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A B S T R A C T   

A transition towards renewable energy and transport electrification requires a high demand for rare earth ele-
ments (REE). China’s dominance in REE makes the supply chains vulnerable for REE-consuming countries. The 
UK is one of the only three major refining plants outside of China, and it has, therefore, an active role in the 
global REE supply chain. In addition, the UK recycling capacity of REE permanent magnets is in development. 
Understanding REE flows and stocks is required both for scaling up upstream refining capacity and for the 
recycling projects that are currently in commercial development. This study developed a material flow model of 
REE in NdFeB magnets used in electric vehicles and wind turbines, taking the UK (2017–2021) as a case. Results 
show that the UK is a net importer (1238 t of REE in REE compounds, 7787 t of REE in NdFeB magnets) and has a 
highly fragmented value chain. A significant amount of the REE remains in stocks, whilst most end-of-life REE- 
containing components were not recovered. Substantial data challenges cause a lack of traceability across the 
global REE supply chain. This needs to be addressed in order to enhance knowledge of how these REE are uti-
lised. The proposed model and policy interventions can be applied to other countries to improve traceability and 
circularity.   

1. Introduction 

Rare earth elements (REE) are essential materials for a range of ap-
plications and significant materials enabler for the clean energy transi-
tion (Adamas Intelligence, 2022; Deetman et al., 2018; Gielen and 
Lyons, 2022). Global REE upstream supplies are highly exposed to dis-
ruptions due to a concentrated dependency on China for mining and 
processing, with limited production and processing capacity elsewhere 
(Adamas Intelligence, 2022; Gauß et al., 2021; Gielen and Lyons, 2022). 
Thus, there is a global race for securing access to REE, where projected 
demand is expected to outstrip supplies with anticipated upward pres-
sure on pricing (Adamas Intelligence, 2022; IEA, 2023). 

According to the UK criticality assessment, REE are at the top of the 
list in the global supply risk assessment (Lusty et al., 2021). Currently, 
the UK is 100 % dependent on imports for REE as there is no mining or 
large-scale commercialised post-consumer REE recycling operations. 
However, the Pensana project is developing mining (overseas) and 
refining capacity (UK) and is planning to produce 5 % of global magnet 

rare earth oxide (4500–5000 tonnes (t)) in the UK by 2025 (Pensana 
PLC, 2022, 2023). Moreover, the UK produces REE alloys and is there-
fore reliant on rare earth oxide feedstock. The UK Government’s Net 
Zero commitments, which include reaching 50 GW (gigawatt) of 
installed offshore wind capacity by 2030 (UK Government, 2023a) and 
banning the sale of new petrol and diesel cars by 2035 (UK Government, 
2023b), will accelerate domestic demand for REE (Walton et al., 2021). 

Partly in response to the risk to supply security associated with REE, 
the UK government announced the UK Critical Minerals Strategy in 2022 
(UK Government, 2022). In this, accelerating to a circular economy with 
improved end-of-life treatment has been put forward as a key strategy 
(UK Government, 2022). CE for REE can provide important environ-
mental benefits, as mining and processing of primary REE is linked to 
significant environmental impacts and ecological degradation in mining 
areas (Bai et al., 2022; Zaimes et al., 2015; Zapp et al., 2022). Recycling 
REPM has lower environmental impacts than REPM manufactured by 
virgin REE (Jin et al., 2018; Wang et al., 2022b). The first key stage of 
developing a future circular economy for REPM requires a detailed 
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understanding of baseline REPM flows and stocks at global and the UK 
national scales to identify and quantify value chain CE opportunities 
(Bandara et al., 2014; Busch et al., 2014; Geng et al., 2023). 

To date, the flows and stocks of REE and REPM in the UK economy 
are poorly understood. This paper represents the first UK model based on 
material flow analysis (MFA), cross-linking diverse publicly available 
data sets to improve quantification and traceability and enhance our 
current state of knowledge on how these REE are utilised. This study 
aims to address the following research questions:  

(1) What are the flows and stocks of REE in the electric vehicles and 
wind turbines in the UK, which may enable the development of a 
circular economy?  

(2) What are the data qualities and gaps across the UK supply chain? 

2. Literature review on REE MFA 

REE material flow analysis has been undertaken at various 
geographical scopes, including global (Du and Graedel, 2011; Eheliya-
goda et al., 2023; Liu et al., 2022; Nansai et al., 2014; Peiró et al., 2013), 
Europe (Ciacci et al., 2019; Guyonnet et al., 2015; Rollat et al., 2016), 
Denmark (Habib et al., 2014), Republic of Korea (Lee and Kim, 2014; 
Swain et al., 2015) and the USA (Alonso et al., 2023; Chen et al., 2023). 
Wang et al. (2024) estimated global REE MFA and analysed its regional 
interdependence between 2021 and 2050. Most of the REE MFA studies 
focus on the role of China, as it dominates the upstream REE value chain. 
The Chinese REE flows of neodymium (Chen et al., 2018; Geng et al., 
2021; Yao et al., 2021), dysprosium (Wang et al., 2022a; Xiao et al., 
2022), praseodymium (Xiao et al., 2000), and terbium (Gao et al., 2022) 
have been reported. These studies reveal that monitoring REE material 
flows is challenging due to the lack of consistent datasets and trans-
parency on the activities in the REE supply chain. 

