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Publishable Summary

This deliverable report D5.1 developed within the scope of the MAGELLAN project, assesses
the technical and economic feasibility of sourcing Heavy Rare Earth Elements (HREES) from
end-of-life (EoL) products as a means to strengthen Europe’s supply chain resilience and
reduce reliance on imported critical raw materials. REES, comprising the 15 lanthanides along
with scandium and yttrium, are essential components in clean energy technologies. Among
them, dysprosium, terbium, and yttrium (classified as HREES) are especially vital due to their
role in enhancing the performance and thermal stability of Nd-Fe-B magnets used in electric
vehicles and wind turbines.

China dominates the REE supply chain, controlling a significant portion of extraction,
processing, and manufacturing, including the production of rare earth magnets. Specifically,
China produces around 69% of the world's REEs, processes 85-90% of them, and
manufactures approximately 90% of rare earth magnets.

Published one year after the adoption of the EU Critical Raw Materials Act (CRM Act), which

sets ambitious targets for domestic mining, processing, and recycling, this study explores the
viability of enhancing HREE recycling from EoL sources. Key challenges include high labour
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costs for manual dismantling, the adoption of REE thrifting technologies such as Grain
Boundary Diffusion (GBD), and reduced EoL input volumes due to market downturns.

Despite these barriers, this report highlights the potential of recent regulatory and industrial
developments, including the recent designation of five strategic projects targeting the
processing of REE in the EU, to catalyse improvements in collection and recycling. Ultimately,
enhancing recycling synergies is identified as a critical pathway for reducing import
dependence and achieving a circular and resilient REE supply chain aligned with Europe’s
climate and digital transition objectives.
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Glossary

Term Explanation

ACC Automotive Catalytic Converters

CRM Critical Raw Materials

CRM Act Critical Raw Materials Act

DERA DEutschen RohstoffAgentur - German Mineral Resources

Agency

EEE Electrical and Electronic Equipment

ELV End of Life Vehicles

EoL End of Life

EPR Extended Producer Responsibility

ERMA European Raw Materials Alliance

EU European Union

EV Electric Vehicle

EVTM Electric Vehicle Traction Motor

HREE Heavy Rare Earth Elements

FEBELAUTO ;erolﬁ;a&o;nzgé_rgir(]jteo:AELE;I'/Omobile - Belgian organization
GBD Grain Boundary Diffusion

ICE Internal Combustion Engine

ISO International Organization for Standardization

LREE Light Rare Earth Elements

OEM Original Equipment Manufacturer

PGM Platinum Groupe Metals

PM Permanent Magnets

RECUPEL REC.Upératior? de's Petits El'ectroménagers et Lampes -

Belgian organisation collecting used lamps and WEEE

REE Rare Earth Elements

WEEE Waste Electrical and Electronic Equipment

WP Work Package
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1. Introduction

The MAGELLAN HORIZON project, which stands for “MAGnets in rEsiLient suppLy chAiNs”,
is a groundbreaking initiative aiming to develop a cost-effective and advanced solution for
electric vehicle traction motors (EVTMSs) in Europe to engineer a highly efficient and
sustainable Rare Earth Elements (REE) Permanent Magnet (PM) value chain. This Deliverable
D5.1 report is established within the framework of MAGELLAN to assess the feasibility of
responsible sourcing of Heavy Rare Earth Elements (HREE) by collection and recycling of EoL
products, in alignment with Europe's broader strategic objectives, particularly in the context of
electric mobility and renewable energy technologies.

One of the core principles of the MAGELLAN project is the recognition that a substantial body
of research on REE has already been funded by the EU through various projects. To build on
this foundation, the project aims to avoid duplicating past efforts by referencing existing work
and recent scientific publications where possible, while seeking to deliver added value by
incorporating direct, real-world insights from project partners.

REEs are a group of 17 chemically similar metallic elements—comprising the 15 lanthanides,
plus scandium and yttrium—renowned for their uniqgue magnetic, luminescent, and
electrochemical properties. They are commonly divided into two categories based on atomic
weight:
e Light Rare Earth Elements (LREE): from lanthanum (La) to samarium (Sm)
e Heavy Rare Earth Elements (HREE): including gadolinium (Gd), terbium (Tb),
dysprosium (Dy), and extending to lutetium (Lu), as well as yttrium (Y) and scandium
(Sc)
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Figure 1. Periodic table of elements with LREE and HREE highlighted35 [1].

Among the HREE, Dy, Tb and Y are particularly critical due to their limited global supply and
indispensable role in clean technology applications. Dy and Th are frequently alloyed with
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neodymium (Nd) in Nd-Fe-B magnets to enhance thermal stability and resistance to
demagnetization, key properties for high-performance electric motors and wind turbines.

This analysis comes one year after the adoption of the EU Critical Raw Materials Act (CRM
Act), a cornerstone legislative framework aimed at securing a stable, sustainable supply of
critical materials essential to Europe’s green and digital transitions by 2030. The CRM Act sets
clear targets for strategic raw material autonomy:

e At least 10% of annual consumption to come from domestic mining;

o At least 40% of processing capacity to be located within the EU;

e At least 25% of demand to be met through recycling of end-of-life products.

In particular, Articles 28 and 29 of the CRM Act are expected to significantly impact the PM
value chain by mandating minimum recycled contents and promoting design-for-recycling
standards. However, several persistent challenges continue to hinder progress:
¢ High labour costs associated with manual dismantling in Europe;
e Technological shifts, such as the adoption of Grain Boundary Diffusion (GBD), which
reduce HREE (Dy and/or Th) content in magnets and limit their recycling value;
e Market constraints, including a sharp 24% increase in new vehicle prices over the past
three years, which has contributed to a steep decline in vehicle sales across Europe in
2025, thereby shrinking the future available EoL resource base.

This report also connects with the MAGELLAN project Deliverable D5.2 discussion on
responsible sourcing from the primary sector. Given the low probability of achieving significant
domestic REE mining output by 2030, the evidence increasingly points to recycling synergies
as a key pathway toward European self-sufficiency. Encouragingly, recent policy momentum,
including the EU’s endorsement of five strategic REE processing projects, and growing
investment in domestic refining capacity indicate a promising trajectory. In the short term,
expanded REE processing capabilities could act as a catalyst to improve collection and
dismantling efforts. Over time, such developments will be critical to optimizing HREE recycling,
reducing import dependence, and building a more resilient, circular, and autonomous supply
chain.
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2. Overview of EU collection schemes and benchmarking
with Belgian and German situations

2.1. Europe

PM are present in End-of-Life vehicles (ELV) and in Waste Electrical and Electronic equipment
(WEEE), this second category comprising a great diversity of consumer products. Before
providing an overview of the situations in Belgium and Germany a review of the situation in the
EU provides some global context.

Within the broad perspective of the Circular Economy Action Plan, the EU has prioritised the
transition to a circular economy, aiming to keep resources in use for as long as possible,
thereby reducing waste and promoting sustainable consumption.

The EU has published five Critical Raw Materials (CRM) lists. The first one in 2011 contained
REE as did all subsequent ones in 2014, 2017, 2020 and 2023. It is noteworthy that in 2014,
the EU started to make the distinction between LREE and HREE in the CRM list and they have
been reported in every list since then up until the latest 2023 list serving as a basis for the
Critical Raw Materials Act (CRM Act).

At the same time, a series of regulatory measures have been introduced to enhance recycling
efforts and strengthen the resilience of the CRM supply chain, as outlined below.

1. Since 2003, the EU has implemented a Waste Electrical and Electronic Equipment
(WEEE) Directive which sets requirements for the collection, treatment, recycling, and
recovery of electronic waste, including devices containing REE permanent magnets

2].

2. The EU ELV Directive sets clear targets for the reuse, recycling and recovery of ELVs
and aims to prevent and limit waste from end-of-life vehicles and their components as
well as improve the environmental performance of all economic operators involved in
the life cycle of vehicles. A review of the ELV Directive was launched in 2021, resulting
in a proposal for a new regulation in 2023. In 2025, the European Union will implement
new legislative measures concerning the export of vehicles, requiring that all
transactions be settled in full before the vehicle can be exported.

