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H I G H L I G H T S G R A P H I C A L  A B S T R A C T

• Technological Innovation System 
framework was applied to recycling 
permanent magnets;

• Identifying rapid growth of activity in 
the system around magnet recycling;

• Reinforcing loops were identified, indi-
cating the system dynamics over time;

• Tapping into magnet waste flows is a 
critical challenge for scaling up 
recycling.

A R T I C L E  I N F O
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A B S T R A C T

Demand for rare earth permanent magnets (REPMs) has grown drastically the past decades and is expected to 
increase further due to their use in electronics, electric vehicles and wind turbines. Rare earth supply challenges 
have increased the urgency to recycle End-of-Life (EoL) REPMs. This paper examined the development of global 
EoL REPM recycling by applying the Technological Innovation Systems (TIS) framework, assessing temporal 
development and dynamics between different aspects of the system. The analysis showed an acceleration of 
recycling innovation activities since 2013, evidenced by e.g. research and development initiatives, (commercial) 
pilot plants and media and policy attention. Activities were identified globally, with regional concentration of 
some functions. Innovation in EoL REPM recycling is mainly driven by policies and positive expectations, while 
entrepreneurial activities also contribute. The EoL REPM recycling TIS holds potential for further growth, if 
sufficient supplies of recyclable material are secured and a demand for recycled magnets is created. These goals 
can be achieved by developing the capacity to handle a diversity of waste products, by making recycling cost- 
effective, or by finding other marketing approaches for recycled magnets. This would enable the emergence of 

Abbreviations: CLD, causal loop diagram; EoL, end-of-life; EU, European Union; EV, electric vehicle; HD, hydrogen decrepitation; NdFeB, neodymium‑iron‑boron; 
PM, permanent magnet; R&D, research and development; REE, rare earth element; REPM, rare earth permanent magnet; SD, system dynamics; TIS, technological 
innovation system.
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an independent market. Together with other circular economy solutions, EoL REPM recycling can contribute to a 
more sustainable and resilient magnet supply.

1. Introduction

Rare Earth Elements (REEs), the 17 elements in the periodic table 
consisting of the lanthanides plus scandium and yttrium, are essential in 
many crucial technologies. They are used in various applications, 
ranging from lighting and military applications to electronics [1]. De-
mand for REEs has increased drastically the past decades and is expected 
to grow even more in the future, due to the energy transition [2,1,3]. 
Contrary to what their name suggests these elements are relatively 
abundant in the earth’s crust. Several governments have labelled REEs 
as critical materials, e.g. the European Union (EU) [4], the US [5], 
Japan, China, Canada and Australia [6]. Materials are classified as 
critical when they are associated with supply risk, and they are 
considered essential for a country’s economy at the same time.

REE supply is linked to both sustainability issues and supply risks. 
Regarding sustainability, mining and processing of REEs is associated 
with detrimental effects on the local environment and human health [7]. 
Extraction and purification of REE ores is energy-intensive [8], and may 
lead to radioactive and chemical pollution [9]. Regarding supply risk, 
China currently dominates the supply chain of these materials, ac-
counting for around 70 % of primary production [10] and approxi-
mately 90 % of refined production [11]. This leads to potential supply 
risks for countries in the rest of the world. In 2010/2011, China installed 
an export ban on REEs following a conflict with Japan, which lead to a 
sharp increase in prices [12,13].

The detrimental impacts of REE production combined with the risk 
of supply disruption demands a holistic approach to increase sustain-
ability and resilience of REE supply. Numerous strategies can enhance 
resilience and sustainability, albeit with their respective set of chal-
lenges. These strategies include supply diversification, stockpiling, and 
circular economy strategies; reduce, reuse, and recycle [14,8,13]. 
Diversifying supply of REEs has proven to be challenging – people are 
not keen on mines in their backyard [15], and building a whole mining 
or processing industry from scratch is difficult and time-consuming. 
Increasing stockpiles may lead to undesired price increases [12]. 
Reducing the use of REEs seems improbable – even if the amount per 
product is reduced, this is offset by the rapidly growing demand [16]. 
Substitution is difficult because of the specific material properties the 
REEs have; replacing them by other elements often reduces product 
performance [17]. Designing more durable products and making them 
fit for reuse seems to be a more promising approach [18,19]. The final 
strategy, i.e. increasing recycling rates of REEs, is the focus of this paper. 
Recycling is an important piece of the puzzle that reduces the demand 
for more environmentally damaging primary production [20,21].

One of the most important applications of REEs are rare earth per-
manent magnets (REPMs) made of neodymium‑iron‑boron (NdFeB), 
which are used in, among others, electronics, electric vehicles (EVs) and 
wind turbines. Because of the projected growth in EVs and wind tur-
bines, demand for REPMs will show a similar upward trend. REPMs are 
the main driver behind REE demand growth [1]. Considering the chal-
lenges of environmental impacts and potential supply disruptions of 
REEs, awareness regarding recycling of these REPMs is increasing.

Although the political attention for REPM recycling is high 
[22,23,24], a clear view on the emerging recycling industry is lacking. 
Multiple technology options for recovering REEs from EoL REPMs 
recycling have been researched [25] and some are used in industrial 
applications today (e.g. Noveon [26]). However, there is very little 
insight in the recycling capacity and recycling rate of REPMs; many 
papers cite the poorly supported number of 1 % REE recycling 
[27,28,29]. It is expected however that the recycling rate will increase.

The aim of this research is to map and analyze the development of 

EoL REPM recycling technology, including its institutional embedding. 
In our research, we mainly focus on recycling of REPMs derived from 
EoL products, not on the recycling of manufacturing scrap. We used the 
concept of Technological Innovation Systems (TIS) [30] to analyze the 
innovation of REPM recycling technology as a whole, and the institu-
tional infrastructure in which it is developed and deployed. Currently it 
is not fully clear how this innovation emerged, what the dynamics of the 
surrounding system are, and what this can tell us about its potential 
implementation in the future. Considering the increasing volumes of 
magnet waste, it is crucial to understand how REPM recycling can be 
developed and diffused as effectively as possible. This research aids in 
comprehending the progression and dissemination of EoL REPM recy-
cling technology, consequently offering valuable insights for policy-
making in the realm of a circular economy.