The majority of the REE MFA studies focused on neodymium, as it 
represents an essential constituent of the REPM. Alonso et al. (2012); 
Rademaker et al. (2013); Reimer et al. (2018); Restrepo et al. (2017); 
van Nielen et al. (2023) have examined the concentration of REE in 
electric vehicles (EV) and wind turbine (WT) components, concluding 
that electric vehicle motors and wind-power generators have the po-
tential as sources of long-term future secondary neodymium and 
dysprosium supply from the waste flows. Less attention has been given 
by research on the quantification of the flows of praseodymium and 
terbium because these elements tend to substitute neodymium and 
dysprosium in REPM, causing higher uncertainty about their fraction in 
the REPM composition. 

Existing MFA studies focus on REE permanent magnets used in clean 
energy technologies, such as EV and wind turbines, but they focus on the 
permanent magnets (first-use) to the final product, excluding the in-
termediate component level of the electric traction motors and genera-
tors. However, it is vital to understand the UK REE flows at the electric 
traction motor component stage, as the UK demand for electric traction 
motors is expected to increase from 0.3 million components in 2022 to 
2.1 million in 2030 (Advanced Propulsion Centre, 2023). As the UK 
represents a significant manufacturer and exporter of automotives 
(Morris et al., 2020), supply constraints run the risk of negatively 
impacting industry output. In a nutshell, high-import reliance of REE 
along the full supply chain in the UK, coupled with significant issues on 
data traceability across the whole value chain and increasing demand 
from the UK manufacturing sector, is driving interest in exploring the 
potential secondary supply of REE through circular economy value 
chains. This study adds to the existing knowledge and contributes to-
wards new robust data, information, and tracking of the REE flows and 
stocks, using UK as a case study. Specifically, this paper has four core 
areas of novelty: 1) The first material flow analysis model to track the 
rare earth elements used in permanent magnets in electric vehicles and 
wind turbines in the UK; 2) New data that track all four key permanent 
magnet rare earths (neodymium (Nd), dysprosium (Dy), praseodymium 

(Pr), and terbium (Tb)) covering the whole value chain; 3) Detailed 
investigation and analysis of the data availability, including uncertainty 
analysis and the motor/generator components stage (not investigated by 
any previous studies), contributes towards new information and 
knowledge; 4) Detailed recommendations that contribute towards the 
development of a circular economy in the UK, and the likely contribu-
tion of the circular economy to the security of supply and policy in-
terventions required. 

3. Methods 

This section introduces how the material flow analysis was con-
ducted in this study including system boundary definition, data collec-
tion, sources, and estimations, and the uncertainty analysis. 

3.1. System boundary definition 

Material flow analysis, a methodology using the mass conservation 
principle to quantify flows and stocks of materials in a pre-defined 
spatial and temporal system boundary (Brunner and Rechberger, 
2016), is applied to track the UK REE flows. Fig. 1 illustrates the system 
boundary of the REE flows and stocks, which are taken into consider-
ation. The MFA model focuses on four targeted REE (Nd, Dy, Pr, Tb) 
essential in NdFeB magnets for EV and wind turbines in the UK between 
2017 and 2021. The system definition given in Fig. 1 is based on the 
literature review and stakeholder consultations. In Fig. 1, markets are 
separated from the manufacturing stages as the markets are where the 
materials and products are exchanged. The UK-based manufacturing 
and trade markets operate from the REE compounds phase to the recy-
cling phase. The potential circular flows are also depicted in Fig. 1, 
including product reuse, dismantling of end-use products into compo-
nents of electric traction motors and REPM, as well as recycling of the 
REE compounds and metals/alloys, which can feed the secondary 
compounds/metals/alloys back to the upstream UK markets. A detailed 
list of the flows/stocks/markets is represented in supporting information 
Table S1. 

3.2. Data collection, sources, and estimations 

This study applied the conventional MFA approach linking public 
data and industry data to develop a model that deciphers the UK REE 
material flows. No single UK public data source provides the required 
information to build a material flow model; hence, multiple data sets 
and various assumptions and estimations are required, to enable the 
quantification of REE flows. Data challenges are outlined in greater 
detail in the uncertainty analysis and discussion section. 

Table 1 summarises the main data sources used and assumptions 
made. The trade, production and in-use stock data were collated from 
the UKtradeinfo, PRODCOM, Driver and Vehicle Licensing Agency 
(DVLA), Energy Trends UK renewables and Renewable Energy Planning 
Database. In certain cases, modifications to the data were made when 
there were gaps or erroneous data by using interpolation or average 
numbers from other years. Detailed datasets regarding EV were derived 
from The Society of Motor Manufacturers and Traders (SMMT). Where 
consumption data is not available from existing public data or consul-
tations, then the apparent consumption was calculated to be the sum of 
imports plus production minus exports. Data on REE content, material 
intensity, market share, mass per unit, losses were collated from 
extensive peer-review papers, grey literature and stakeholder engage-
ment. A detailed list of flows/stocks, eight-digit HS (Harmonised Sys-
tem) and/or CN (Combined Nomenclature) codes, which are systems 
used internationally and by the European Union for the classification of 
traded goods, are in Table S1. 

