countering WEEE illegal
trade (CWIT) summary report, market assessment, legal analysis, crime analysis and
recommendations roadmap. Countering WEEE illegal trade (CWIT) consortium.

Huisman, J., Leroy, P., Tertre, F., Ljuggrend Séderman, M., Chancerel, P., Cassard, D.,
Lgvik, A.N., Wéger, P., Kushnir, D., Rotter, V.S., Mahlitz, P., Herreras, L., Emmerich,
J., Hallberg, A., Habib, H., Wagner, M.A., Downes, S., 2017a. Prospecting secondary
raw materials in the urban mine and mining wastes (ProSUM) - final report.

Huisman, J., Leroy, P., Tertre, F., Soderman, L.M., Chancerel, P., Cassard, D., Lgvik, A.N.,
Wager, P., Kushnir, D., Rotter, V.S., Mahlitz, P., Herreras, L., Emmerich, J., Hallberg,
A., Habib, H., Wagner, M.A., Downes, S., 2017b. Precious Metals and Critical Raw
Materials.

Huisman, J.v, Van der Maesen, M., Eijsbouts, R., Wang, F., Baldé, C., Wielenga, C., 2012.
The dutch WEEE flows. U. N. Univ. ISP-SCYCLE Bonn Ger. 15.

Johansson, N., Krook, J., Eklund, M., Berglund, B., 2013. An integrated review of
concepts and initiatives for mining the technosphere: towards a new taxonomy.

J. Clean. Prod., Special Volume 55, 35-44. https://doi.org/10.1016/j.
jclepro.2012.04.007.

Johnson, M., Fitzpatrick, C., Wagner, M., Huisman, J., 2018. Modelling the levels of
historic waste electrical and electronic equipment in Ireland. Resour. Conserv.
Recycl. 131, 1-16. https://doi.org/10.1016/j.resconrec.2017.11.029.

Karlsson, D., 2021. Laptops and smartphones - a gold mine? : a material flow analysis of
small electronics in a Swedish organisation with focus on metal resources.

Lee Bray, E., 2021. U.S. geological survey minerals yearbook - 2018 - magnesium.

Magalini, F., Baldé, K., Habib, H., 2014a. Quantifying waste of electric and electronic
equipment in Romania.

Magalini, F., Wang, F., Huisman, J., Kuehr, R., Baldé, K., van Straalen, V., Hestin, M.,
Lecerf, L., Sayman, U., Akpulat, O., 2014b. Study On Collection Rates of Waste
Electrical and Electronic Equipment (WEEE). EU Comm.

Mahlitz, P.M., Korf, N., Sperlich, K., Miinch, O., Rosslein, M., Rotter, V.S., 2020.
Characterizing the urban mine—simulation-based optimization of sampling
approaches for built-in batteries in WEEE. Recycling 5, 19. https://doi.org/10.3390/
recycling5030019.

Maurice, A.A., Dinh, K.N., Charpentier, N.M., Brambilla, A., Gabriel, J.-C.P., 2021.
Dismantling of printed circuit boards enabling electronic components sorting and
their subsequent treatment open improved elemental sustainability opportunities.
Sustainability 13, 10357. https://doi.org/10.3390/5u131810357.

Mihai, F.-C., Gnoni, M.-G., Meidiana, C., Ezeah, C., Elia, V., 2019. Waste electrical and
electronic equipment (WEEE): flows, quantities, and management—a global
scenario. Electronic Waste Management and Treatment Technology. Elsevier,
pp. 1-34.

Mining, U., 2015. Urban mining: concepts, terminology, challenges. Waste Manag 45,
1-3.

Montero, R., Guevara, A., dela Torre, E., 2012. Recovery of gold, silver, copper and
niobium from printed circuit boards using leaching column technique. J. Earth Sci.
Eng. 2, 590. https://doi.org/10.12691/aees-8-2-3.

Miinchen, D.D., Stein, R.T., Veit, H.M., 2021. Rare earth elements recycling potential
estimate based on end-of-life NdFeB permanent magnets from mobile phones and
hard disk drives in Brazil. Minerals 11, 1190. https://doi.org/10.3390/
min11111190.

Nilsson, N.H., COWL., Vandteknik, T. Institut. K., 2009. Development and use of
screening methods to determine chromium (VI) and brominated flame retardants in
electrical and electronic equipment. Danish Environmental Protection Agency
Copenhagen.