2. Theoretical background

In this section we present the key concepts employed in this paper. 
We first describe the concept of the Technological Innovation System 
(TIS), including its seven functions and its dynamics. Then, we provide 
an overview of the technology this paper focuses on, namely REPM 
recycling.

2.1. Technological innovation systems

The concept of a Technological Innovation System was first defined 
by Carlsson and Stankiewicz [30] as a ‘dynamic network of agents inter-
acting in a specific economic/industrial area under a particular institutional 
infrastructure and involved in the generation, diffusion, and utilization of 
technology’. These systems promote innovation and the development of 
new technologies [31]. Analyzing the structure and dynamics of a TIS is 
essential for adequate innovation policy [32]. In TIS literature, inno-
vation is considered as a mutual activity, emerging from interactions 
between various actors and organizations that are influenced by a 
particular institutional context [33]. A TIS thus focuses on a particular 
innovation or technology and the system surrounding it. The TIS 
framework is used to analyze innovation at the meso level on a local, 
national or global scale [31,33].

A TIS consists of a structure and functions. The structure of a TIS – 
the actors, institutional and physical infrastructure, and their in-
teractions - can be considered its foundation, and remains relatively 
stable over time [33,32,34,35]. The functions of a TIS, however, are 
more dynamic. These functions refer to processes that should occur for 
innovation systems to perform well. This paper focusses on these TIS 
functions and their dynamics rather than the systems’ structural ele-
ments, although the latter are accounted for implicitly. The seven 
functions are: entrepreneurial activities; knowledge development; knowledge 
diffusion; guidance of the search; market formation; resources mobilization; 
and creation of legitimacy [36,37]. A more elaborate overview of the 
functions can be found in section 3.2., Table 1. If policy makers want to 
influence the overall performance of the TIS, intervening in these 
functions is often the first step [38].

For a TIS to perform well and an innovation to be successful all seven 
functions should be fulfilled, leading to inter-function reinforcement 
and positive feedback loops [32]. These positive feedback loops, or 
virtuous cycles, ideally lead to widespread implementation of the new 
technology [34]. On the other hand, these feedback loops may also work 
the other way, with functions depreciating each other and thus weak-
ening the TIS [37]. It is important to note that fulfilment of one function 
does not necessarily drive the innovation development directly, but the 
synthesis and interplay of different functions in the system does. Hekkert 
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et al. [37] state one function often forms the basis of these feedback 
loops, also referred to as ‘motors of change’. Suurs and Hekkert [39] 
define four motors of sustainable innovation: the Science and Technology 
Push Motor Motor (driven by guidance of the search), the Entrepreneurial 
Motor (driven by entrepreneurial activities), the Systems Building Motor 
(also driven by entrepreneurial activities) and the Market Motor (driven by 
market formation). Empirical studies suggest these motors follow each 
other in the order as discussed, in a so-called ‘Succession Model of 
Innovation’ [40]. The motors of innovation can be mapped to the phase 
of development of a technology. Hekkert et al. [40] identify five phases 
of development: pre-development, development, take-off, acceleration, 
and stabilization. A technology switches from pre-development to 
development when there is a working prototype, and from development 
to take-off when there is a commercial application. When there is fast 
market growth, the phase switches to acceleration, and finally, after 
market saturation, stabilization occurs. Pre-development can be linked 
to the Science and Technology Push Motor, development to the Entrepre-
neurial Motor, take-off to the Systems Building Motor and acceleration to 
the Market Motor [41].

2.2. REPM recycling technology and challenges

Various technologies have been explored for the recovery and 
recycling of EoL REPMs (see Fig. 1) [25]. The shortest recycling loop is 
through powder metallurgy, which recovers NdFeB powder from scrap 
magnets. This is often based on Hydrogen Decrepitation (HD), through 
which magnetic materials are broken down by using hydrogen’s ability 
to cause lattice expansion and material embrittlement. Most hydrogen- 
based REPM recycling processes go even further and also include 
grain boundary engineering, in which additives are strategically incor-
porated at the grain boundaries to improve the magnetic properties of 
the final recycled magnet [42,43]. Other recycling technologies return 
materials to earlier steps of the supply chain. These technologies include 
pyrometallurgy, resulting in alloys or separated metals; electrorefining, 
yielding individual REE metals; gas-phase extraction, converting the 
metals into chlorides; and hydrometallurgy, turning the material into 
rare earth oxides [44,25]. The latter resembles the recovery of rare 
earths from primary ores and has been a foundational element of NdFeB 
production since its origin. These methods have been used successfully 
in industrial settings for decades [45], but for recycling of 
manufacturing scrap and waste rather than EoL REPMs [25].

Both the recycling after manufacturing and the recycling after use 
(Fig. 1) can play an important role in a circular economy. However, EoL 

recycling better reflects efficiency improvements and contributes more 
to supply security [46,47] and is therefore the main focus of this 
research. EoL recycling is also less common and more difficult to realize 
than manufacturing scrap recycling. Although commercial-scale short 
loop recycling of EoL NdFeB-magnets is possible [48], multiple chal-
lenges remain. These challenges relate to e.g. EoL magnet waste 
collection and disassembly, lacking economies of scale due to small 
magnets and small waste flows, and uncertainty from volatile prices 
[49]. Still, the environmental benefits of magnet recycling are clear. 
Direct recycling involves less energy-intensive processing steps than 
magnet production with virgin materials [50] or other longer loop 
recycling methods, resulting in magnets with similar properties but 

Table 1 
The different functions of the Technological Innovation System and the indicators to assess them, based on Hekkert et al. [37], Hekkert and Negro [36] and Suurs et al. 
[34].

Function Description Indicators used in this study Data sources, search engines

1. Entrepreneurial 
activities

Activities that turn new knowledge into business opportunities. These 
experiments lead to increased insight into the functioning of the technology 
under different circumstances, and how actors react to it.