The estimations of the REE flows equal the amount of the trade, 
production, consumption, in-use stocks, and waste (kilogram, number of 
items) multiplied by the Nd, Dy, Pr, and Tb content (%) or material 
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intensities (kilogram/per unit, kilogram/MW). The calculations are 
categorised into four groups depending on the unit of data. In Eqs. (1), 
(2), (3) and (4), the amount of the product type i in production, trade 
and in-use stock in year T is termed Pi(T). When the unit of Pi(T) is ki-
lograms (kg), the amount of Nd, Dy, Pr, Tb is estimated based on Eq. (1). 
Fi represents the fraction of Nd, Dy, Pr, Tb (%). Mi represents the market 
share of the REE-embedded components. The market share data is used 
for the REE-containing permanent magnets, in electric traction motors 
and wind-power generators. This is taken into consideration to ensure 
that the flows of embedded REE components are differentiated from 
competing technologies that do not contain rare earths and to ensure 
that the REE flows are not overestimated. In all other cases, the Mi is 
assumed to be 100 %. When the unit of Pi(T) is the ‘number of items’, the 
amount of Nd, Dy, Pr, Tb is estimated based on Eq. (2). Ii in Eq. (2) 
represents the material intensity (kg per unit). Several flows are required 
to convert the unit of ‘kg’ into the ‘number of items.’ They are then 
estimated using Eq. (2). 

The amount of Nd, Dy, Pr, and Tb embedded in wind turbines is 
estimated based on Eq. (3). Wi(T) represents the megawatt (MW) 
installation, while Ii in Eq. (3) represents the material intensity (kg/ 
MW). Eq. (4) is applied to estimating imports and exports of generating 
sets. AGi(T) represents the average mass of a generator (kg), Ri(T) de-
notes the average power rating (MW), and APi(T) represents the average 
mass of PM in a wind turbine (kg/MW). 

REE (Nd,Dy,Pr,Tb)i(T) =Pi(T)[Mass](kg)*Fi[REE fraction](%)

*Mi[Market share](%)
(1)  

REE (Nd,Dy,Pr,Tb)i(T)=Pi(T)[Unit](number of items)

*Ii[Material intensity]
(
kg
unit

)

*Mi[Market share](%)

(2)  

REE (Nd,Dy,Pr,Tb)i(T) =Wi(T)[Installation](MW)

*Ii[Material intensity]
(
kg
MW

) (3)  

REE (Nd,Dy,Pr,Tb)i(T) =Pi(T)[Mass of generating sets](kg)
/

AGi(T)Average mass of generator (kg)
*Ri(T)[Average power rating](MW)

*APi(T)[Average mass of PM in wind turbine]
(kg/MW)*Fi[REE fraction](%)

(4) 

The assumptions and results of this study were subsequently vali-
dated through stakeholder consultations by emails and interviews as 
documented in Table S10. 

3.3. Uncertainty Analysis 

Uncertainty analysis was undertaken following the approach pro-
posed by Laner et al. (2015), which allows for a comprehensive data 
quality assessment. This approach characterises the quality of input data 
to quantitative scores from 1 (good data quality) to 4 (poor data quality) 
based on five indicators: (1) source reliability; (2) completeness; (3) 
temporal correlation; (4) geographical correlation; (5) other correla-
tions. The STAN software was used for data reconciliation to balance out 
the model. Further details are in supplementary information S2. 

4. Results 

This section explains the results of REE flows and stocks in the UK at 
each lifecycle stage and the results of the uncertainty analysis showing 
the uncertainty level of each flow. 

4.1. Results of REE flows and stocks in the UK 

Fig. 2 summarises REE (Nd, Dy, Pr, Tb) flows and stocks used in the 
PM for EV and WT in the UK between 2017 and 2021. Missing stages in 
the UK supply chain, where there are no flows of REE, meaning no do-
mestic production, are presented with a red dashed line. The trade and 
production data on the upstream are highly aggregated, and dis-
aggregating would introduce high levels of uncertainty and the potential 
for flawed assumptions. Therefore, the REE flows are aggregated as total 
REEs in orange for the compounds and metal/alloy manufacturing 
stages. The horizontal flows represent the consumption and production 
of the compounds, metals/alloys, components, and final products. The 
upper vertical flows represent the imports and exports, while the lower 
vertical flows represent other applications and losses. The results of 
upstream total REE, Nd, Dy, Pr, and Tb flows are shown in the sup-
porting information S3, respectively. 

4.1.1. REE flows in the upstream value chain 
The results reveal that the UK has a highly fragmented REE value 

chain. The UK does not produce any rare earth oxides. Instead, REE 
compounds (rare earth oxides) are imported from international markets 
(primarily China). In these five years, the UK imported 2205 t of total 
rare earth compounds and 450 t of rare earth metals/alloys. Approxi-
mately 0.5 % of the imports were secondary REE compounds, and 220 t 
of REE compounds remained as stock. Around 1018 t of REE compounds 
were consumed to produce 916 t of REE metals/alloys. Approximately 
10 % of REE were lost at this upstream manufacturing stage, namely, 
102 t of total REE compounds. Some post-industrial waste was used as 
feedstock for the processing stage of REE metals/alloys. Those REE 
metals/alloys were either used for other applications within the UK 
(273 t) or exported to other countries (1093 t) for manufacturing REPM. 