Nnorom, I.C., Osibanjo, O., 2009. Toxicity characterization of waste mobile phone
plastics. J. Hazard. Mater. 161, 183-188. https://doi.org/10.1016/j.
jhazmat.2008.03.067.

Oberle, B., Bringezu, S., Hatfield-Dodds, S., Hellweg, S., Schandl, H., Clement, J., 2019.
Global resources outlook: 2019. Int. Resour. Panel U. N. Envio Paris Fr.

OECD, 2015. Material Resources, Productivity and the Environment. Organisation for
Economic Co-operation and Development, Paris.

Oguchi, M., 2007. Study On Analysis of Lifespan Distribution and Product-Based Material
Flow of Electrical and Electronic Products. Dr. Thesis Yokohama Natl. Univ.

Padilla, A.J., 2021. U.S. geological survey minerals yearbook - 2018 - niobium.


https://echa.europa.eu/substance-information/-/substanceinfo/100.100.047
https://echa.europa.eu/substance-information/-/substanceinfo/100.100.047
https://echa.europa.eu/support/mixture-classification/hazard-class-table
https://echa.europa.eu/support/mixture-classification/hazard-class-table
https://echa.europa.eu/substance-information/-/substanceinfo/100.028.276?_disssubsinfo_WAR_disssubsinfoportlet_backURL=https%3A%2F%2Fecha.europa.eu%2Fsearch-for-chemicals%3Fp_p_id%3Ddisssimplesearch_WAR_disssearchportlet%26p_p_lifecycle%3D0%26p_p_state%3Dnormal%26p_p_mode%3Dview%26_disssimplesearch_WAR_disssearchportlet_sessionCriteriaId%3DdissSimpleSearchSessionParam101401691438257805
https://echa.europa.eu/substance-information/-/substanceinfo/100.028.276?_disssubsinfo_WAR_disssubsinfoportlet_backURL=https%3A%2F%2Fecha.europa.eu%2Fsearch-for-chemicals%3Fp_p_id%3Ddisssimplesearch_WAR_disssearchportlet%26p_p_lifecycle%3D0%26p_p_state%3Dnormal%26p_p_mode%3Dview%26_disssimplesearch_WAR_disssearchportlet_sessionCriteriaId%3DdissSimpleSearchSessionParam101401691438257805
https://echa.europa.eu/substance-information/-/substanceinfo/100.028.276?_disssubsinfo_WAR_disssubsinfoportlet_backURL=https%3A%2F%2Fecha.europa.eu%2Fsearch-for-chemicals%3Fp_p_id%3Ddisssimplesearch_WAR_disssearchportlet%26p_p_lifecycle%3D0%26p_p_state%3Dnormal%26p_p_mode%3Dview%26_disssimplesearch_WAR_disssearchportlet_sessionCriteriaId%3DdissSimpleSearchSessionParam101401691438257805
https://echa.europa.eu/substance-information/-/substanceinfo/100.028.276?_disssubsinfo_WAR_disssubsinfoportlet_backURL=https%3A%2F%2Fecha.europa.eu%2Fsearch-for-chemicals%3Fp_p_id%3Ddisssimplesearch_WAR_disssearchportlet%26p_p_lifecycle%3D0%26p_p_state%3Dnormal%26p_p_mode%3Dview%26_disssimplesearch_WAR_disssearchportlet_sessionCriteriaId%3DdissSimpleSearchSessionParam101401691438257805
https://echa.europa.eu/substance-information/-/substanceinfo/100.028.276?_disssubsinfo_WAR_disssubsinfoportlet_backURL=https%3A%2F%2Fecha.europa.eu%2Fsearch-for-chemicals%3Fp_p_id%3Ddisssimplesearch_WAR_disssearchportlet%26p_p_lifecycle%3D0%26p_p_state%3Dnormal%26p_p_mode%3Dview%26_disssimplesearch_WAR_disssearchportlet_sessionCriteriaId%3DdissSimpleSearchSessionParam101401691438257805
https://echa.europa.eu/substance-information/-/substanceinfo/100.028.276?_disssubsinfo_WAR_disssubsinfoportlet_backURL=https%3A%2F%2Fecha.europa.eu%2Fsearch-for-chemicals%3Fp_p_id%3Ddisssimplesearch_WAR_disssearchportlet%26p_p_lifecycle%3D0%26p_p_state%3Dnormal%26p_p_mode%3Dview%26_disssimplesearch_WAR_disssearchportlet_sessionCriteriaId%3DdissSimpleSearchSessionParam101401691438257805