Number of (pilot) plants Extensive Google search, company 
websites, expert interviews

2. Knowledge 
development

This function entails both learning by searching as well as by doing. Patents, academic 
publications

Patentscope, Web of Science

3. Knowledge diffusion 
through networks

Exchange of information among stakeholders is necessary to guarantee 
policy decisions are aligned with recent technological developments and 
R&D agendas are incorporating current norms and values.

Collaborative research 
projects, conferences, 
networks

Web of Science, extensive Google search, 
expert interviews

4. Guidance of the search Specific technological options should be chosen to allocate sufficient time 
and resources to further explore this technology, dictated by preferences in 
society.

Policy documents, 
regulations

Governmental policies and regulations, 
research institutes reports, expert 
interviews

5. Market formation Market formation, e.g. through creating niche markets or a competitive 
advantages through taxes or quotas, is essential since innovations often 
cannot compete with incumbent technologies.

Standards, regulations ISO, governmental policies and 
regulations, expert interviews

6.Resources mobilization Capital (financial and human) is essential for all activities within innovation 
systems. Resources are especially crucial for knowledge production.

Public and private 
investments

Public announcements and public 
government spending accounts

7. Creation of legitimacy To become part of or overthrow the existing regime, innovations have to be 
legitimate. This legitimacy can be catalyzed by advocacy coalitions, 
through influencing agenda-setting, resources allocation and market 
formation.

Media coverage: news 
articles, lobby activities

NexisUni, expert interviews, lobby 
reports

Fig. 1. Overview of NdFeB recovery methods, and the point of entry of material 
into the primary supply chain.
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lower environmental impacts [51]. Magnet-to-magnet recycling causes 
significantly lower environmental impacts than virgin magnet produc-
tion [52,53]. Although we focus on EoL recycling of magnets in this 
paper, manufacturing scrap recycling still forms a relevant part of the 
EoL REPM recycling TIS, as this type of recycling contributes to the 
initial emergence of the TIS functions that are needed to further develop 
EoL REPM recycling.

Technology characteristics and maturity also play a role in the 
functions of a TIS [36]. The more mature a technology, the more likely 
the functions will be fulfilled. Following this, we expect a limited 
fulfilment of the functions related to REPM recycling, since the tech-
nology is relatively immature [44,54]. However, the technology is 
considered as an important solution to (future) pressing societal prob-
lems such as critical material supply constraints [16,21], and leading 
scholars call for market intervention to stimulate viability of recycling 
[55]. In this paper we will explore in what stage of the Succession Model 
of Innovation the technology around EoL REPM recycling currently is, in 
this way enabling focused policy action and a successful TIS in the 
future.

3. Methodology

This section presents the methods used for this research. First, we 
describe the sequence analysis method, followed by the data collection 
approach and a definition of indicators for each of the seven TIS func-
tions. Finally, we discuss how we assess the functions, their interactions 
and how we synthesize the results. The geographical scope of our 
research is global, but we also zoom in on some prominent regions 
where possible. These regions are China, the EU, Japan and the US, since 
they are the most influential players in the rare earth landscape [56,57]. 
However, there might be a bias towards Western countries, since only 
sources written in English are used in this work. The main focus of our 
research is EoL REPM recycling, but we also assess manufacturing scrap 
recycling where relevant, as it forms part of the TIS for EoL recycling.

3.1. Sequence analysis

The development of a TIS can be assessed through a sequence anal-
ysis, in which change processes are analyzed as sequences of events 
[37]. The basis of this approach is the event: what central actors do or 
what happens to them. In the TIS context, Alkemade & Suurs [58] define 
an event as ‘an instance of change with respect to actors, institutions and/or 
technology which is the work of one or more actors and which carries some 
public importance with respect to the system under investigation’. Sequence 
analysis can capture cumulative causation, incidents, contextual effects 
and other dynamics of a system, which can be derived from the patterns 
of events [37,59]. The events serve as indicators of the functions of the 
scrutinized system, which enables the operationalization of system 
functions [60]. We adapted the approach of Hekkert et al. [37] and 
Suurs [60], which will be described in section 3.2 and 3.3.

3.2. Data collection

For the data collection, we combined two approaches: an explorative 
inductive approach and a deductive approach. For the first we collected 
data from general sources and subsequently categorized this to the 
different system functions (see Appendix (A) 1). For the deductive 
approach, we specifically searched for data for each function based on 
the operationalization of the different functions as proposed by Hekkert 
et al. [37] and Suurs et al. [34] (Table 1) (e.g. by conducting a patent 
search for the knowledge development function). Events were collected 
from various sources, i.e. academic journals, company/industrial/gov-
ernment reports, industry magazines, and the WIPO patent database 
[61]. A more elaborate description of the data collection per function 
can be found in A1.

3.3. Assessing functions, defining interactions and synthesizing results

After the data collection, the events were sorted by system function 
in case they were found through the inductive approach. If found 
through the deductive approach, the system function under which they 
should be categorized was evident. This enabled the plotting of in-
dicators and thus the assessment of the functions over time [37,33]. An 
overview of the system functions, the events and their plots is provided 
in the results section of this paper. The approach per function is 
described in more detail in A1.

Subsequently, cause and effect relationships among functions were 
explored and identified, resulting in an overview of the dynamic system 
using causal Loop Diagrams (CLD). These CLDs highlight the main 
causal relationships between functions for the different stages of 
development. CLDs come from the field of System Dynamics (SD) 
modelling, and can be used to represent both qualitative and quantita-
tive models [62]. In this research, we take a purely qualitative approach. 
CLDs have been used before in TIS literature, both as a general illus-
tration [40] and for specific technologies [63,39,64]. What is note-
worthy here is that the causal relations differ per technology. So, 
although theoretically almost all functions could cause a change in 
another function, this does not seem to happen in the same way for 
different technologies. In this paper, we explore which relationships are 
specifically relevant for the REPM recycling TIS at different points in 
time. The identified events and system dynamics were validated by 
conducting expert interviews. The experts were selected to broadly 
represent the field of REPM recycling, with various areas of expertise 
and nationalities. An anonymized overview of the respondents can be 
found in A1.8.