3. Since 1993, EU law on the shipment of waste includes rules for transporting waste
across borders. More recently, the EU tabled a revision of the waste shipment
regulation to ensure that the EU does not export its waste problems, to make shipments
for reuse or recycling within the EU easier and to tackle illegal waste shipments. The
new regulation on waste shipments entered into force in May 2024 [3].

4. In September 2020, the European Raw Materials Alliance (ERMA) was launched to
ensure reliable, secure and sustainable access to raw materials as key enablers for a
globally competitive, green, and digital Europe with an initial focus on increasing the
EU resilience in the rare earth magnet and motor value chain [4]. In September 2021,
ERMA released its Action Plan to secure access to REE for European industry. Entitled
“Rare Earth Magnets and Motors: A European Call for Action”, the report outlines
current and projected European demand for REE and steps which should be taken to
secure their supply [5].
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As the most recent legislative event, in March 2024 the Council of the EU gave its final approval
to the CRM Act which aims to ensure the EU's access to a secure, diversified, affordable and
sustainable supply of CRM[6]. In addition to an updated list of CRM, the CRM Act identifies a
list of strategic raw materials, which are crucial to technologies important to Europe's green
and digital ambitions and for defence and space applications, while being subject to potential
supply risks in the future. The Regulation, which entered into force on 23 May 2024, embeds
both the critical and strategic raw materials lists in EU law and sets clear benchmarks for
domestic capacity and to diversify EU supply by 2030:

e Atleast 10% of the EU's annual consumption for extraction,

o At least 40% of the EU's annual consumption for processing,

o At least 25% of the EU's annual consumption for recycling,

¢ Not more than 65% of the Union's annual consumption of each strategic raw material

at any relevant stage of processing from a single third country.

Moreover, the EU has moved forward on the front of Collection Schemes with the two following
initiatives:

e Many EU countries have implemented Extended Producer Responsibility (EPR)
schemes, whereby manufacturers are responsible for the collection and recycling of
their products at the end of their life.

e Some EU Member States have established take-back programmes for electronic
devices, ensuring that REE-containing products are properly collected and massified
to provide an opportunity for eventual recycling.

2.2. Belgium
The situation in Belgium can be highlighted by the following aspects.

2.2.1 End-of-life vehicles (ELV)

In Belgium, the handling of ELV is regulated by both European and national laws. The
European legislation Directive 2000/53/EC mandates strict requirements for ELV collection,
recycling, and recovery: a reuse and recovery rate of 95% of the vehicles' weight, of which
85% must be reused or recycled, and 10% recovered as energy, which are implemented
through regional decrees in Flanders, Wallonia, and Brussels-Capital.

ELV must be delivered to an approved centre, Belgium counting more than 120 such centres.
They are the only entities permitted to handle and recycle vehicle wrecks, as ELV are classified
as hazardous waste.

FEBELAUTO is the Belgian organization entrusted with the management of ELV and the
batteries used in hybrid and electric vehicles (HEVS). Their mission is to ensure the efficient
collection, treatment, and recycling of these vehicles and batteries. They provide guidance and
support to individuals, last professional owners, authorized centres, recycling operators, and
authorities to facilitate compliance with these regulations.

The mission of FEBELAUTO is crucial for ensuring environmental protection and regulatory
compliance in the disposal and recycling of ELV and batteries. They have been managing the
recycling of end-of-life vehicles and batteries since 1999, organizing recycling obligations on
behalf of vehicle manufacturers and importers collectively.

The European directive and regional legislation mandate a 95% recovery rate for ELVs.

Belgium exceeds this target, achieving a recovery rate of 97.7%, positioning the country as a
global leader in ELV recycling.
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In 2023, 63,592 ELV were collected by Belgian authorized centres, representing 67,297 tons.
The average ELV age is increasing with the 2023 number showing 18.5 years. It means also
that electric and hybrid EVL will begin to enter significantly the circular value chain in 8 — 15
years. Figure 2 illustrates the number of vehicles collected against their manufacturing year,
on a yearly basis.

4000

3000

2000

1000

Figure 2 : Collected ELV: amount vs vehicle construction year [7]

Before any treatment, ELV must be depolluted. This step includes draining hazardous fluids
such as oils, fuels, and coolants. Harmful components, such as batteries, airbags, and catalytic
converters, are also removed and treated separately.

After depollution, vehicles are dismantled to recover reusable parts. Components such as
engines, transmissions, and body parts can be sold on the second-hand market, thus
contributing to the circular economy.

The vehicle carcasses are then shredded, and materials are separated. Ferrous and non-
ferrous metals, plastics, glass, and other materials are sorted for recycling or recovery. This
step is essential to meet the recycling rates imposed by European legislation.

In Belgium the re-use rate reaches 23% of the mass of collected ELV, and 70% is recycled. A
specific value chain has been set up for the battery components, through the RECUPEL and
BEBAT organisations (see below). No specific PM recycling value chain is in place today.

2.2.2 Waste Electrical Electronic Equipment (WEEE)
The European legislation Directive 2012/19/EU mandates strict requirements for WEEE
collection, recycling, and recovery. Belgium has transposed the EU WEEE Directive into
national law, establishing collection targets and obligations for producers:

1. For the Flemish Region: the December 23, 2011, decree concerning sustainable
management of material cycles and waste from the Flemish government or the website
of the Public Waste Agency of Flanders (OVAM).

2. Forthe Walloon Region: the decrees of March 10, 2005, and September 23, 2010, from
the Walloon government or the website of the Walloon Public Service (SPW).

3. For the Brussels-Capital Region: the decree from the Brussels-Capital government of
June 3, 2004, or the website of the Brussels Institute for Environmental Management
(IBGE-BIM).
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Coordination between the regions and federal authorities in this area is ensured by the expert
commissions "Waste" and "Sustainable Production and Consumption” of the Coordination
Committee for International Environmental Policy (CCPIE).

The federal elements of the WEEE Directive have been jointly transposed with the Restriction
of Hazardous Substances (RoHS) directive 2011/65/EU in the royal decree of October 12,
2004, relating to the prevention of hazardous substances in electrical and electronic
equipment, better known as the "Royal Decree RoHS".

To coordinate the management of WEEE in Belgium, RECUPEL, a non-profit organization,
was founded in 2001. Its mission is to:

¢ Facilitate the collection and recycling of used electrical and electronic devices.

o Collaborate with various partners, including device producers and importers,
transporters, recycling companies, and regional authorities.

¢ Minimize environmental impact by reducing the number of harmful substances that can
end up in nature.

e Promote the reuse of valuable raw materials extracted from defective devices.

e Encourage the repair and second life of devices to save resources and reduce waste.

Recupel counts over 4,000 members such as manufacturers and importers of electrical and
electronic devices and electric light bulbs. A contribution is levied on the purchase of every
new device to finance the organization of waste management. In 2019 the BeWeee platform
was launched to comply with the European reporting obligations for Electrical and Electronic
Equipment (EEE) and WEEE.

In 2022 nearly 120,000,000 kg of devices and bulbs were collected, representing 41,000,000
individual WEEE units and 8,600,000 electric light bulbs. In 2022, 3,818,805 kg of household
appliances started a second life in reuse centres and recycling shops.

In total, 90% of the materials contained in electrical devices are recycled on average in
Belgium.

Every three years, RECUPEL launches a call for tender for the recycling of white goods, small
household appliances. Comet Traitements has been successfully selected and operates half
of this market. Electric scooters and e-bikes are handled by Comet and dismantled. Their rotors
are separated to recover their PM’s. It represents a potential business, but at this stage this is
only in development as the market price is not yet fixed and depends on multiple factors : REE
content, recycling process efficiency and costs, secondary PM’s market price, etc. While
electric scooters and e-bikes are generally assumed to be light mobility consumers goods, they
are considered as WEEE. Comet Traitements is one of the main operators to handle this new
type of waste in Belgium.

At the level of Wallonia, the regional Government adopted the 3 Walloon Waste Plan in March
2018. Its overall strategy was built around the notion of “Waste-Resource” and is notably aimed
at sorting, recycling and valorising the waste.