https://echa.europa.eu/substance-information/-/substanceinfo/100.028.284
https://echa.europa.eu/substance-information/-/substanceinfo/100.028.284
https://echa.europa.eu/substance-information/-/substanceinfo/100.028.281?_disssubsinfo_WAR_disssubsinfoportlet_backURL=https%3A%2F%2Fecha.europa.eu%2Fsearch-for-chemicals%3Fp_p_id%3Ddisssimplesearch_WAR_disssearchportlet%26p_p_lifecycle%3D0%26p_p_state%3Dnormal%26p_p_mode%3Dview%26_disssimplesearch_WAR_disssearchportlet_sessionCriteriaId%3DdissSimpleSearchSessionParam101401691438582285
https://echa.europa.eu/substance-information/-/substanceinfo/100.028.281?_disssubsinfo_WAR_disssubsinfoportlet_backURL=https%3A%2F%2Fecha.europa.eu%2Fsearch-for-chemicals%3Fp_p_id%3Ddisssimplesearch_WAR_disssearchportlet%26p_p_lifecycle%3D0%26p_p_state%3Dnormal%26p_p_mode%3Dview%26_disssimplesearch_WAR_disssearchportlet_sessionCriteriaId%3DdissSimpleSearchSessionParam101401691438582285
https://echa.europa.eu/substance-information/-/substanceinfo/100.028.281?_disssubsinfo_WAR_disssubsinfoportlet_backURL=https%3A%2F%2Fecha.europa.eu%2Fsearch-for-chemicals%3Fp_p_id%3Ddisssimplesearch_WAR_disssearchportlet%26p_p_lifecycle%3D0%26p_p_state%3Dnormal%26p_p_mode%3Dview%26_disssimplesearch_WAR_disssearchportlet_sessionCriteriaId%3DdissSimpleSearchSessionParam101401691438582285
https://echa.europa.eu/substance-information/-/substanceinfo/100.028.281?_disssubsinfo_WAR_disssubsinfoportlet_backURL=https%3A%2F%2Fecha.europa.eu%2Fsearch-for-chemicals%3Fp_p_id%3Ddisssimplesearch_WAR_disssearchportlet%26p_p_lifecycle%3D0%26p_p_state%3Dnormal%26p_p_mode%3Dview%26_disssimplesearch_WAR_disssearchportlet_sessionCriteriaId%3DdissSimpleSearchSessionParam101401691438582285
https://echa.europa.eu/substance-information/-/substanceinfo/100.028.281?_disssubsinfo_WAR_disssubsinfoportlet_backURL=https%3A%2F%2Fecha.europa.eu%2Fsearch-for-chemicals%3Fp_p_id%3Ddisssimplesearch_WAR_disssearchportlet%26p_p_lifecycle%3D0%26p_p_state%3Dnormal%26p_p_mode%3Dview%26_disssimplesearch_WAR_disssearchportlet_sessionCriteriaId%3DdissSimpleSearchSessionParam101401691438582285
https://echa.europa.eu/substance-information/-/substanceinfo/100.028.281?_disssubsinfo_WAR_disssubsinfoportlet_backURL=https%3A%2F%2Fecha.europa.eu%2Fsearch-for-chemicals%3Fp_p_id%3Ddisssimplesearch_WAR_disssearchportlet%26p_p_lifecycle%3D0%26p_p_state%3Dnormal%26p_p_mode%3Dview%26_disssimplesearch_WAR_disssearchportlet_sessionCriteriaId%3DdissSimpleSearchSessionParam101401691438582285
http://refhub.elsevier.com/S0921-3449(23)00377-4/sbref0032
http://refhub.elsevier.com/S0921-3449(23)00377-4/sbref0032
http://refhub.elsevier.com/S0921-3449(23)00377-4/sbref0032
http://refhub.elsevier.com/S0921-3449(23)00377-4/sbref0032
http://refhub.elsevier.com/S0921-3449(23)00377-4/sbref0034
http://refhub.elsevier.com/S0921-3449(23)00377-4/sbref0034
http://refhub.elsevier.com/S0921-3449(23)00377-4/sbref0034
http://refhub.elsevier.com/S0921-3449(23)00377-4/sbref0034
https://webgate.ec.europa.eu/edamis/login/index.cfm?TargetUrl=disp_login
https://webgate.ec.europa.eu/edamis/login/index.cfm?TargetUrl=disp_login
http://refhub.elsevier.com/S0921-3449(23)00377-4/sbref0036
http://refhub.elsevier.com/S0921-3449(23)00377-4/sbref0036