4. Results

This section describes the results of our research, categorized per 
system function and supported with figures. Subsequently we describe 
the narrative we distilled from these results, supported with CLDs 
showing the dynamics of the TIS over time.

4.1. F1. Entrepreneurial activities

The number of pilot plants for magnet recycling increased in the past 
15 years. 32 pilot plants have been established or announced, with a 

Fig. 2. Number of new plants (blue) and their total recycling capacity (red) for 
REE magnet recycling. The (expected) start of operation is displayed; when only 
the starting year was communicated, January 1st was assumed. For 11 of 32 
facilities, no (estimated) capacity was released. The shaded area indicates 
future years. (For interpretation of the references to colour in this figure legend, 
the reader is referred to the web version of this article.)
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cumulative capacity of over 15,000 t/a (Fig. 2 and Table A2). The sector 
refers to pilot plants as facilities that test at a scale of around 100 t/a. 
When successful, these plants will enter in operation at full capacity, 
which is also indicated in Fig. 2 (when disclosed). The installed capacity 
lags behind the number of plants, because the first plants had a small 
capacity. The largest plants are still in the design and construction 
phase, and are expected to become operational over the coming years. 
Based on the announcements, the capacity is expected to increase from 
2750 t/a at the end of 2022 to 15,578 t/a in 2030. Canada is expected to 
be the largest contributor with a capacity of around 10,000 t/a, followed 
by the EU (around 2900 t/a) and the US (around 2300 t/a). The UK and 
Japan will have a relatively small recycling capacity (140 t/a and 29.33 
t/a respectively). A total recycling capacity of 15,578 t/a in 2030 would 
imply an EoL recycling rate of 17 % of the estimated 90 Mt. global 
NdFeB waste (total waste flow, calculated from [65]). This is a signifi-
cant rate. Still, it should be noted that initially the plants will not operate 
at full capacity, and their actual recovery efficiency will also influence 
the results. Reported recycling potential lies around 90 % [66,65].

Most pilot plants employed hydrometallurgy (15 of 32), followed by 
powder metallurgy (11 plants). Almost all plants are located in the EU 
and North America. An overview of all plants can be found in the Ap-
pendix Table A2. In addition to the announced plants as depicted in 
Fig. 2, there is mention of 79 plants across five Chinese provinces, i.e. 
Jiangxi, Anhui, Jiangsu, Hunan and Guangdong. These plants only 
recycle manufacturing waste originating from Chinese magnet factories, 
most likely using hydrometallurgical technology. It is unclear when 
these plants were established and their total capacity was estimated at 
170 kt/a in 2015 (XFA [67]).

Among the operators of recycling plants, three types can be distin-
guished: new entrants (companies that are founded with the purpose of 
magnet recycling), incumbents (producers of REEs or magnets that add 
recycling to their business model), and ‘switchers’ (companies that shift 
from another business to magnet recycling). 15 incumbents, 15 new 
entrants, and 2 switchers were counted. University spin-offs have played 
a significant role in the development of the recycling industry, illus-
trating the importance of academic research for the development of new 
technologies for REPM recycling. An important limiting factor for the 
emerging entrepreneurs is the access to end-of-life (EoL) magnets. 
Several challenges regarding access to EoL magnets and some examples 
of how companies tried to address these can be found in A2.1.

4.2. F2. Knowledge development

4.2.1. Academic research
Recycling of REPMs has received increasing attention in academic 

research in the past three decades (Fig. 3). While the number of papers 
published about the topic in the early nineties was very limited, this 
number has gradually increased to around 45 per year in the past three 
years. The papers vary in their focus and scope. Most papers describe a 
full process of REPM recycling, from EoL magnet to new magnet [48] or 
zoom in on one specific step of the process, such as decrepitation of the 
magnets to prepare them for further recycling [68]. A few papers 
consider REPM recycling from a systems perspective, like Sprecher et al. 
[21], who assess the potential contribution of Nd recycling to reduce 
supply scarcity or Deng and Ge [69], who explore different scenarios for 
wind power implementation and their effect on Nd demand and recy-
cling. Finally there are papers focusing on the environmental impacts 
and benefits of REPM recycling, e.g. Karal et al. [70] finding lower 
impacts for magnets produced with recycled Nd instead of virgin ma-
terial or Schulze et al. [71] and Jin et al. [72] who assess the impacts of 
several potential new recycling routes.

The status of knowledge regarding magnet recycling has been 
reviewed more extensively by Yang et al. [25] and Ormerod et al. [73]. 
In a recent study, the recycling barriers for various EoL magnets were 
studied [74]. The identified bottlenecks include product design, align-
ment between recycling chain partners, and willingness to pay for 
recycled magnets. Depending on the type of waste, either the content of 
NdFeB is low, or the total volume is limited [49]. Moreover, small-scale 
recycling can be costly, among others due to labour costs of manual 
disassembly [75]. Large-scale and automated recycling are estimated to 
be cost-competitive [66,76].

4.2.2. Patents
The number of patents related to REPM recycling has increased 

drastically since 2010 (Fig. 3). No patents from before 1994 were found. 
The total number of identified patents (excluding members of the same 
family) is 313 (based on Patentscope). The majority of patents originate 
from China (A2.2). These patents also provide insight into the different 
recycling technologies that are under development (Fig. 4). We distin-
guish five technology types, complemented by preprocessing of waste 
(See Fig. 1, and A1.3 for a definition of these processes). Hydrometal-
lurgy is the most common recovery technology (38 % of patents), with 
roasting as an important sub-technology. The second largest group of 

Fig. 3. Journal articles published regarding REPM recycling based on Web of Science and number of patents related to REPM recycling in the past decades. Patents of 
the same family are counted as one.
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patents are related to powder metallurgy (25 %), many of which apply 
hydrogen decrepitation. This process is not only used for recycling, but 
also for primary magnet alloy production. Besides recovery techniques, 
70 patents (22 %) described preprocessing, i.e. methods to liberate or 
sort EoL magnets. The small remainder of patents (6 %) is grouped as 
‘Other’. This category includes patents on gas-phase recovery, electro-
refining, and unspecified technologies. Only 7 patents consider the 
recycling of bonded REPMs. The method of 71 patents (23 %) was 
explicitly applicable to manufacturing waste.