Fig. 1. System boundary of the UK REE.  
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Albeit the UK adds value to REE compounds imported, the majority of 
the REE alloys produced to serve the permanent magnet global market 
are exported to international destinations. There is no REPM manufac-
turer in the UK, and the domestic supply chain at this stage is 
fragmented. 

4.1.2. REE flows in components – permanent magnets 
At the component stages, a considerable amount of REE contained in 

magnets was imported into the UK. In total, the UK imported 10,682 t 
and exported 2895 t of REE embedded in the PM. This shows that the UK 
is a net importer. Approximately 568 t of REE were embedded in the PM 
used in component assembly. Approximately 771 t and 279 t of REE 
within the PM were consumed to manufacture electric traction motors 
and other EV applications respectively, whereas 7305 t of REE contained 
in the PM were used in other applications (see Fig. 2). Among these other 
REPM applications, consumer electronics were the end-use applications 
with the highest share of REE, which could be the source of the potential 
secondary REE supply for the short to mid-term. It is worth noting that 
no PM were supplied to manufacture wind-power generators in the UK. 

4.1.3. REE flows in components – motors 
For the electric traction motors, nearly 84 t of REE embedded in 

electric traction motors were imported, while 383 t were exported. 
Approximately 771 t of Nd, Dy, Pr and Tb were used to manufacture 
electric traction motors, while 472 t of Nd, Dy, Pr and Tb were consumed 
in electric traction motors in the UK. It is interesting that the whole value 

chain involves many assembling stages. For instance, imported PM are 
assembled into rotors, which are then sold to OEM (original equipment 
manufacturer) to further assemble electric traction motors. We assumed 
there were no losses nor stocks at the manufacturing stage; however, 
manufacturing processes and/or markets across the whole value chain 
are likely to have losses and stocks in warehouses. This data is not 
readily available and is often confidential. 

4.1.4. REE flows in final products – electric vehicles and wind turbines 
At the final product stage, REE embedded in EVs and wind turbines 

both showed a net import reliance. Regarding the EV-related flows, 931 t 
and 750 t of Nd, Dy, Pr and Tb embedded in the EVs were imported and 
exported, respectively. Approximately 751 t of REE were used to 
manufacture EVs (472 t for e-traction motors and 279 t for other EV 
applications), and 932 t of REE contained in the EVs were consumed in 
the UK. 

Regarding the flows related to wind turbines, the UK does not 
manufacture wind turbines or any of the REE-embedded components. 
Instead, the UK imported the generating sets to assemble and install new 
wind turbines. Approximately 1128 t of REE were embedded in the new 
wind turbine installation between 2017 and 2021. These were supplied 
by the 554 t of REE within the imported generating sets and 593 t of REE 
contained in the generating sets imported before 2017. The delay be-
tween imports of generating sets before 2017 and wind turbine instal-
lation from 2017 to 2021 was likely due to delays with the planning and 
commissioning process. Only 19 t of REE embedded in the generating 

Table 1 
Summary of data sources and assumptions.  

Data Flow/Stock Source/Assumption 

Trade REE Compounds imports and exports (kg) UK tradeinfo 
REE Metals/Alloys imports (kg) UK tradeinfo 
REE Metals/Alloys exports (kg) 80 % of inputs (imports and production) based on stakeholder consultation 
PM imports and exports (kg) UK tradeinfo 
E-motor imports (kg) UK tradeinfo 
E-motor exports (number of items) Engine data from The Society of Motor Manufacturers and Traders (SMMT) as a proxy 
HEV/PHEV/BEV imports and exports 
(number of items) 

UK tradeinfo 

Generating sets imports and exports (kg) UK tradeinfo 
Production/ 

Assembly 
Metals/Alloys (kg) Law of conservation of mass 
PM (kg) UK PRODCOM 
E-motor 
(number of items) 

Engine data from SMMT as a proxy 

HEV/PHEV/BEV (number of items) SMMT 
Consumption All (kg) Law of conservation of mass 

Market share (%) 

Compounds 100 % 
Metals/Alloys 100 % 
PM Cui et al. (2022) 
E-motor IDTechEx report (Edmondson et al., 2022) and stakeholder consultation 
HEV/PHEV/BEV SMMT 
Generator types Carrara et al. (2020) 

Nd, Dy, Pr, Tb content (%) 
and/or 
material intensity (kg/ 
items) 

PM (%) Multiple peer-review papers, see Table S3 
E-motor (kg/items) Ballinger et al. (2019) 
HEV/PHEV/BEV (kg/items) Multiple peer-review papers, see Table S5 
Generator types (kg/items) Carrara et al. (2020) 

PM in wind turbine (%) 
Multiple peer-review papers, see Supporting Information – the Excel spreadsheet named ‘REE 
contents in REPM’ 