http://refhub.elsevier.com/S0921-3449(23)00377-4/sbref0038
http://refhub.elsevier.com/S0921-3449(23)00377-4/sbref0038
http://refhub.elsevier.com/S0921-3449(23)00377-4/sbref0038
http://refhub.elsevier.com/S0921-3449(23)00377-4/sbref0038
http://refhub.elsevier.com/S0921-3449(23)00377-4/sbref0039
http://refhub.elsevier.com/S0921-3449(23)00377-4/sbref0039
http://refhub.elsevier.com/S0921-3449(23)00377-4/sbref0039
http://refhub.elsevier.com/S0921-3449(23)00377-4/sbref0040
http://refhub.elsevier.com/S0921-3449(23)00377-4/sbref0040
http://refhub.elsevier.com/S0921-3449(23)00377-4/sbref0040
http://refhub.elsevier.com/S0921-3449(23)00377-4/sbref0042
http://refhub.elsevier.com/S0921-3449(23)00377-4/sbref0042
https://ec.europa.eu/eurostat/databrowser/view/env_wasgen/default/table?lang=en
https://ec.europa.eu/eurostat/databrowser/view/env_wasgen/default/table?lang=en
https://www.exchangerates.org.uk/USD-EUR-spot-exchange-rates-history-2018.html
https://www.exchangerates.org.uk/USD-EUR-spot-exchange-rates-history-2018.html
http://refhub.elsevier.com/S0921-3449(23)00377-4/sbref0046
http://refhub.elsevier.com/S0921-3449(23)00377-4/sbref0046
http://refhub.elsevier.com/S0921-3449(23)00377-4/sbref0046
http://refhub.elsevier.com/S0921-3449(23)00377-4/sbref0046
http://refhub.elsevier.com/S0921-3449(23)00377-4/sbref0046
https://www.statista.com/statistics/450152/global-reo-neodymium-oxide-price-forecast/
https://www.statista.com/statistics/450152/global-reo-neodymium-oxide-price-forecast/
https://doi.org/10.1021/acs.est.2c07169
https://doi.org/10.1021/acs.est.2c07169
https://doi.org/10.1016/j.resconrec.2022.106222
http://refhub.elsevier.com/S0921-3449(23)00377-4/sbref0053
http://refhub.elsevier.com/S0921-3449(23)00377-4/sbref0053
http://refhub.elsevier.com/S0921-3449(23)00377-4/sbref0054
https://doi.org/10.1016/j.resconrec.2020.104772
http://refhub.elsevier.com/S0921-3449(23)00377-4/sbref0057
http://refhub.elsevier.com/S0921-3449(23)00377-4/sbref0057
http://refhub.elsevier.com/S0921-3449(23)00377-4/sbref0059
http://refhub.elsevier.com/S0921-3449(23)00377-4/sbref0059
https://doi.org/10.1016/j.jclepro.2012.04.007
https://doi.org/10.1016/j.jclepro.2012.04.007
https://doi.org/10.1016/j.resconrec.2017.11.029
http://refhub.elsevier.com/S0921-3449(23)00377-4/sbref0069
http://refhub.elsevier.com/S0921-3449(23)00377-4/sbref0069
http://refhub.elsevier.com/S0921-3449(23)00377-4/sbref0069
https://doi.org/10.3390/recycling5030019
https://doi.org/10.3390/recycling5030019
https://doi.org/10.3390/su131810357
http://refhub.elsevier.com/S0921-3449(23)00377-4/sbref0072
http://refhub.elsevier.com/S0921-3449(23)00377-4/sbref0072
http://refhub.elsevier.com/S0921-3449(23)00377-4/sbref0072
http://refhub.elsevier.com/S0921-3449(23)00377-4/sbref0072
http://refhub.elsevier.com/S0921-3449(23)00377-4/sbref0073
http://refhub.elsevier.com/S0921-3449(23)00377-4/sbref0073
https://doi.org/10.12691/aees-8-2-3
https://doi.org/10.3390/min11111190
https://doi.org/10.3390/min11111190
https://doi.org/10.1016/j.jhazmat.2008.03.067
https://doi.org/10.1016/j.jhazmat.2008.03.067
http://refhub.elsevier.com/S0921-3449(23)00377-4/sbref0079
http://refhub.elsevier.com/S0921-3449(23)00377-4/sbref0079
http://refhub.elsevier.com/S0921-3449(23)00377-4/sbref0080
http://refhub.elsevier.com/S0921-3449(23)00377-4/sbref0080