4.3. F3. Knowledge diffusion

4.3.1. Collaborative projects
The number of collaborative projects in magnet recycling research 

increased in the past decade (Fig. 5). In these projects, different stake-
holders including knowledge institutes, companies, and governmental 
actors work together to create and diffuse knowledge related to magnet 
recycling. Such projects seem to be implemented especially in the EU 
and the UK; comparable initiatives were not found in other places. Ex-
amples of projects are SUSMAPGRO [77] or REEsilience [78], both 
aiming to establish a supply chain for magnet recycling and funded by 
the EU and/or the UK.

4.3.2. Conferences
Although the first conference sessions about EoL REPM recycling 

occurred in the late 1990s and early 2000s already, the amount of 
conferences with sessions about the topic increased slightly in the past 
decade (see A2.3). So far no conferences specifically dedicated to the 
topic of EoL REPM recycling have taken place; rather, sessions about the 

topic were organized as part of broader conferences related to magnets, 
metals, or rare earths. E.g. the Rare Earths Industry Association 2023 
conference discussed rare earth supply chains in general, but some 
sessions were focused on magnet recycling. This indicates that the topic 
is considered important enough to devote some attention to, but not 
urgent enough to organize a separate conference for. See the Appendix 
A2.3 for more examples. The relatively low number of conference ac-
tivities after 2020 can be explained by the COVID-19 pandemic, causing 
a pause in the organization of events. Due to the increase in academic 
papers and patents published (section 4.2.), more growth in diffusion 
activities is expected the coming years.

4.3.3. Networks
In addition to collaborative projects and conferences, networks are 

an indicator of knowledge diffusion around an innovation. Several (EU- 
funded) networks have been active in the rare earth sector (etn- 
DEMETER, n.d.; [79,67]). A considerable, still active network in the 
field is the Rare Earths Industry Association [80], an international non- 
profit organization representing the global rare earth industry. REIA’s 
goal is to contribute to a more resilient rare earth industry, which in-
cludes recycling of REPMs. To achieve this, the network brings together 
relevant partners, and representatives of REIA are participating in 
various EU projects related to magnet recycling (e.g. [78,77]).

4.4. F4. Guidance of the search

We assessed guidance of the search based on policy documents. 
Several reports, policies and action plans clearly consider magnet 
recycling as an important aspect of increasing REE supply resilience 

Fig. 4. Technology types of patents for REPM recycling, from 1994 to 2022. Preprocessing occurs in the magnet waste part of Fig. 1.

Fig. 5. Number of active collaborative projects in magnet recycling research, in the EU and the UK.
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[81,82,83]. Magnet recycling also receives considerable attention in 
reports written by research institutes [16], or as part of EU funded 
projects [84,85]. Based on expert interviews, we found that in China 
recycling efforts for EoL magnets are not widespread, even though 
recycling of manufacturing waste and swarf is common practice. As 
mentioned before, 79 swarf recycling plants exist in China, with 170 kt/ 
a capacity in [67] (XFA, [67]). Yet, economic and geopolitical incentives 
for EoL REPM recycling are lacking, due to the wide availability of cheap 
virgin material. This is different for Japan, which already invested in 
critical mineral recycling technology and diversification of its supply 
chain from the 1980s onward, establishing their first list of critical 
minerals in 1984. Their measures first focused on stockpiling but later 
also on supporting R&D on substitutes and recycling. In Japan’s 2009 
Strategies to Secure Rare Metals, securing resources overseas, recycling, 
substitute development and stockpiling were four main pillars. After the 
2010/2011 Chinese export ban the priority to derive rare earths from 
non-Chinese sources was added, resulting in a reduced reliance on 
Chinese supplies from 85 % in 2009 to 58 % in 2018 [86].

The policy context and timeline in A2.4. show that attention for 
critical minerals in general has increased in the past decade. Awareness 
for this topic seems to be accelerated by the COVID19 pandemic in 2020 
and the Russian invasion in Ukraine in 2022, which both contributed to 
recognition of global supply chain vulnerability and strategic autonomy. 
The pandemic caused severe shocks to both supply and demand of raw 
materials [87], and disrupted global trade and transportation leading to 
increased costs of products and reduced access to raw materials. As a 
consequence of the invasion in Ukraine, the USA, the EU and other 
countries and regions imposed sanctions against Russia disrupting 
global markets and causing increased prices for oil and consumer 
products [88]. The conflict caused concerns about the supply chains of 
critical metals as well [89] resulting in persistently higher prices than 
projected, i.e. a 36 % increase for nickel and 15 % for lithium [90]. The 
newly enacted EU’s Critical Raw Materials Act [23] marks a milestone 
by introducing, for the first time, the target of establishing a minimum 
recycled content requirement for permanent magnets. However, specific 
targets for this requirement have not yet been determined and will likely 
be implemented before 2030.

The policy support for recycling appears to be high compared to 
other circular economy strategies. Circularity is increasingly embedded 
in policies, with Japan as the frontrunner (2000), the EU and China 
following in 2008 and finally the US (2021) (see A2.4.). Recycling plants 
and researchers receive financial support, recycled content targets are 
considered and waste collection directives are implemented. Policies are 
less specific when it comes to e.g. lower resource consumption, service 
life extension and more repairable and shareable products. These 
‘reduce and reuse’ strategies could also be supported by generic policies, 
but it is clear that recycling receives more attention.