Mass per unit 
Generating sets (kg) The nacelle mass of turbine as proxy of each generating set 
Average mass of PM in wind turbine (kg/ 
MW) Multiple peer-review papers, see Table S6 

Average power rating Average power rating (MW) Wind Europe - Wind energy in Europe annual statistics and the outlook 
Loss, Transfer coefficient / 

Yield (%) 
Losses at processing Geng et al. (2021) 
Losses at ELV dismantling Law of conservation of mass 

EV stocks 
EV in-use stock (number of items) Department for Transport (DfT) and Driver and Vehicle Licensing Agency (DVLA) Vehicle licensing 

statistics Hibernating EV stock (number of items) 
ELV 

(End-of-Life Vehicles) 
ELV collection (number of items) 

DfT and DVLA Vehicle licensing statistics ELV dismantling (number of items) 

Wind turbines installation 
New installation (MW) Renewable Energy Planning Database (REPD), July 2023; Global Wind Energy Council report for 

missing 2016 offshore data in REPD 
Cumulative installation (MW) National statistics Energy Trends: UK renewables  
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sets were exported from the UK. 

4.1.5. REE stocks in the use phase 
At the use phase, there was a significant quantity of REE embedded 

in stocks in 2021. Fig. 2 shows that 1461 t of REE were in the EV in-use 
stock (1,623,213 units of EV), 4.8 t of REE were in the hibernating EV 
stock (5464 units of EV), which means deregistered but not exported 
vehicles, and 2775 t of REE were in the wind turbine in-use stock 
(25,748 MW cumulative installation). The UK in-use stocks of REE in 
EVs and wind turbines in 2021 are equivalent to 10 % of average global 
REE (Nd, Dy, Pr, Tb in metal content) mine production between 2017 
and 2021, based on our own estimations using the BGS world mineral 
statistics (British Geological Survey (BGS), 2023). 

4.1.6. REE flows in end-of-life products 
For the REE embedded in the end-of-life EVs, 624 t of REE were 

embedded in the used EV flow (711,113 units of used EV) entering the 
UK used car market. About 19 t of REE embedded in the 22,692 units of 
used EVs were exported, whilst 6 t of REE embedded in the 6729 units of 
ELVs (End-of-Life Vehicles) were collected from waste management 
actors. Our estimation suggests that about 1 t of REE remained in stock 
at the ELV collection centres, and 5 t of REE embedded in 5514 units of 
ELV entered the ELV recycling facilities for dismantling. However, at 
this stage, the REE embedded in ELVs were not recovered, but instead, 
most likely, they were lost during the shredding process. Most REE 
embedded in the wind turbines are still in operation, except for limited 
pilot projects of wind turbine dismantling with a focus on wind blade 
recycling. Therefore, no REE flows are displayed after the end-of-life 
stage of wind turbines. 

4.2. Results of uncertainty analysis 

The uncertainty analysis presented in this study provides a system-
atic overview of the level of input data uncertainty (see supporting in-
formation). Table 2 depicts the heat map of the adjusted uncertainties. 
Most of the flows have low uncertainty as the data used were from 
official statistics and peer-reviewed papers. The high uncertainties of the 
four targeted REE flows relate to NdFeB PM and are due to significant 
data gaps, which impact the measurement of the individual REE (Nd, 
Dy, Pr, Tb) flows in this stage. 

Even official statistics, for example, trade data from the UKtradeinfo 
database and production data from the UK PRODCOM dataset on per-
manent magnets of metals (85051100), have some outlier values. This is 
not uncommon, and it has been discussed by other researchers too. For 
example, Chen et al. (2022) point out similar issues with poor quality 

trade data, which have been encountered in our assessment and 
impacted tracking the REE flows. The uncertainties caused by outliers in 
the PM trade (UKtradeinfo) and assembly (PRODCOM) data in this study 
are not fully reflected in this uncertainty analysis, as the approach 
established by Laner et al. (2015) and adopted in our assessment con-
siders official statistics as highly reliable. Furthermore, 85,051,100 
permanent magnets of metal cannot differentiate between PM of REE 
and other metals. The uncertainty increases further because, in our 
estimation, we use the global permanent market share data to determine 
the share of sintered NdFeB PM, as information on the UK-equivalent 
market share is missing (see Table S7). Additional uncertainties 
emerge from the lack of data on electric traction motor manufacturing in 
the UK. To estimate this, we used the number of UK-manufactured car 
engines and the UK EV market share as a proxy in our calculation. 

In the case of the wind turbines, we used the nacelle mass of a 5 MW 
turbine as a proxy for each generating set. To account for the market 
change taking place for wind turbine generators (Serrano-González and 
Lacal-Arántegui, 2016), we used data on market shares attributed to 
different technologies that have been provided for the European market. 
The geographical context in this case is not focused on the UK, which 
again contributed towards higher uncertainty figures. In general, similar 
degrees of uncertainties exist for the individual REE (Nd, Dy, Pr, Tb) 
flows as data on specific REE elements are very rare and in our assess-
ment the quantification is based on the use of similar data sources. 
Detailed information on the data quality assessment and uncertainty can 
be found in the supporting information. 