Of note, Section 5.9 is entirely dedicated to REE. The platform Reverse Metallurgy mentioned

in this section provided ULiége with the opportunity to develop its REEFINE project with Comet
Traitements for the hydrometallurgical recovery of Mixed Rare Earth Oxides (MREO).
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2.2.3 Collection and recycling of PM

At present, there are no REE circular value chain and organized collection scheme in Belgium.
RECUPEL set up a sister organisation, BEBAT to collect and enable the recycling of batteries.
FEBELAUTO did the same for collecting tires.

However, no specific organisation has been created more specifically for PMs.

It is now up to the recycling companies to develop their collection, dismantling and recycling
value chain, taking advantage of existing ELV and WEEE collection value chains. In Belgium,
some recycling companies including Comet Traitements are pioneering this new value chain.

Inventory of REE contained in WEEE and ELV is still to be achieved. A limited number of
companies, such as Carester and Veolia in France, have started establishing such inventories
on a voluntary basis. It should be noticed that several large industrial big players like Umicore
and Solvay, located in Belgium are developing processes to recover REE at industrial level.

2.3. Germany
The situation in Germany can be highlighted by the following aspects.

2.3.1 End-of-life vehicles (ELV)

In Germany, the collection and recycling of EoL vehicles is regulated by the ELVe Ordinance
(Altfahrzeug-Verordnung [8]). This legislation aims to minimize waste from vehicles, promote
recycling, and reduce environmental impact by ensuring that at least 95% of the vehicle's
weight is reused or recovered.

Owners of ELV are required to return their cars to authorized reception points, take-back points
or dismantling facilities. Reception and take-back points only accept ELV which are then
forwarded to authorized dismantling companies for actual treatment. These reception points
are usually car workshops. If a reception point accepts ELV of a specific brand free of charge
on behalf of a car manufacturer, it becomes a so-called take-back point.

Dismantling facilities treat the ELV received directly or via collection and return centres and
then pass on the so-called residual bodies to shredder plants or other facilities for further
treatment [9]. The treatment of an ELV in a dismantling company includes draining, mandatory
dismantling of certain components (such as instance catalytic converters, wheel rims, windows
and glass roofs and large plastic and metal components which are not separated during or
after shredding), and the recovery of spare parts by dismantling additional components.

Manufacturers and importers of vehicles are obliged under Section 3 of the ELV Ordinance to
take back from the last holder all ELV of their brands free of charge. To this end, manufacturers
and importers must establish nationwide networks of return facilities. These return networks
consist of recognized take-back points and dismantling companies with a density compliant
with a maximum distance of 50 kilometres between the residence of the last holder and the
nearest return facility. The last holder is responsible for any transport costs to the nearest
return facility. Only the facilities integrated into a manufacturer's return network are obliged to
accept vehicles of the corresponding brands free of charge.

For a vehicle to be accepted free of charge by the manufacturer or importer, no essential
components or parts (such as the drivetrain, body, chassis, catalytic converter, or electronic
control units) may be missing from the ELV. Upon returning the ELV, either the vehicle
registration document or a copy of it must be handed over to the take-back point or dismantling
company. Additionally, the ELV must have been registered in the European Union for at least
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one month before return. The obligation to accept the vehicle free of charge ceases if other
waste has been added to the vehicle.

2.3.2 Waste Electrical Electronic Equipment (WEEE)

As is the case for Belgium, the European legislation Directive 2012/19/EU mandates strict
requirements for WEEE collection, recycling, and recovery. Germany's approach to e-waste
collection is governed by the Electrical and Electronic Equipment Act (ElektroG [10]), which
implements the EU WEEE Directive. The ElektroG mandates the collection, recycling, and
proper disposal of e-waste, setting specific targets for recovery and recycling rates.

E-waste collection in Germany is facilitated through a network of collection points, including
municipal recycling centres, retail outlets, and specialized e-waste collection events.
Consumers can dispose of their old EEE at these designated points without charge. Retailers
with a sales area of over 400 square meters are required to accept small electronic devices
(less than 25 cm) free of charge and larger devices when a new similar item is purchased.
Once collected, e-waste is transported to certified recycling facilities where devices are
dismantled, and materials are sorted for recovery.

2.3.3 Collection and recycling of PM

As very recently reported by DERA in 2024, the German situation for the specific collection
and recycling of PM is similar to Belgium. Effective collection and return systems for NdFeB
magnets need to be set up to increase recycling rates as there is currently no significant trade
in end-of-life NdFeB magnets in Germany. The report describes several challenges to the
development of industrial magnet recycling in Germany and Europe such as the pricing of
primary magnets, the establishment of a collection system and an automated cost-effective
sorting process, the varying lifespans of the devices and products where magnets are found,
and above all, the stable and predictable supply of EoL magnets in sufficient quantities.

In this context, the December 2024 National Circular Economy Strategy (NKWS) becomes
relevant. It is based on the guiding principle of reducing primary raw material consumption in
Germany as a whole, closing material cycles and preserving the value of raw materials and
products for as long as possible. The Strategy aims to unify Germany's goals and measures
to transition to a circular economy, covering all stages from product design to recycling. Its
main objective is to prevent waste production by promoting clever product design, efficient
manufacturing, prolonged use, ease of repair, and extensive recycling. The strategy aims to
reduce the consumption of new raw materials, cutting per capita usage from 16 tonnes to 6-8
tonnes by 2045, and to double the use of secondary raw materials by 2030. It also seeks to
enhance independence from raw material imports and aims to reduce waste per capita by 10%
by 2030 and 20% by 2045.

According to the NKWS, in 2023, Germany's vehicle fleet consisted of approximately 48.8
million cars and 3.6 million lorries, with an average of 1.1 cars per household. However, two
concerning trends counteract the principles of resource conservation and a circular economy.
Firstly, there is a growing prevalence of large, heavy vehicles, such as SUVs, among new
registrations. Secondly, the integration of electronic devices and components in vehicles
further increases. The German Association of the Automotive Industry (VDA) reports that
around 30% of the materials in new cars come from secondary sources, indicating some
progress toward more sustainable manufacturing practices.

Looking toward the future, Battery Electric Vehicles (BEVS) are expected to dominate the

market for passenger cars and light commercial vehicles due to upcoming EU regulations.
From 2035, only zero-emission vehicles will be allowed for registration, aligning with EU fleet
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limits. Despite this, several challenges remain in fostering a circular economy in the automotive
sector. According to the Strategy, key obstacles include the lack of adequate repair networks
for BEV-specific components, the absence of sustainable repair guidelines, and the use of
non-recyclable materials in vehicle construction. Additionally, there are significant concerns
regarding the handling of ELV, as an estimated 150,000 vehicles are illegally dismantled or
exported each year, highlighting a need for better enforcement of recycling regulations.

In line with a comprehensive circular economy vision, the objectives for the automotive sector
established in the NKWS focus on increasing the recyclability of vehicles, Germany advocates
for EU regulations that mandate the durability, reparability, and high-quality recycling of
materials used in vehicles and the expansion of a legal market for used components and spare
parts.

Additionally, the Strategy considers among other actions the possibility to further develop ELV
recycling through separation obligations or obligations for metal removal. Even if Germany has
successfully met mass-based recycling targets for ELVs for many years, there is a growing
need for more advanced recycling processes that produce higher-quality fractions, which are
as pure as possible and can be recycled over the long term. To achieve this, additional
requirements may be considered, such as obligations for dismantling facilities to remove
specific components (e.g., circuit boards and magnets) and mandates for the extraction of
metals from shredder residues. These measures could potentially be formalized through
legislation to improve the overall efficiency and sustainability of ELV recycling.