The guidance of the search for magnet recycling seems to be limited 
when it comes to the type of specific EoL REPM recycling technology. As 
described in Fig. 1 and Fig. 4, a range of recycling technologies is under 
development. Since different recycling technologies vary in their mag-
net outputs and treated waste streams, the existence of multiple tech-
nologies does not reflect a lack of consensus but different optimization 
goals and various market needs and applications. Scientific publications 
have contributed to some extent to the guidance of the search for tech-
nology type, i.e. manufacturing waste mainly being recycled through 
hydrometallurgical methods, while short loop hydrogen-based routes 
emerged later targeting magnet-to-magnet recycling (see section 2.2). 
Still, this level of detail is not reflected in policies yet. Generally guidance 
of the search seems to be present for critical mineral recycling, but it is 
less prominent for EoL REPM recycling and even less distinct for the 
specific recycling technology type.

4.5. F5. Market formation

4.5.1. Regulations
Several recently developed regulations contribute to market forma-

tion for recycled materials. In the proposed EU Critical Raw Materials 
Act [23] permanent magnets are described as ‘a priority product for 
increasing circularity’. Moreover, the mentioned recycled content 
requirement for magnets stimulates a business case for magnet recy-
cling. Similar efforts are made in other countries, e.g. in Japan’s recent 
Five-Point Plan for Critical Minerals Security [91] which specifically 
aims at promoting recycling of REPMs both in Japan as well as in 
developing countries. The market for recycled magnets is currently not 
stimulated by specific regulations, although generic policies exist. An 
interviewee confirmed that new transparency regulations have a big 
influence on the market, increasing the demand for recycled magnets.

4.5.2. Standards
In addition to regulations, standards can also be an indicator of 

market formation. ISO has prepared five standards that are relevant for 
REPM recycling. Three of these are published already, and provide 
standards for information sharing on and measurement of REE content 
in industrial and consumer/electronic waste. Two are currently under 
development, providing standards on the analysis of REPM scrap and the 
classification of recyclable NdFeB resources (see Appendix 2.5). This 
indicates that the industry calls for definitions and quality requirements. 
Standardization enables further growth of the recycling industry, 
because it gives buyers certainty about the quality of their purchases. An 
ISO working group (ISO/TC 298) has been in place since 2015 to 
internationalize these industrial standards.

4.6. F6. Resource mobilization

Between 2012 and 2022, more than €230 million was invested into 
EoL REPM recycling, both by public and private investors. It is important 
to note that we only include funding for projects directly related to the 
recycling of EoL REPMs. The largest share is invested in the US, entailing 
almost €120 million of investments. The US government provided 
funding to 12 individual organizations, of which almost 80 % was 
granted to Urban Mining Company (now called Noveon Magnetics), 
receiving $30 million. Almost €90 million was invested in the EU, with 
the European Commission funding 18 research projects. In the UK a total 
of €13.5 million was invested, with 6 research projects supported by the 
UK government. These EU and UK projects also serve as an indicator for 
knowledge diffusion, as discussed in section 4.3 (Fig. 5). Based on our 
expert interviews the Japanese government also invested in REPM 
recycling technology from around 2006/2007 onwards, although it is 
not clear to what extent. Data on Chinese investments were not acces-
sible to us.

For private investments we rely on public announcements of in-
vestments in (pilot) plants. JLMag made the largest investment, 
investing $100 million in a magnet production and recycling facility in 
Mexico. However, due to the recent export ban on Chinese magnet 
production technologies, it is unclear whether this facility will be real-
ized [92]. An overview of funding and investments is provided in Fig. 6, 
a full list can be found in A2.6. Projects often run for multiple years and 
their number is rather limited, explaining the fluctuations in funding 
provided to magnet recycling development over the past decade.

The outcomes of the investments are knowledge diffusion and pilot 
plants (section 4.1–4.2). In this context, it is remarkable that the ma-
jority of the (promised) recycling capacity is located in northern 
America. Facilities are being built by single companies. In contrast, the 
EU funds have mostly supported R&D consortia, where subsidies are 
divided across multiple organizations and resulting in smaller pilot 
facilities.
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4.7. F7. Creation of legitimacy

The media coverage of rare earth recycling peaked first in 
2010–2011 (Fig. 7), coinciding with the export ban from China to Japan 
and a REE price spike. We found only one publication from before 2008 
[93]. News articles analyzed the rare earth market situation and dis-
cussed the need for recycling [94,95]. Three Japanese companies pub-
licly announced plans for recycling activities: Hitachi, Mitsubishi and 
Shin-Etsu [96,97,98]. In the years after, the sentiment towards recy-
cling was either neutral or mixed positive/negative. Market analyses 
continued to be published, as well as analyses of challenges and op-
portunities for recycling. Some news and opinion articles were critical 
about the effectiveness of recycling (e.g. [99,100]).

From 2020 onwards more listed companies and start-ups entered the 
magnet recycling market, as indicated by the amount of press releases 
from companies (in Newswires and Industry Trade Press). These com-
panies announced investments, research findings, partnerships, acqui-
sitions, pilot plants, and subsidies [101,102]. After the rise of attention 
in 2010–11, the media coverage was low or absent for several years. 
From 2019, newspapers have started to report again, from the angle of 
REE criticality and the geopolitical perspective [103]. In the last two 
years (2021− 2022), newspapers shifted towards reports on solutions, 
such as recycling technologies and pilot plants [104,105]. A brief 
assessment of lobby activities, which also contribute to legitimacy, can 
be found in A2.7.

4.8. Synthesis of results

In this section we describe the fulfilment of the different functions 
over time, distinguishing several time periods. The interactions between 
the different functions in the last three time periods are illustrated 
through explorative causal loop diagrams (CLDs) (Fig. 8).