M.A. Wagner et al.

Parajuly, K., Habib, K., Liu, G., 2017. Waste electrical and electronic equipment (WEEE)
in Denmark: flows, quantities and management. Resour. Conserv. Recycl. 123,
85-92. https://doi.org/10.1016/j.resconrec.2016.08.004.

Salhofer, S., Spitzbart, M., Maurer, K., 2011. Recycling of LCD screens in Europe - state of
the art and challenges. In: Hesselbach, J., Herrmann, C. (Eds.), Glocalized Solutions
for Sustainability in Manufacturing. Springer, Berlin Heidelberg, pp. 454-458.

Schulte, R.F., 2021. U.S. geological survey minerals yearbook - 2018 - chromium.

Schulz, K.J., Piatak, N.M., Papp, J.F., 2017. Niobium and tantalum. US Geological
Survey.

Schuyler Anderson, C., 2021. U.S. Geological Survey Minerals Yearbook - 2018 - Indium.

Shapiro, A.E., 1999. AWS Brazing Handbook: Magnesium and Magnesium Alloys. ASM
International.

Shittu, O.S., Williams, I.D., Shaw, P.J., 2022. Prospecting reusable small electrical and
electronic equipment (EEE) in distinct anthropogenic spaces. Resour. Conserv.
Recycl. 176, 105908 https://doi.org/10.1016/j.resconrec.2021.105908.

Steinitz, M., 1986. Physical properties of chromium. J. Magn. Magn. Mater. 60, 137-144.

Stowell, A., Yumashev, D., Downes, S., 2019. WOT?: insights into the flows and fates of e-
waste in the UK.

Swain, B., Lee, C.G., 2019. Commercial indium recovery processes development from
various e-(industry) waste through the insightful integration of valorization
processes: a perspective. Waste Manag 87, 597-611. https://doi.org/10.1016/j.
wasman.2019.02.042.

Tanaka, A., 2004. Toxicity of indium arsenide, gallium arsenide, and aluminium gallium
arsenide. Toxicol. Appl. Pharmacol., Arsenic Biol. Med. 198, 405-411. https://doi.
0rg/10.1016/j.taap.2003.10.019.

Thornton, J.R., Fountain, W.D., Flint, G.W., Crow, T.G., 1969. Properties of neodymium
laser materials. Appl. Opt. 8, 1087-1102. https://doi.org/10.1364/A0.8.001087.

Townsend, T.G., 2011. Environmental issues and management strategies for waste
electronic and electrical equipment. J. Air Waste Manag. Assoc. 61, 587-610.
https://doi.org/10.3155/1047-3289.61.6.587.

10

Resources, Conservation & Recycling 199 (2023) 107243

Ueberschaar, M., Dariusch Jalalpoor, D., Korf, N., Rotter, V.S., 2017. Potentials and
barriers for tantalum recovery from waste electric and electronic equipment. J. Ind.
Ecol. 21, 700-714. https://doi.org/10.14279/depositonce-6369.

U.S. Geological Survey, 2019. Mineral Commodity Summaries 2019. U.S. Geological
Survey.

Van Eygen, E., De Meester, S., Tran, H.P., Dewulf, J., 2016. Resource savings by urban
mining: the case of desktop and laptop computers in Belgium. Resour. Conserv.
Recycl. 107, 53-64. https://doi.org/10.1016/j.resconrec.2015.10.032.

van Nielen, S.S., Sprecher, B., Verhagen, T.J., Kleijn, R., 2023. Towards neodymium
recycling: analysis of the availability and recyclability of European waste flows.

J. Clean. Prod. 394, 136252 https://doi.org/10.1016/j.jclepro.2023.136252.

Vexler, D., Bertram, M., Kapur, A., Spatari, S., Graedel, T.E., 2004. The contemporary
Latin American and Caribbean copper cycle: 1 year stocks and flows. Resour.
Conserv. Recycl. 41, 23-46. https://doi.org/10.1016/j.resconrec.2003.08.002.