In the metals sector, the NKWS focuses primarily on developing an effective recycling strategy.
To achieve the set objectives, several measures are necessary at both the federal and EU
levels. In the medium to long term, it is essential to further develop and support recyclate
utilization quotas at the EU level, with active industry involvement. A potential approach could
include material-specific EU-wide quotas for using recyclates in components that contain
technology metals. In alignment with the European CRM Act goal of sourcing at least 25% of
annual strategic raw material consumption through recycling, the German government aims to
reduce its dependence on imports of critical metals such as aluminium, copper, and lithium.
The measures also include supporting the EU-wide introduction of Digital Product Passports
(DPP) for metal-containing products such as vehicles, ships, and electronic goods and to
explore the potential introduction of separation obligations for strategic metals, such as rare
earth elements, from commercial waste.
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3. Sustainability of HREE sourcing by collection and
recycling of EoL products

The EoL REE PM collection, dismantling, and processing ecosystem involves various actors
and stakeholders, each playing a crucial role in ensuring the efficient and sustainable
management of these critical materials.

EoL products are collected and treated by recycling companies. Within the MAGELLAN
project, COM and TSR are representatives of such an ecosystem. Once the EoL products
have been collected and shipped to their facilities, they are responsible for dismantling and
sorting the products with the objective to valorise the metal content of the collected streams.

It is important to assess if the distinction between LREE and HREE highlighted by the CRM
Act is reflected and considered in the EoL products to magnet concentrates value chain. It
should however be restated that a full REE and PM recycling chain has not yet been
established in the EU.

3.1. REE PM in EoL products

REE PM are now ubiquitous objects of modern life and are found in a wide variety of product
categories in very diversified applications. Recent work by CEPS presented in a report titled
“developing a supply chain for recycled rare-earth permanent magnets in the eu” [11] provides
a useful classification of NdFeB applications as shown in Figure 3. The classification is based
on a review of the existing literature on magnets, insights from the INSPIRES EU project and
inputs from interviewed experts.

A July 2024 report by DERA [12], the German Mineral Resources Agency, corroborates these
numbers as illustrated in Figure 4.

As illustrated by Figure 3, the type and weight (and therefore size) of REE PM can vary greatly.
Unfortunately, the table in Figure 3 does not provide detailed chemical compositions, and
notably the HREE content of the magnets associated with the various applications.

In the case of vehicles, and particularly EVs, literally hundreds of REE PM are disseminated
in the cars. The main PM magnets are found in EV rotors and represent roughly 2 kg of PM
per vehicle. Such PM are particularly important in the case of HREE as they often contain Dy
and Tb to improve resistance to demagnetization and its associated high temperature
performance.
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Collection rate (%) Disassembly efficiency rate (%)
Application Sc.2 Sc.1 Sc.2
EVs 13 1,9 50 90 85 95
Conventional vehicles 12 0,225 S0 20 40 60
:I;j’.lclgty.ons Electric bicycles 6 0,27 50 ) 75 90
Electric scooters 6 0,27 S0 90 75 90
Electric motorbikes 6 0,27 S0 90 75 90
Energy Wind turbines (onshore) 25 160* 90 99 90 95
applications  Wind turbines (offshore) 30 650** 90 99 90 95
Desktop computers 8 0,013 60 85 60 90
Laptop computers 6 0,005 60 85 60 90
Consumer Smartphones 3 0,001 60 85 60 90
electronics Printers 5 0.015 60 85 60 90
Digital cameras 6 0.005 60 85 60 90
Electric shavers 4 0.001 60 85 60 90
Headphones & earphones 9 0,0017 60 85 60 90
:z‘:"zs‘c Microphones 9 0,0017 60 85 60 90
Loudspeakers 9 0,026 60 85 60 90
:::::gssa”d drying 12 0,135 48 85 75 90
Home Air conditioners 11 0,325 48 85 75 90
ppiiances Refrigerators 15 0,2 48 85 75 90
Dishwashing machines 12 0,05 48 85 75 90
Industrial Industrial robots 12 8,5 40 80 40 60
applications Industrial pumps 22 0,35 40 80 40 60
Industrial motors 13 0,175 40 80 40 60

Figure 3 : REE PM applications in EoL consumers products.

Wind power (direct-drive) 650 kg/MW
Wind power (hybrid) 160 kg/MW
MRI 2.5t
Electric vehicle 2.5kg
Hybrid vehicle 1.5kg
E-bike 2709
HDD 69

Figure 4 : Main areas of application and amount of NdFeB magnetic materials contained.

However, dozens of other, smaller magnets are used in applications such as steering columns,
loudspeakers, windows, gearbox, sensors, brakes, water pump, engines, ignition coil and start
generator. Figure 5 provides an overview of such PM.
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Motors for
Sensors electric power steering

Ignition coll (rotation, angle, position)

Drive motors and generators
for HEV, FCV,
and EV [N

Electric car
air conditioning
compressor

Car navigation
hard disk drives

Car speakers

Actuator for : Electric valve
inter-vehicular actuators

distance sensors

Starter generator

Motors for electric pumps Eleokic brakse

Figure 5 : Diversity of REE PM in an ELV [13],

3.2. ELV and WEEE collection, recycling and recovery value chain

As previously mentioned, PM are mostly present in ELV and in WEEE. However, WEEE
comprise a great diversity of consumer products and covers the following categories [14] :

1. Large household appliances

2. Small household appliances

3. IT and telecommunications equipment

4. Consumer equipment and photovoltaic panels

5. Lighting equipment

6. Electrical and electronic tools (with the exception of large-scale stationary industrial tools)
7. Toys, leisure and sports equipment

8. Medical devices (with the exception of all implanted and infected products)

9. Monitoring and control instruments

10. Automatic dispensers

While EoL products contain metal, they are almost always intimately associated with plastics.
ELV and WEEE contain high value thermoplastics that also must be valorised along with the
metals and in the case of ELV, foams, rubbers and glass also represent non negligeable
fractions.

Stringent collection and recycling are enforced to achieve maximum recovery of the valuable
fractions. Figure 6 provides a rough process chain concept for the consolidation and treatment
of NdFeB magnets from different sources for which blue frames refer to currently dominant
waste streams in quantity terms while red frames refer to rapidly growing volume streams.
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Figure 6 : Rough process chain concept for the consolidation and treatment of NdFeB magnets from
different sources [15]

Metallic Wastes Recycling : Recovery rate

cometfrailements

Input 100%

Shredders Recovery : 97.8 % (2018)

77 % ferrous

Shredder Residues
16.3 % recovery Comet Traitements Residues
1.2 % Ferrous
3.8% Non-ferrous
38% Plastics +459%
52 % Mineral fraction
239% Iron Oxydes Ultimate residue 2.2 %

Only for EOL Vehicles : 94.8% (recycling) + 3.5% (energy) = 98.3% (Febelauto)

Figure 7 : ELV recovery rates of various fractions by Comet and Comet Traitements

Figure 7 details the breakdown of recycled fractions by Comet and Comet Traitements and
REE PM fall in the non-ferrous metal category. REE PM, and therefore also HREE bearing
PM, should theoretically report to the non-ferrous metal streams during processing in the plant.
While such REE PM should then be isolated from such non-ferrous metal streams to be
massified and shipped to a dedicated REE PM processing facility, this happens not to be the
case as described below. This situation is not limited to Comet and highlights a generic
problem for the entire industry.
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3.3. Production of magnet concentrate from recycling activities

As can be deduced from Figure 3 and 4, outside of the wind sector, the most important source
of REE PM in ELV and WEEE streams originate from EV rotors. They are an order of
magnitude heavier and larger than most other applications.

As mentioned in sections 2.2.1 and 2.3.1, before ELV reach the shredding stage, two main
steps are undertaken: depollution and dismantling. Depollution aims at removing all fluids,
greases and other products as well as precious parts such as the Automotive Catalytic
Converters (ACC) in the case of Internal Combustion Engine (ICE) vehicles.

During this initial “pre-shredding” step, the ELV rotors containing REE PM can be isolated
manually, and a specific stream can be generated (in the same way that ACC are
systematically isolated to constitute a Platinum Group Metals (PGM) rich stream). This would
generate a REE PM rich stream.

The other REE PM are difficult to isolate manually at this stage. They are too small, difficult to
access and to remove, rendering the operation uneconomic under current conditions. They
are therefore introduced in the crusher, along with the main frame of the depolluted ELV.