4.8.1. Pre-2010
Before 2010, there was very limited attention for EoL REPM recy-

cling, despite pioneering technical research. REPMs were invented in the 
early 1980s [106]. In the period of 1980–2000, marked by globalization, 
security of mineral supply received little attention, particularly in the US 
and Europe. China directed some attention towards the topic by 
installing a Mineral Resources Law in 1982 [107], as did Japan by 
establishing a critical minerals list in 1984 [86]. Magnet recycling was 
hardly happening in this period and recycling rates for EoL rare earths 
were < 1 % [28]. During this period one news article was published 
about the topic, in addition to a handful of academic papers and patents. 
In the decade from 2000 to 2010, the first circular economy policies 
were implemented, in Japan, China and the EU. These three also guided 
attention towards mineral supply in their policies. Recycling of EoL 
REPMs did not receive considerable attention yet, although a very 
limited amount of entrepreneurial activities, patents and research papers 
appeared. Predating many policy initiatives, pioneering technical work 
in EoL REPM recycling was conducted, such as the development of 
hydrogen-based recycling processes providing a basis for practical 

Fig. 6. Funding and investments provided to magnet recycling development and deployment, by country of destination and award date. Besides investing indirectly 
through the EU, Germany and France have also invested directly in magnet recycling, thus mentioned separately.

Fig. 7. Number of news articles on REPM recycling per news medium, as identified using Nexis Uni.
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Fig. 8. CLDs of the REPM recycling TIS for three time periods. 2010–2020: pre-development. 2020 – present: development. Present – future: take-off (expectation). 
R1 = Science & Technology Push Motor. R2 = Entrepreneurial Motor. R3 = Systems Building Motor. The Market Motor is not shown, although it may emerge in the 
future. Gray = inactive function. Black = active function. Thicker connections are stronger.
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recycling pathways in the future [108,109]. At the end of this period, the 
first subsidies to support recycling technology development were given 
by the Japanese government. Despite some technological groundwork, 
the pre-2010 era is marked by very limited guidance of the search, creation 
of legitimacy and knowledge development, without prevalent connections 
between these three functions. No motors of change were active in this 
period.

4.8.2. 2010–2020: pre-development
In the years 2010–2015 the concept of mineral criticality emerged in 

the US, and received increasing attention in China, the EU and Japan, 
accelerated by the growing demand of minerals for the energy transi-
tion. Geopolitical tensions arose regarding REEs, as illustrated by the 
Chinese export ban of REEs to Japan in 2010. Following this ban, REE 
prices rose considerably, which further increased awareness for circu-
larity strategies. This triggered the attention for REE recycling and EoL 
REPM recycling, resulting in a steep growth in the publication of aca-
demic papers and patents, as well as an expansion in the amount of 
entrepreneurial activities. These developments were supported by in-
vestments. It seems in this period the guidance of the search function 
served as a trigger for the Science and Technology Push Motor [39].

From 2015 onwards a further growth in knowledge development and 
entrepreneurial activities regarding REPM recycling occurred. Knowledge 
diffusion also increased, through collaborative research projects and 
conference sessions. The resources invested in the innovation grew 
further and legitimacy was enhanced by a surge in news articles. Guid-
ance of the search continued to drive the other functions, as indicated by 
an increase in supporting policies, flagship reports and strategies, all 
underlining the role of magnet recycling to enhance REE supply resil-
ience. This indicates the continuation of the Science and Technology Push 
Motor in these years (feedback loop R1 in Fig. 8).

4.8.3. 2020-present: development
Awareness of supply resilience increased even further due to supply 

chain problems during and following the COVID-19 pandemic (2020) 
and the Russian invasion in Ukraine (2022). This lead to a strengthened 
guidance of the search, since EoL REPM recycling can contribute to 
strategic autonomy and supply resilience. The growth trend in patents 
and academic publications continued, and was accompanied by more 
investments in R&D related to EoL REPM recycling. The innovation 
gained traction in the public debate as indicated by the growth in 
published news articles. The amount of resources directed towards the 
innovation grew considerably, which could be the result of successful 
lobby for funding by entrepreneurs. This in turn supported entrepre-
neurial activities. Ongoing regulatory activities, like the Critical Raw 
Materials Act in the EU [23], aim to create a market for recycled mag-
nets. It seems the Science and Technology Push Motor was still in force, 
indicated by strong guidance of the search. At the same time, the Entre-
preneurial Motor seems to be emerging; entrepreneurs increasingly 
engage in magnet recycling and more private investments are mobilized, 
which leads to greater legitimacy, guidance of the search, knowledge 
development and diffusion, resource mobilization, and in turn a further 
increase in entrepreneurial activities (feedback loop R2 in Fig. 8).

4.8.4. Future expectation: Take-off
In the near future, the Entrepreneurial Motor is expected to gain 

traction, with more and more business activities and funding directed 
towards (pilot) plants. This will increase knowledge on how to deploy 
the EoL REPM recycling technology on an industrial scale. Technology 
demonstrations may then justify higher expectations, leading to 
increased legitimacy. If policy makers continue to provide guidance of the 
search and support market formation, the Systems Building Motor may 
emerge where entrepreneurial activities increase knowledge diffusion and 
legitimacy, further strengthening guidance of the search and market for-
mation and in turn more entrepreneurial activities (feedback loop R3 in 
Fig. 8). Finally, the innovation may develop to the point where a market 

is established, with a demand independent of financial support, found-
ing the Market Motor.

If the TIS develops as outlined here, it supports the hypothesis of the 
Succession Model of Innovation [39]. The speed of this Succession 
Model of Innovation is expected to depend on contextual factors as well, 
such as geopolitical tensions, developments in the energy transition and 
virgin material prices.

5. Discussion and conclusions

5.1. Key findings

To our knowledge, this research is the first to give a dynamic over-
view of the EoL REPM recycling TIS. We assessed all seven TIS functions 
by combining a wide range of data sources. We have identified a rapid 
growth of activity in the TIS around EoL REPM recycling for all func-
tions, especially over the past decade. Some TIS functions, such as 
guidance of the search, are equally present in the main regions that we 
assessed, while other functions seem to hold a distinct geographical 
focal point. Most patents (knowledge development) are filed in China, 
while private resource mobilization is largest in the US. Knowledge diffu-
sion emerges more in Europe, but can reach international audiences. 
Most functions have an effect that extends beyond borders, highlighting 
the benefit of the adopted global scope. Actors within the TIS could 
strengthen the innovation system by intensifying their international 
collaborations.