5. Discussion 

Based on the results, this section discusses data challenges and lim-
itations, UK challenges with the REE supply chain, recommendations on 
how to capture value from REE stocks in the UK, and proposed policy on 
a circular economy for critical raw materials (CRM). 

5.1. Data challenges and limitations 

Data gaps have been persistent throughout the modelling process. 
The key issues faced are summarised below:  

i. Trade data at the material level are highly aggregated. For 
example, the nomenclature categories (HS/CN codes) for the REE 
materials traded in the upstream stages of the supply chain do not 
differentiate the Nd, Dy, Pr, and Tb from the respective 17 REE 
elements. 

Fig. 2. REE flows and stocks in the UK between 2017 and 2021. The flows represent the sum of the past 5-years. The unit is tonnes of metal contained. A detailed 
explanation of the representation of the markets and manufacturing stages is given in the supporting information. 
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Table 2 
Heat map of the adjusted uncertainties. A very low uncertainty (0 % - 10 %) is shown in dark green, 
low uncertainty (10 % - 20 %) is shown in light green, medium uncertainty (20 % - 30 %) is shown in 
amber, high uncertainty (30 % - 40 %) is shown in pink, very high uncertainty (> 40 %) is shown in 
red. 
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ii. Trade data at the component level do not differentiate compo-
nents with REE-embedded materials. The REE permanent mag-
nets are not clearly outlined in the nomenclature. Instead, they 
are grouped together with other types of permanent magnets of 
metal. This is problematic, as it is difficult to quantify the pro-
portion of REPM in these flows.  

iii. Trade data associated with semi-finished products do not provide 
sufficient explanatory information to enable mapping them to 
their final end-use. For example, the categories available for 
electric motors provide information on the type of motor (e.g., DC 
or AC) and their output, but those categories in eight-digit HS/CN 
code do not include any notes on where they may find application 
(e.g., electric vehicles, other electric devices, pumps etc), neither 
differentiate whether these product categories use REPM. 
Equally, for the generators used in wind turbines, the code 
‘28112400 (CN 850231) generating sets, wind-powered’ does not 
provide any clarifications on the characteristics of this product 
category. It is unclear whether this refers to a component such as 
the nacelle of the wind turbine or the whole generating set. 
Different types of generators may be designed using different 
technology configurations (e.g., direct-drive, with a gearbox) and 
may have varied outputs. Thus, different generators tend to 
contain various content of Nd, Dy, Pr and Tb. However, none of 
this information is explicit in the existing code. Also, the unit 
employed to track the trade flows of generating sets is set to ki-
lograms. This increases the uncertainty of the estimation of the 
embedded REE flows because we first need to quantify the 
number of generating sets out of these traded quantities and then 
calculate their REE material intensity. Finally, the technological 
evolution in both the area of EV and wind turbines is fast and very 
dynamic with significant implications for material and product 
composition. For example, the same brand and model of an EV 
may change the design, number, or type of electric traction mo-
tors used over time.  

iv. Production data are highly aggregated and often underreported. 
Data on the production of manufactured goods is extracted where 
possible from the UK PRODCOM dataset. However, data avail-
ability has been challenging, as the nomenclature of this dataset 
is highly aggregated, and data are not always reported consis-
tently. For example, there are data gaps and outliers, and often, 
data is suppressed due to the limited number of manufacturers in 
the UK. In addition, PRODCOM seems to report data on the 
manufacture of permanent magnets and wind turbine generators, 
which, based on our stakeholder analysis, can only be treated as 
representative of the assembly lines taking place in the UK.  

v. Data on stocks and losses of materials are very limited. Data on in- 
use stocks are not always reported accurately or not available. 
The discrepancies within such data provided from different 
sources are common. For example, the UK cumulative wind tur-
bine installation (MW) data in the Renewable Energy Planning 
Database, the National Statistics Energy Trends: UK renewables, 
the Global Wind Energy Council and Wind Europe do not 
converge, which makes it difficult to define the most suitable data 
source without stakeholder consultations. Also, stocks are likely 
to exist across every stage of the REE value chain; however, this 
data and information are not reported. Therefore, significant data 
gaps exist. Data on material losses taking place across the whole 
value chain are not recorded anywhere, and only through 
stakeholder engagement can such information be collected.  

vi. Data available to describe the fate of materials at their end-of-life 
stage are very limited. These data are key to estimating the po-
tential for circular economy business models to emerge. Data on 
waste and the fate of waste are available, but their resolution is 
problematic because they tend to focus on large product cate-
gories. Hence, their linkage to critical raw materials is not 
straightforward. Waste data are classified using the European 

Waste Catalogue (EWC) nomenclature, but in many cases, the 
product and material categories in this are highly aggregated. For 
example, there is no EWC code to describe traction motors or 
wind turbines reaching their end of life. In the case of EV traction 
motors, these data will likely be hidden within the ‘EWC 16 01 04 
end-of-life vehicle code’ or possibly in one of the categories under 
the ‘EWC 16 02 wastes from electrical and electronic equipment 
codes’ if motors are recovered. Most importantly, we are 
currently unable to track end-of-life BEV, HEV/PHEV through 
waste statistics. The resolution of existing datasets is not suffi-
cient to track such product flows. 