The shredded ELV then enter the post-shredder processing circuit with the first main step
being magnetic separation. This generates a major problem for the collection of REE PM.
While REE are not magnetic per se, under the PM form they are magnetic. And therefore,
instead of being isolated in the non-ferrous metal stream where they could possibly be further
isolated to generate a pure REE stream, they report to the ferrous metals stream and are lost.
This situation is today inevitable with current shredding technologies. Separating the magnets
requires preliminary sorting before the shredding step. As of today, this can only be achieved
through manual dismantling in the industry.
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4. Anticipation of new trends in collection schemes

The EoL REE PM collection, dismantling, and processing ecosystem involves various
stakeholders, each playing a crucial role in ensuring the efficient and sustainable management
of these critical materials. Anticipating new trends in collection schemes involves considering
several factors, including extended Original Equipment Manufacturer (OEM) responsibility (or,
more broadly, EPR), industrial and OEM stocks, and national raw materials policies.

While the four sections presented in this chapter describe different facets of a promising trend
towards responsible sourcing of HREE by collection and recycling of EoL products, a recent
2024 study concludes that a full recycling chain has not yet been established in the EU [16].
Major barriers include limited information about the type of magnets included in end-of-life
products, lack of recycling targets, lack of eco-design requirements, difficulty in moving
products across borders, lack of certification systems, high costs involved in the recycling
processes, competition with magnets sourced from non-EU countries and missing segments
of the REE

value chain. A summary of the literature describing such barriers is presented in Figure 8.

Category Barrier Ref. Category Barrier Ref.
Policy Limited financial incentives for Supply Lack of stable supply of EoL Nlcbedim and King (2018);
secondary markets chain products Gregoir ct al (2! aque
Lack of R&D funding

Unpredictsbility sbout future
wolumes of EoL permanent
magnets

Uneertamnfies about permanent
magnet use in products
Underdeveloped collection and

Lack of ecodesign requirements

Abzence of legal requirements for

labels or markings sorting infrastructure
Insufficient policies on collection
of BoL. products Technology  Difficult extraction of EoL magnets

Economic Volatile rare earth prices

Environmentsl impacts and long i
processing steps of Golev et al (2014); Sprecher
hydrometallurgical recyeling etal (2014)

processes

Environmental impacts of
pyrometallurgical recycling
processes

Limitations of the HPMS process

Uncertainty about the profitability
of magnet recyeling
Competition with primary magnets

Costly extraction of Eol. magnets

Supply Lack of stable supply of EoL
chain products

Figure 8 : Barriers identified in the literature for the implementation of a full EU PM recycling chain

4.1 Extended Producer Responsibility (EPR)

Extended Producer Responsibility (EPR) is a policy tool that extends the producer’s financial
and/or operational responsibility for a product to include the management of the post-consumer
stage, to help meet national or EU recycling and recovery targets. EPR policies thus generally
shift the waste management cost or physical collection partially or fully from local governments
to producers [17].

There is a growing emphasis on circular economy principles, with OEMs increasingly taking
responsibility for the EoL management of products containing REE PM. For some brands, it is
now impossible to purchase the vehicle and the OEM retains ownership, which facilitates the
recovery cycle for all metals, notably when OEMs establish toll processing agreements with
recyclers. While product design for recyclability, a form of Eco-design, has been touted as a
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growing trend by which OEMs may prioritise designing products with easier disassembly and
material recovery in mind, it must be acknowledged that this approach is not yet very functional.

However, recyclers like Comet Traitements (COM), help in the circularity despite the lack of
industrially fully functional Eco-design strategies. Recycar, a COM subsidiary, works
exclusively on depolluting and dismantling. Parts of cars which are still functional (from
headlights to bumpers to doors) are stored and can be sold for as second-hand material which
is perfectly reusable in a functional vehicle. Yet, we are still far from a user-friendly and
otherwise ideal solution.

In terms of collaborative supply chain efforts, OEMs are collaborating more closely with
suppliers, recyclers, and regulatory bodies to implement efficient collection and recycling
schemes and meet extended EPR obligations.

In the case of EVs, this is well manifested in the battery value chain with several regulatory
initiatives and notably the new EU “2023 Batteries Regulation” (2023/1542) which aims to
replace the 2006 Battery Directive[18] and is designed to strengthen sustainability rules for
batteries and waste batteries in support of the circular economy. It can be expected that such
regulatory trend is also implemented for REE PM notably in the light of ERMA’s Action Plan to
secure access to REE for European industry as reported in section 1.2 of the present
document.

4.2 Industrial and OEM stocks

While stockpile management implying governments and industries managing significant
stockpiles of REE and PM has been discussed, no real consensus has emerged on this front.
Notably because market dynamics and pricing fluctuations influence such decisions, especially
in the context of REE prices currently at multi year lows.

If such stockpiles should be constituted, they should serve the purpose of support recycling
efforts and policies and assisting in the availability of very specific REEs in case recycling
streams may fall short. In the case of HREE, and notably Dy and Tb, stockpiles can be used
for potentially incorporating them into recycling initiatives to mitigate eventual shortfall coming
from the supply of such metals by recycled materials.

A recent example of stockpiling initiative was provided in May 2025 by Australia. The new
government had announced the A$1.2 billion initiative to implement a plan aiming to establish
a stockpile of critical minerals to bolster national and allied supply chains. A taskforce of
government and industry representatives is to be formed to establish how the reserve will
operate, including pricing, structure and storage locations [19].

4.3 National raw material policies

Nations will continue to prioritise the development of domestic sources of CRM, including REE,
and HREE, to reduce reliance on imports and mitigate geopolitical risks. The CRM Act is a
vivid example of such a policy at the EU level.

Quite notably the CRM Act has two full articles devoted to PM:
e Article 28 - Recyclability of permanent magnets
e Article 29 - Recycled content of permanent magnets

Governments will also introduce policies and incentives to support the development of
recycling infrastructure and technologies for REE PM, aligning with broader sustainability and
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circular economy objectives. The Strategic Projects Initiative of the CRM Act is a clear
example.

Strategic projects are designated to increase EU capacity to extract, process and recycle
strategic raw materials and diversify EU supplies from third countries. They are or will become
technically feasible within a reasonable timeframe, showing expected production volumes, and
implemented sustainably with a sufficient estimated confidence level [20]. The recent
designation of five EU strategic projects focused on REE processing as detailed below and
illustrated in Figure 9 further support refining capabilities in the EU.

e CAREMAG

e LIFE-22-ENV- IT- INSPIREE

e MagFactory

e Pulawy Rare Earths Separation Plant

o ReeMAP Project: Malmberget, Lulea Industrial Park, Per Geijer

Strategic Projects for the EU

@ Ni, Co

MAP LEGEND BRMs @ Cu, Ni; Co, PGMs

@ REEs

}}% Extraction (¢

2 @u
Recycling Substitution

Li, Cu, Ni, Co

Al Aluminium
B Boron
BRMs | Battery Raw Materials * ®c
Co Cobalt
Cu Copper
Ga Gallium
Ge Germanium
C Graphite ®u
N . Ge_ @®c @ REE:
Li Lithium C@. ®ce o Ni, Cu, Co, i
' BRMS FH @ Mn L, PGMs, Mn
Mg Magnesium m:s @ L-U-@'@ 1]
Mn Manganese i ®vig
Ni Nickel @ @®cu
REEs =
PGMs | Platinum Group Metals REE:BC O3, RGMs ®c
REEs | Rare Earth Elements ®u Pahs
u ©@"i
w Tungsten  Cu,Ni, PGMs, Co RERS
+ Bottery Row Materials refer to lithium, coiol, nicke!, mangonese and graphite ue %‘9 Ui @w =
ow @ Ai, Ga
cu @ cu

Cu

Disclaimer: The location of projects is based on a regional
scale and doesn't reflect their exact geographical locations

Figure 9 : CRM Act - March 2025 Strategic Projects locations.