Wagner, M.A., Huisman, J., Lgvik, A.N., Habib, H., Mahlitz, P., van der Voet, E., 2021.
Methodology to prospect electronics compositions and flows, illustrated by material
trends in printed circuit boards. J. Clean. Prod. 307, 127164 https://doi.org/
10.1016/j.jclepro.2021.127164.

WEEE Forum, 2019. Key figures | WEEE forum [WWW Document]. https://weee-forum.
org/key-figures/(accessed 1.16.22).

Werner, T.T., Mudd, G.M., Jowitt, S.M., 2015. Indium: key issues in assessing mineral
resources and long-term supply from recycling. Appl. Earth Sci. 124, 213-226.
https://doi.org/10.1179/1743275815Y.0000000007.

Wilburn, D.R., Goonan, T.G., Bleiwas, D.I., 2001. Technological Advancement, a Factor
in Increasing Resource Use. US Geological Survey. US Department of the Interior.

Wolk-Lewanowicz, A., James, K., Huisman, J., Habib, H., Wagner, M.A., Herreras, L.,
Chancerel, P., 2016. Project reports | ProSUM, deliverable 3.2: assessment of
complementary waste flows [WWW Document]. http://www.prosumproject.eu/pro
ject-reports (accessed 2.14.19).

Zhang, T., Wang, X., Li, T., Guo, Q., Yang, J., 2014. Fabrication of flexible copper-based
electronics with high-resolution and high-conductivity on paper via inkjet printing.
J. Mater. Chem. C 2, 286-294. https://doi.org/10.1039/C3TC31740D.


https://doi.org/10.1016/j.resconrec.2016.08.004
http://refhub.elsevier.com/S0921-3449(23)00377-4/sbref0083
http://refhub.elsevier.com/S0921-3449(23)00377-4/sbref0083
http://refhub.elsevier.com/S0921-3449(23)00377-4/sbref0083
http://refhub.elsevier.com/S0921-3449(23)00377-4/sbref0087
http://refhub.elsevier.com/S0921-3449(23)00377-4/sbref0087
https://doi.org/10.1016/j.resconrec.2021.105908
http://refhub.elsevier.com/S0921-3449(23)00377-4/sbref0089
https://doi.org/10.1016/j.wasman.2019.02.042
https://doi.org/10.1016/j.wasman.2019.02.042
https://doi.org/10.1016/j.taap.2003.10.019
https://doi.org/10.1016/j.taap.2003.10.019
https://doi.org/10.1364/AO.8.001087
https://doi.org/10.3155/1047-3289.61.6.587
https://doi.org/10.14279/depositonce-6369
http://refhub.elsevier.com/S0921-3449(23)00377-4/sbref0096
http://refhub.elsevier.com/S0921-3449(23)00377-4/sbref0096
https://doi.org/10.1016/j.resconrec.2015.10.032
https://doi.org/10.1016/j.jclepro.2023.136252
https://doi.org/10.1016/j.resconrec.2003.08.002
https://doi.org/10.1016/j.jclepro.2021.127164
https://doi.org/10.1016/j.jclepro.2021.127164
https://weee-forum.org/key-figures/
https://weee-forum.org/key-figures/
https://doi.org/10.1179/1743275815Y.0000000007
http://refhub.elsevier.com/S0921-3449(23)00377-4/sbref0103
http://refhub.elsevier.com/S0921-3449(23)00377-4/sbref0103
http://www.prosumproject.eu/project-reports
http://www.prosumproject.eu/project-reports
https://doi.org/10.1039/C3TC31740D

	Unlocking the potential of e-waste: A material quantification analysis of Cu, Cr, In, Mg, Nb, and Nd in the EU
	1 Introduction
	2 Materials and methods
	2.1 System boundary of this research
	2.2 Methodology and data sources to quantify WEEE flows
	2.3 Methodology and data sources to quantify material composition in WEEE flows

	3 Results and discussion
	3.1 Quantification of selected elements from 2010 to 2018
	3.2 Quantification of EOL flows of selected elements in 2018

	4 Conclusions
	CRediT authorship contribution statement
	Declaration of Competing Interest
	Data availability
	Acknowledgements
	Supplementary materials
	References