There is minimal information from the existing literature to compare 
our results with other studies. Two data points, the electric traction 
motor estimation, and the neodymium annual stock estimation, can be 
validated through the literature. The results of electric traction motors 
are aligned with the UK Advanced Propulsion Centre (2023) reported 
figures. We estimated that 1.5 million electric traction motors were 
manufactured in the selected five-year period. The report from the 
Advanced Propulsion Centre (2023) shows that UK traction e-motor 
demands equated to 0.3 million e-motors in 2022 as a reference year. 
Annual neodymium stock in offshore wind turbines is 1143, 1404, 1448, 
and 1540 t between 2018 and 2021 respectively, according to our es-
timations. These estimations also align with Jensen et al. (2020), 
showing that the current Nd stock is over 1000 t. The remainder of data 
validation relied on extensive stakeholder consultations with UK actors 
that participate in this value chain and public bodies who are respon-
sible for the official statistics (see Table S10). 

The results of this study reveal the complexity and difficulties of 
tracking and tracing the REE flows in the UK. They also highlight that 
the existing model could benefit from further detailed investigations and 
ongoing collaboration with industry stakeholders to improve the data 
availability. However, several data challenges outlined earlier cannot be 
resolved solely with stakeholder engagement. Changes in data reporting, 
related regulatory frameworks and policy, and engagement with global 
data providers (e.g., UN, OECD) would be essential to increase the 
availability and quality of data on REE and other critical raw materials. 
Nevertheless, the existing model serves as a good starting point for 
tracking the REE flows and stocks. 

5.2. UK challenges with the REE supply chain 

The analysis of the REE flows and stocks in the UK has identified 
several hotspots in which significant reliance on global markets 
currently exist. The key challenges identified from our analysis are:  

• Despite some limited geological occurrences in the UK, REE have 
never been commercially extracted in the UK, and no systematic 
exploration for REE has ever taken place.  

• The UK actively participates in alloy manufacturing, but most UK 
REE metal and alloy production is exported to global REPM manu-
facturers. The lack of UK REPM manufacturing is a significant 
missing link in the UK REE value chain. 

• The UK relies heavily on imports of REPM from international mar-
kets (primarily China). REPM are essential for manufacturing electric 
traction motors in the UK, but they also used for various applications. 
Any tension in the global REPM market can result in significant 
bottlenecks for the UK value chain.  

• There is no manufacturing taking place in the UK for wind-power 
generators. Considering the significant global competing demand 
for these components, the UK is in a potentially risky position if any 
market disruption occurs, and it would benefit from building a 
supply chain that includes manufacturing stages within the UK.  

• The in-use stocks of EV and wind turbines are building rapidly, and 
they will reach their end-of-life in the coming decades. The devel-
opment of circular economy businesses would require multiple 
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actors and reverse supply chains to advance, which also takes time 
and coordination. Hence, it is crucial for the UK that such actions 
take place rapidly, especially as other nations across the globe are 
undergoing comparable expansion trajectories at the same time.  

• Currently, REE embedded in products are not recovered when they 
reach end-of-life. The lack of any substantial recovery and recycling 
activities could have detrimental impacts on the UK as the in-use 
stocks are developing, both from a loss of material and residual 
value that the UK could benefit from, but also from a waste man-
agement point of view. 

5.3. Capturing value from REE flows and stocks in the UK 

Table 3 lists recommendations on how to capture economic value 
from REE flows and stocks based on the mapping of potential CE flows 
(Fig. 1), the identified hotspots and leakage points from the results 
(Fig. 2) and stakeholder consultations. 

The REE in-use stock from EV and wind turbines in the UK in 2021 
are estimated to be around 4.2kt. Based on a BGS estimation, Nd, Dy, Pr 
shares in the global average REE mine production (metal content) be-
tween 2018 and 2020 are about 15 %, 1 %, 5 %, respectively, which 
equals approximately to 44 kt (British Geological Survey (BGS), 2023). 

The latter figure indicates that about 10 % of this global annual mine 
production (Nd, Dy, Pr in metal content) is found in the UK 2021 in-use 
stocks of EV and wind turbines. There are most probably additional in- 
use stocks in other applications such as electronics. Therefore, the po-
tential for extracting value through circular economy routes is 
significant. 

The development of REE reverse supply chains involves the man-
agement of EoL products, the dismantling and recycling, and the rein-
tegration of products and materials back into the supply chain, which is 
currently in development in the UK. For example, REPM recyclers 
(HyProMag and Ionic Technologies) are in the process of scaling up 
recycling capacity to 130 t per annum of end-of-life REPM in 2024/2025 
(Ionic Technologies, 2023; University of Birmingham, 2023). The Pen-
sana refinery is looking to produce around 4500 to 5000 t of NdPr oxide 
by 2025, mainly from primary sources (Pensana PLC, 2023), but the 
potential to utilise feedstock from secondary sources also exists. End-of- 
life vehicle recyclers like European Metal Recycling (EMR), with the 
largest UK network of authorised treatment facilities (ATFs), are 
developing processes to enable dismantling and processing of key 
components such as traction motors from EV. There is, therefore, ca-
pacity development for reverse supply chain that acts as an enabler of 
CE. 