The recent Antwerp Declaration for a European Industrial Deal [21] is a good example of how
national raw materials policies may be integrated into broader industrial strategies, promoting
innovation and investment in recycling technologies and value-added manufacturing
processes. Moreover, in the recent February 2025 declaration on the Clean Industrial Deal “A
joint roadmap for competitiveness and decarbonisation”, the EC stated that CRM Waste must
be kept in Europe and given a new life.

The German Raw Materials policy is shaped by a blend of national strategies (such as the
NKWS referenced in section 1.4) and European Union regulations, with a focus on both
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domestic resource management and global supply chain stability. The main components of
the policy emphasize resource efficiency, circular economy principles, international
cooperation, and diversifying supply sources.

In January 2020, the Federal Cabinet approved the German Raw Materials Strategy [22],
which seeks to reassess the country's raw materials management in light of emerging
challenges and to assist businesses in securing a sustainable and reliable raw materials
supply. This policy, as part of industrial strategy, aims to enhance the competitiveness of
German industries. It includes 17 targeted actions across three key areas of raw materials
supply: domestic resources, imports, and recycling, such as strengthening the circular
economy, recovery and reuse by promoting specific R&D projects in particular regarding raw
materials for future technologies such as rare earths, indium, gallium, germanium, lithium; or
establishing a ‘round table’ with industry to optimise the use of mineral secondary raw materials
from recycling.

According to the Strategy, the limitations of domestic raw material extraction and the heavy
reliance on imports make the extraction and use of secondary raw materials even more critical.
Recycling is becoming a vital component of sustainable resource management, ensuring a
steady supply of both bulk materials (e.g., iron, steel, non-ferrous metals) and precious metals
(e.g., gold, platinum) for the German economy. However, it is acknowledged that special
metals and certain industrial minerals are often recovered in much smaller quantities. This is
due in part to significant logistical and technical difficulties in collecting, processing, recycling,
and utilizing recyclates in a cost-effective manner. The recovery of special metals, such as
rare earths, indium, gallium, germanium, or lithium, faces challenges due to the complex alloys
found in modern industrial and technological products. The government recognizes the need
to advance processing technologies and develop new metallurgical processes to ensure a
future supply of these raw materials.

4.4  Emerging technologies and innovations

A new trend in the EoL REE PM collection schemes can relate to the emergence of innovative
recycling technologies capable of efficiently recovering REE PM from a wider range of
products, including electronics, industrial machinery, and renewable energy systems.
Technological advancements may also enable the extraction of REE from complex and mixed
sources, such as WEEE and industrial by-products, expanding the scope of recycling
opportunities.

MAGELLAN is expected to contribute to the creation of a REE value chain with the following
potential benefits:

e Contribute to the establishment of better business environments, through the
technological and economical assessment of the efficiency of short loop recycling, not
only on ELV bur also on an enlarged range of EoL PMs in real industrial environment.
This will facilitate future business decisions.

¢ Open the market to wider source of EoL PMs: the recycling technologies proposed
open the door to wider range of EoL products, including WEEE, e-scooters, e-bikes,
industrial machinery, and renewable energy systems.
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5. Matching expected tonnages, logistics and responsible
sourcing guidelines with regional clustering for the
European deployment of the MAGELLAN business model

Matching expected tonnages for EoL REE PM in the EU with logistics and responsible sourcing
guidelines involves considering the specific context of the EU’s regulatory framework, market
dynamics, and sustainability objectives. It is important to assess if the distinction between
LREE and HREE highlighted by the CRM Act can be integrated in expected tonnages, logistics
and responsible sourcing guidelines.

5.1 Expected tonnages
In terms of expected tonnages, the current study draws on three very recent sources to provide
a broad overview of the topic:
e A December 2022 report by CEPS within the context of the INSPIRES EU.
o A July 2024 report by DERA, the German Mineral Resources Agency.
e An August 2024 analysis by Orano.

5.1.1 CEPS - December 2022 report

The CEPS report titled “Developing a supply chain for recycled rare-earth permanent magnets
in the EU” [11] covers the topic of future demand and provides a methodology for scenario
analysis as follows. The report was executed with reference and in the context of the
INSPIRES EU project which aims at recovering and supplying Rare-Earths within the EU
through radical innovations in the recycling of permanent magnets, focusing on one of the most
readily available sources: home appliances [23].

First, in the CEPS approach, the overall demand of magnets arising from 28 major NdFeB
applications was estimated for the years 2020-2050. NdFeB magnets demand for each
application (i) in year t was determined by the following formula:

NdFeB magnets demand,; ,
= market size;, * NdFeB adoption rate;, * NdFeB magnet weight;,

where the adoption rate refers to the share of products assessed that employ NdFeB magnets,
the market size indicates the number of units of a product entering the EU market in a specific
year and magnet weight expresses the overall amount of NdFeB magnets contained in said
product.

Past and current market sizes of each application were primarily determined based on

Prodcom (Eurostat, 2022a) data and through the “apparent consumption” calculation method
by Forti et. Al.,, whereby market size of application i in year t is determined by:

Market size;; = EU production;; + EU imports;; — EU exports ;,

Future market trajectories for each application were estimated based on historical market
trends and by means of regression models.

As for expected supply, it is also presented in the CEPS report as follows.
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In a second step, the overall number of PM reaching EoL throughout the timeframe of interest
was estimated and this quantity, TRP, defined as the “theoretical recycling potential” gives an
indication of the maximum number of magnets available to enter the recycling chain at any
given time.

In a third step, two alternative scenarios — scenario 1 and scenario 2 — were built to estimate
the amount of magnet material potentially recovered through recycling in any given year
considered (i.e., the magnet secondary supply, or ‘practical recycling potential’), with scenario
2 being the more ambitious one.

These scenarios were built upon three variables, reflecting the three broad stages of the
recycling chain:

i) the collection rate, i.e. the share of products reaching end of life that are collected
with the intent of being recycled in the EU,;

i) the dismantling efficiency rate, which represents the portion of material of interest
(in this case, NdFeB magnets) which is successfully extracted during the
dismantling process; and

iii) the recycling efficiency (or recovery) rate, that is the share of material physically
recovered throughout the actual recycling process.

NdFeB magnets secondary supply,
= TRP;, « collection rate; * dismantling ef ficiency rate ;
# recycling ef ficiency rate ;

Importantly, while product-specific (or product group-specific) collection and extraction
efficiency rate were considered throughout the analysis, the same recycling efficiency rates —
85 % for scenario 1 and 99 % for scenario 2 — were applied consistently for all applications
assessed.

As a final step, the aggregate NdFeB magnet secondary supply was compared with the
aggregate NdFeB demand, to assess the extent to which recycling can contribute to future
demand for NdFeB magnets.

5.1.2 DERA - July 2024 report

The DERA July 2024 report [12] incorporates results of a study by the Fraunhofer Research
Institution for Materials Recycling and Resource Strategies providing a comprehensive insight
into the current status of NdFeB magnet recycling in Germany. The recycling potential of
different material flows has been analysed in a number of scientific studies in recent years and
Figure 10 highlights recycling potentials of selected REE magnet material flows with a
projection for future development.
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150t (of which 60-70 t

2015 .
ELWERT et al. (2018) NdFeB general Europe are production waste)
2016-2040 10,300t-183,000t
REIMER et al. (2018) NdFeB general Europe 2018-2040  25,700t-233,000t
2015 800t
UBA (2019) NdFeB general Germany 2030 1,700t
2040 4,800t
GWEC (2023) NdFeB wind power World 2027 15,000t
2020 15,000t-22,000t
NdFeB general World
(2016) Production waste for World 2020 28,000 t- 45,000t
: or
long-loop recycling 2030 60,000 t- 158,000t
2030 11,000t
1EA (2022) RE dE'Eme”ts X World
(Nd, Pr, Dy, Tb) 2040 12,000t

Figure 10 : Recycling potentials of selected REE magnet material flows with a projection for future
development.

It is worth highlighting the last section of the DERA report which outlines notable NdFeB
magnet recycling projects in Germany as well as a number of European and North American
projects that have achieved international renown. While incomplete and the necessity to
ensure constant monitoring to remain pertinent in a rapidly evolving sector, the approach to
combine academic and industrial activities is welcome.