Pre-development of the REPM recycling TIS started in 2010, with the 
guidance of the search function triggering the Science and Technology Push 
Motor. This motor seems to be in force to this day, although the Entre-
preneurial Motor is gaining momentum. While Hekkert & Suurs (2012) 
argue these motors generally succeed each other, in this case we see they 
are partly working at the same time, or at least have some overlap. With 
the Science and Technology Push Motor and the Entrepreneurial Motor 
active, EoL REPM recycling is currently in the development phase, as 
defined by Hekkert et al. [40].

To transition to the take-off phase with a functioning market, EoL 
REPM recycling must become economically viable. Proposed policies 
have taken an initial step towards supporting EoL REPM recycling, but it 
is not yet evident whether they have had a discernible impact on market 
formation. Although entrepreneurs are increasingly engaging in recy-
cling activities, most plants are still in the pilot phase and most busi-
nesses still depend on government subsidies. This corresponds to the 
findings of Binnemans et al. [55], who state that REPM recycling 
currently requires a lot of government involvement and funding, and the 
market is still artificial. To create a functioning market, both supply and 
demand are essential.

First, supply of recyclable EoL REPMs needs to be established. To 
achieve this, a few preconditions and technology characteristics which 
are not directly covered by the TIS functions are required. The growth 
potential of a recycling TIS partly depends on the availability of suitable 
feedstocks, but it also relies on the ability of the system to deal with 
these waste flows. Proper collection of magnet-containing waste needs 
to be realized to establish substantial recyclable waste flows. In addition, 
design of products needs to be adjusted in such a way that the magnets 
can be removed from products with little efforts or energy consumption 
[49]. The ability of the system to deal with these inputs is determined by 
the technology characteristics. A recycling TIS has more growth poten-
tial if it succeeds in handling a diverse range of feedstocks, from 
different sources and EoL products. This can be achieved by combining 
complementary recycling technologies, as developed for REPM recy-
cling [44,25]. Rather than focusing on a specific recycling technology, 
policymakers should be aware of this complementarity and support 
recycling in general.

Second, sufficient demand of these recycled magnets should be 
assured. Demand could follow organically from external developments, 
such as geopolitical tensions or higher REE prices due to increased 
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demand for magnets in the transitioning energy sector [69,12]. These 
developments would result in the natural emergence of a market for 
recycling, thus serving as an ‘on’ switch for entrepreneurial activities [32]. 
However, with China as a dominant actor actively guiding the magnets 
and rare earths prices, a business case for recycling emerging naturally is 
unlikely [110]. The demand for recycled magnets could be stimulated by 
further policy measures, e.g. by favourable taxes or subsidies, or setting 
standards for a minimum amount of recycled content in products [55].

5.2. Limitations and suggestions for further research

While some indicators gave a clear picture of the development of the 
TIS functions, others were more difficult to quantify or more distant 
from the corresponding function. For example, the measurement of the 
knowledge development function was effectively conducted due to readily 
available data on patents and academic publications. Conversely, 
gauging the knowledge diffusion function proved more challenging as 
data on networks, workshops and conferences is difficult to obtain sys-
tematically, and collaborations and other diffusion activities might be 
invisible in quantitative data and thus easily overlooked. To overcome 
the limitations of certain quantitative indicators, future research could 
benefit from more extensive expert interviews to gain additional insight 
into the diffusion of knowledge regarding REPM recycling. Moreover, 
connections between functions are even more difficult to measure than 
the functions themselves. We have used CLDs to provide insight into 
this, but direct connections cannot be determined. This research thor-
oughly explored these connections, but future research could place more 
emphasis on expert interviews to further validate these results. A 
stronger emphasis on interviews with experts from non-Western coun-
tries could also alleviate potential bias towards the Western world in this 
research. Since the searches were conducted in English, and data from 
countries like China is not always available, this research may have 
overlooked activities in non-Western countries. Although we tried to 
limit this bias by conducting interviews with experts from all the 
assessed regions, further research should incorporate the non-Western 
perspective better.

Future research providing more in-depth analysis into the different 
system functions would also be of value. E.g. for resources mobilization, 
there is considerable variety in funding strategies and outcomes. It 
would be interesting to further examine the effectiveness of the different 
strategies, and the policy implications for future funding choices. It 
would also be worthwhile to examine how one actor dominating patents 
(i.e. China) influences global collaboration and access to and adoption of 
new technology in other parts of the world.

Although recycling manufacturing waste is also crucial, this research 
focused on EoL recycling, since it is the most important approach to 
increase supply security [46,47]. Still, recycling should be part of a 
broader resource management strategy, also including other circular 
economy solutions. Despite the high expectations for EoL REPM recy-
cling, it is still a relatively new technology which is not yet widespread. 
As explored in the System Dynamics model of Guzzo et al. [111], 
recycling can slow down resource depletion, but it is only one element of 
a circular economy. Recycling alone cannot fulfil a growing demand 
[112] and too much focus on recycling can create a dependency on EoL 
and waste materials and lead to lock-in situations in which consumption 
of products is encouraged [113]. Other circular economy solutions may 
be more effective in reducing the rare earth demand, while increasing 
resilience more directly. Resilience can be fortified by prolonging 
product lifespans, engaging in the remanufacturing of used magnets, 
redesigning products to function without REPMs, or reconsidering the 
societal need for products containing magnets.

In future research, the connections between functions could be 
quantified in a quantitative SD model. Such models have provided 
additional insights for other innovation systems [41,114,63,115]. The 
assessment could be combined with other SD models of the NdFeB 
supply chain (as proposed by e.g. [8,13]) to dynamically connect the TIS 

with other supply chain elements that can influence the TIS (and vice 
versa). Also for the magnet recycling TIS, SD can help to identify the 
effect of external developments, disruptive events and policies. We 
expect that most relevant insights can be gained if these SD models cover 
not only recycling, but also REE demand (including demand reduction 
by other circular strategies), supply, price and sustainability impacts. 
This approach would enable the study of dynamic interactions between 
recycling and other system elements.
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