The following companies and their activity, product and capacity are highlighted :
Heraeus REMLOY GmbH
HyProMag GmbH

RockLink GmbH

Lars Walch GmbH & Co. KG
Carester

MagREEsource

Noveon Magnetics
REEcycle

Cyclic Materials

Geomega Resource Inc

5.1.3 ORANO - August 2024 analysis
In 2024, Orano conducted an internal analysis to estimate when there will be enough used PM
to meet the demand of EVTM motor manufacturers based on multiple open sources as well as
proprietary data from several firms specializing in supply chain analytics.

Orano considers the hypothesis that recycled magnets will only be sold to European motor

makers (hypothesis which corresponds to 80% of the European car market demand), with a
collection rate increasing from 80% (2030) to 98% (2050).
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Figure 11 : Average lifetime of cars, 12 years and 19 years scenarios (Orano)

Figure 11 illustrates the following conclusions :

o Hypothesis “12 years” : used PM flow meets 25% of the demand from ~2035 (CRM Act
target)

o Hypothesis “19 years” : used PM flow meets 25% of the demand from ~2039 (CRM Act
target)

This analysis considers that once the car is out of order, the PM are collected to be used as
recycled material. It does not consider the fact that, actually, some ELVs are dismantled before
shredding to collect the still functional parts to be sold as a second-hand use in a short
circularity market. This is the purpose of Recycar, COM'’s subsidiary.

Such consideration then postpones the year in which used PM offer and demand will meet.

5.2  Logistics Planning within the EU

To seamlessly address this topic, it would be necessary to develop logistics networks tailored
to the geographical and infrastructural characteristics of the EU, considering factors such as
the distribution of manufacturing hubs, population density, and transportation infrastructure.

A key is to establish collection points, recycling facilities and logistics hubs strategically located
to facilitate the efficient collection, transportation, and processing of end-of-life magnets across
EU member states. Also of use, would be to leverage existing frameworks, such as the Trans-
European Transport Network (TEN-T), to optimize multimodal transportation routes and
enhance connectivity within the EU.
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One of the major barriers for improved PM collection and recycling is the difficulty in moving
products across borders. The case for Germany is highlighted in the DERA July 2024 report.

In the European Union, general handling of waste and recycling material is regulated by the
EU Directive 2008/98/EC of the European Parliament and its latest amendment Directive (EU)
2018/851. From a legal point of view, EoL products in which REE magnets are embedded are
waste from the moment they are discarded.

Once a product is legally classified as waste, it can no longer be freely traded as an ordinary
commodity and must be traded as waste only. This imposes special requirements and
documentation obligations on all potential traders. For a substance to no longer be considered
waste but a (recycled) commodity instead, the end of waste status must be requested, and the
authorities must approve this status. The waste status of a substance or object terminates
when it has undergone recycling or another recovery method and meets criteria so that:

1. Itis typically used for specific purposes,

2. There is a market for it or a demand for it,

3. itfulfils all technical requirements applicable to its intended purpose and meets all legal,

provisions and applicable standards for products, and
4. lIts overall use does not cause harmful effects to humans or the environment.

Proof of the end of waste status needs to be provided on all four levels [12].

Several MAGELLAN partners have first-hand experience at difficulty in moving products
across borders. It has also publicly been argued that if the EU wants a competitive market for
recycling, and recycled products, it needs to adapt its transport and waste status regulations.
This would notably help in preventing EoL products to be shipped abroad for recycling in
countries outside the EU.

5.3 Responsible Sourcing Guidelines in the EU and global outlook

Responsible Sourcing (RS), though widely discussed among stakeholders in the Sustainable
Development (SD) Agenda, provides a strong management system for procuring raw
materials, products, or services in a way that have ethical, social, environmental, and economic
impacts across the entire supply chain. The implementation of RS varies significantly: firstly,
in relation to different types of minerals such as Conflict minerals (3TGs) versus traditional
minerals like copper; secondly, in how EU-SMEs approach RS differently from larger entities;
and thirdly, across various EU industrial sectors such as Renewable Energy (RE), Mobility,
and Electronics & Electric Equipment (EEE) etc. These diverse approaches, operating at firm,
sectoral, and global levels, present challenges in integration due to their complex networks
and engagement with diverse stakeholders.

The RS agenda is being addressed by a number of global initiatives and institutions. It is also
essential to incorporate raw materials value chain with multi-dimensional sustainability
frameworks such as social, environmental, economic and aspects related to governance and
security of supply [24]. Europe’s responsible sourcing landscape is shaped by international
due-diligence standards, EU laws, voluntary standards and industry schemes. The OECD’s
Due Diligence Guidance for Responsible Mineral Supply Chains is the leading global standard;
it provides a five-step framework for companies to respect human rights and avoid contributing
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to conflict in their mineral sourcing Erreur ! Source du renvoi introuvable.. The five step due-
diligence framework includes:

Establish strong company management systems

Identify and assess risks in the supply chain

Respond to and Manage Risks

Carry out independent third-party audits

Publicly report on supply chain due diligence

agrownNPE

The risk-based approach of the OECD is embedded in The Corporate Sustainability Due
Diligence Directive (CSDDD) which requires large companies to identify and address human
rights and environmental risks across their operations and value chains. It promotes
responsible business conduct, corporate transparency, and accountability, with enforcement
through administrative supervision and potential civil liability. The directive supports the EU
Green Deal and international sustainability standards [26]. The same way, UN Global Compact
on Sustainable Supply Chains has significant impact on promoting human rights, fair labour
practices, environmental progress and anti-corruption policies [27]. The EU Conflict minerals
directives require EU importers of tin, tantalum, tungsten and gold (3TG) to carry out OECD-
style due diligence on conflict-affected minerals [28]. The European Partnership for
Responsible Minerals (EPRM) has developed a hub platform to increase the responsibly
sourced supply of minerals from conflict-affected and high-risk areas (CAHRAS), while also
improving the social and economic conditions in mining communities [29]. Other initiatives
include broader sustainability agendas, such as the UN’s 2030 Agenda for Sustainable
Development — the Sustainable Development Goals (SDGs) and the IGF’s Mineral Policy
Framework [30], where RS remains a key strategy to meet these goals.

For the EU, RS is a crucial step towards meeting its Circular Economy Strategy and working
towards the broader goal of decoupling resource consumption from economic growth. RS must
also be an integrated part of the broader EU Raw Materials Initiative (RMI) [31] and securing
access to raw materials from resource-rich countries. More recently, EU’'s CRM Act aims to
secure a sustainable, diversified EU supply of all critical and strategic raw materials by 2030,
setting benchmarks for domestic mining, processing and recycling, and requiring
Environmental, Social, and Governance (ESG) certifications for domestic producers. The EU's
Omnibus package other initiatives were established to collect various proposals designed to
simplify and streamline EU regulations, particularly in the areas of sustainability and
investment [32].

Apart from these, international actors and opinion leaders play a crucial role in the broader
uptake of RS across industry and sectors. ISO standards provide complementary guidance:
like 1ISO 14001 (environmental management) and 1SO 26000 (social responsibility) underpin
corporate sustainability practices [33]. These frameworks, policies, regulations on different
aspects of RS; some focus on governance (IGF), others on the environment (SDGs); while still
others on supply chain due diligence (OECD) plays a crucial role to improve RS practices
across global value chains.

Rare earth element value chains require incorporation of responsible sourcing guidelines
majorly to enhance supply chain resilience by reducing reliance on a limited number of
suppliers, particularly China, and supports EU efforts to secure access to critical inputs for
green technologies and digital infrastructure. Environmentally, it promotes sustainable mining
and processing practices, mitigating pollution and radioactive exposure (Th/U) and widespread
illegal artisanal mining led to environmental damage and unsafe working conditions. The
transparency of supply chain and implementation of frameworks will allow socially responsible
environment where labour rights are respected throughout the value chain, especially in high-
risk regions. Economically, it builds investor confidence, ensures regulatory compliance, and
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aligns with EU initiatives like the Green Deal and CRM Act, ultimately contributing to a more
secure, ethical, transparent and competitive rare earth industry in Europe.

Building on these EU and international framewaorks for responsible sourcing and due diligence,
MAGELLAN project task 5.5 (and deliverable D5.4) will provide an in-depth analysis focused
on the rare earth value chain. This will identify key sustainability challenges related to
MAGELLAN solutions, and tailored guidelines will be proposed.

5.4 Economics and pricing of PM dismantling and recycling

This section provides a comprehensive overview of the economic factors influencing the
manufacturing, dismantling, and recycling of PMs. Given the strategic importance of REE and
the sensitivity of associated data, much of the information presented here has been
anonymized, with select insights derived from specific MAGELLAN workshops.

1. Manufacturing Economics

China currently exerts a dominant influence across the entire REE supply chain, from
extraction and separation to final magnet production. In the Chinese manufacturing context,
approximately two-thirds of the total cost of PMs is attributed to raw material inputs, particularly
REE like Nd, Dy and Tb. The remaining one-third of the cost structure is primarily composed
of electricity and labour expenses.

In contrast, the European manufacturing landscape presents a more balanced cost
distribution. Here, raw materials, energy, and labour each contribute roughly equally to the
total production cost. This parity makes energy- and labour-intensive processing steps
economically less attractive in Europe. As a result, regions like Europe will tend to limit crafting
and processing activities during PM manufacturing, especially when compared to vertically
integrated and resource-rich regions such as China.

2. Collection and Dismantling Challenges

The volume of EoL PM available for recycling is relatively low. Furthermore, the retrieval of
magnets from complex assemblies, particularly rotors in electric motors, is labour-intensive
and costly. In most cases, it is economically more viable for recyclers to sell entire motors
rather than invest in the manual extraction of embedded magnets.

This challenge mirrors the Internal Combustion Engine (ICE) vehicle dismantling model, where
certain high-value components, like Automotive Catalytic Converters (ACCs), are selectively
removed due to their high Platinum Group Metal (PGM) content. However, this analogy only
holds to a limited extent when applied to PMs in EVs, as discussed below.

3. End-of-Life (EoL) Pricing and Valuation Considerations

Although ACCs in ICE vehicles can fetch several hundred euros per unit, based on PGM type,
loading, and manufacturer; the financial attractiveness of collecting REE-bearing rotors from
EoL EVs is significantly lower.

To illustrate, consider a typical NdFeB (Neodymium-Iron-Boron) magnet weighing 1.5 kg, with
an Nd content of 25-35 wt% and an Fe content at 60-70 wt%. This yields around 0.45 kg of
Nd, which, at a hypothetical market price of 80 EUR/kg, provides an intrinsic material value of
36 EUR. In practice, collectors and recyclers will only pay 30% of this value, or approximately
11 EUR, as they have to support processing losses, impurity content, and market
inefficiencies. Moreover, while trace amounts of Dy and Tb can marginally increase the overall
value (given their high unit prices of 330 EUR/kg and 850 EUR/kg, respectively), their presence
in small concentrations contributes little to the total return.
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Adding to this complexity is the increasing use of Grain Boundary Diffusion (GBD) technology,
which tends to reduce HREE content (Dy and Tb). While GBD improves magnet performance
and reduces dependency on critical materials, it complicates recycling by lowering the
recoverable HREE content, further undermining economic viability.

4. Comparative Economic Viability

In summary, the economic return from EoL PMs, particularly from EV rotors, is markedly lower
than that from EoL ACCs. This disparity has serious implications for the viability of PM recycling
across different sectors.

As highlighted by Figure 3 (REE PM applications in EoL consumers products), among all
applications, electric mobility, especially EV drivetrains, present the most favourable case for
PM collection due to the relatively high mass of magnets per unit. For smaller-scale
applications such as consumer electronics, speakers, or small motors, the dismantling and
recycling economics are so far negative. These devices not only contain smaller quantities of
PMs but often use lower-grade materials, making recovery efforts even less worthwhile.

5. Broader Recycling Value Chain Dynamics

It is important to recognize that PMs are only one component of the broader EoL vehicle
recycling value proposition. Base metals such as copper and aluminium contribute significantly
to the total economic value of vehicle dismantling. In the case of EVs, battery systems, often
containing valuable lithium, cobalt, and nickel, are central to the economics of EoL recovery
operations.

6. Policy and Market Outlook
Recent regulatory developments, including Articles 28 and 29 of the Critical Raw Materials
(CRM) Act, are poised to improve the recyclability of PMs by mandating minimum recycled
content and setting guidelines for design-for-recycling. However, several factors continue to
inhibit progress:
e High labour costs associated with manual dismantling, especially in Europe.
e The growing adoption of REE thrifting technologies (e.g., GBD), which reduce the
material value of used magnets.
e Macroeconomic pressures, including a 24% rise in new vehicle prices over the last
three years, having led to a sharp decline in vehicle sales across Europe in 2025,
further shrinking the volume of EoL vehicles entering the recycling stream.

While there is growing regulatory and technological momentum behind Permanent Magnet
recycling, current economic realities pose significant barriers. Targeted interventions, such as
automation of dismantling processes, improved material recovery technologies, and incentives
for circular design, will be essential to make the PM recycling value chain more resilient,
sustainable, and economically viable.
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6. Conclusion

The findings presented in this report underscore the strategic importance, and the complex
challenges, of establishing a resilient and economically viable value chain for REE PM in
Europe. As the MAGELLAN Project aims to drive innovation in EVTMSs, it simultaneously
highlights the broader imperative of securing a sustainable supply of HREE through EoL
product recycling.

With the adoption of the EU CRM Act and its ambitious targets for domestic sourcing,
processing, and recycling, there is growing momentum to transition from dependency on
imported critical materials toward a more circular and autonomous model. However, the path
forward is fraught with structural barriers, including high dismantling costs, material thrifting
trends like GBD, and market volatility impacting EoL availability.

Moreover, as identified in chapter 4, significant obstacles to collection, dismantling and
recycling also include limited information about the type of magnets included in EoL products,
lack of recycling targets, lack of eco-design requirements, difficulty in moving products across
borders, lack of certification systems, high costs involved in the recycling processes,
competition with magnets sourced from non-EU countries and missing segments of the REE
value chain.

Despite these challenges, the outlook is not without promise. The emergence of EU-backed
strategic projects focused on REE processing and investment in domestic refining capabilities
provides a foundation upon which more integrated and efficient recycling systems can be built.
As this report illustrates, recycling HREE from EoL products must be pursued not as a
supplementary option, but as a central strategy to meet Europe’s green transition goals.

In the years ahead, success will depend on strengthening synergies between innovation,
regulation, and industrial scalability. Coordinated efforts across research, policy, and industry
will be essential to unlocking the full potential of recycled REE, thereby reducing Europe’s
import reliance, supporting its technological sovereignty, and advancing toward a truly circular
economy.

Ultimately, enhancing the EU’s self-reliance in critical raw materials will require an integrated
approach, one that combines investment in advanced mining projects, scaling up of domestic
processing and recycling infrastructure, and strong policy support.

Responsible sourcing from EoL product recycling should remain a long-term objective, while
near-term resilience must be built through a coordinated multi-level strategy across the full
REE value chain with the following key pillars :

e Secure and Expand Primary REE Sources
» Implement CRM Act, fast track permitting and establish price support mechanics

e Improve Collection of EoL products and their associated PM
» Collection and return systems for NdFeB magnets need to be set up

e Scale Up Refining and Separation Capacity
» Fund refining infrastructure and support the creation of regional hubs

e Develop Permanent Magnet and Alloy Production
» Onshore magnet manufacturing and support midstream processing
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e Build Strategic Reserves and Stockpiles
» EU stockpile and implement pan-EU joint purchasing mechanisms

e Enhance Trade and Supply Chain Resilience
» Activate strategic partnerships with non-EU countries with REE potential

e Establish a Coherent Policy and Regulatory Framework
» Focus urgently on permitting processes and price support mechanics

The findings of this report serve as both a reality check and a call to action: without accelerated

development, Europe risks continued dependency on external sources for materials that are
vital to its strategic autonomy and climate goals.
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