Table 3 
Recommendations on how to capture value from REE flows and stocks in the UK.  

Capture value from REE flows and stocks in the UK 

Collection and Reverse 
Logistics Infrastructure 

• Scale up electric vehicle 
collection schemes  

• Establish infrastructure to 
dismantle e-motors and 
REPM  

• Establish infrastructure to 
decommission wind turbines 
and dismantle generators 

Product Sorting and 
Inspection 

• Assess the composition of 
products  

• Assess the condition of 
returned items  

• Identify reusable components  
• Segregate components that 

require repair, refurbishment, 
recycling, or disposal 

Management of 
Components for Repair 
and Refurbishment 
Operations 

• Components that can be 
repaired or refurbished need 
to be sent through 
appropriate processes to 
restore their functionality and 
extend their lifespan  

• Repair centres or service 
providers should be equipped 
to extract REPM, e-motors 
and generators 

REE Recycling and 
Recovery 

• Establish recycling facilities 
and specialised REE recyclers 
to extract valuable REE 
oxides and metals from 
returned components 

• Ramp up UK-based REE recy-
cling capacity and 
investments 

Collaboration and 
Partnerships 

• Collaboration across the 
supply chain, including 
designers, manufacturers, 
brand owners, logistics 
providers, waste collectors, 
recyclers, and regulatory 
bodies  

• Information sharing, 
knowledge development and 
diffusion  

• Resource pooling, and the 
development of shared 
infrastructure and processes  

Table 4 
Proposed policy on a circular economy for CRM.  

Proposed policy on a circular economy for critical raw materials (CRM) 

Improving traceability of 
individual CRM  

• Improve the current statistics by segregating the 
product and waste categories  

• Conduct annual enterprise surveys  
• Establish a digital product passport platform*  
• Establish a new CRM data monitoring platform to 

track the origins of individual CRM, material 
composition and secondary CRM  

• Combination with blockchain technology and 
collaborations between industry and government 

Establishing a Regulatory 
Framework  

• Develop a circular economy action plan on critical 
raw materials  

• Set CRM recycling targets  
• Establish Extended Producer Responsibility (EPR) 

schemes  
• Implement policies to provide economic 

incentives for using recycled CRM or substitute 
materials 

Supporting further Research 
and Innovation  

• Support research and innovation in areas such as 
material science, recycling technologies, and 
product design for circularity  

• Encourage collaboration between industry, 
academia, and research institutions to develop 
new processes, technologies, and business models 
that enable resource efficiency, material recovery, 
and the reduction of critical raw materials 
dependency  

• Revalorisation opportunities would need to 
develop in parallel to fast-growing in-use stock to 
ensure efficient use of CRM  

• Capacities and skills need to be scaled in sync with 
the likely release of CRM stock 

Monitoring CE progress  

• Establish mechanisms to monitor the progress, 
effectiveness, and impact of policies and initiatives 
related to CE on CRM flows  

• Regular evaluations to provide insights into the 
success of implemented measures and guide future 
policy adjustments or interventions 

International Cooperation  

• Share best practices  
• Harmonise data and standards  
• Participant in international initiatives aimed at 

resource productivity, CRM recycling, and 
responsible sourcing  

* (Koppelaar et al., 2023)(e.g., EU digital product passport (European Com-
mission, 2023) and battery passport pilot (Global Battery Alliance, 2023)). 
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5.4. Policy requirements on CE for CRM 

Given the substantial challenges identified by the MFA, we suggest 
policymakers to focus on the following priorities in this fast-changing 
industrial setting shown in Table 3. Although this study focuses on the 
REE, these policy priorities can be applicable to several critical raw 
materials (Table 4). 

6. Conclusions 

Our proposed UK REE material flow analysis model provides an 
initial baseline of the stocks and flows of REE used in the REPM for EVs 
and wind turbines from a supply chain perspective. The development of 
the model relied on several different datasets, stakeholder engagement 
and assumptions. The latter are inevitable as the challenges associated 
with data availability and data quality are many and complex. However, 
through stakeholder engagement, we were able to validate assumptions 
and estimations done during this work. The model provides an insight 
into the dependencies that the UK faces with the REE supply chain, 
which are significant for permanent magnets required for both decar-
bonisation applications (EV and wind turbines). The model also clearly 
outlines the disconnected patterns in which the UK participates in the 
REE supply chain. For example, the production of REE metal alloys for 
permanent magnets in the UK leaves the country for the production of 
magnets elsewhere, which are later imported for use in EV manufacture. 
The potential for the in-use stock to serve as feedstock for REE and REPM 
in the future is significant, if reverse supply chains are developed in 
time. However, currently, there is no recovery of REE and REPM from 
the end-of-life of these products, with REE being lost during the waste 
management processes. The UK REE MFA model can be used to identify 
and guide interventions for policy priorities as discussed earlier, which 
would be essential for improving security of supply and moving towards 
a circular economy ecosystem in the UK. The presented model is far from 
complete, as several product streams are currently missing from this. 
Future research is suggested to further expand this REE MFA model by 
tracking additional products (e.g., conventional vehicles, MRIs, HDDs 
and e-bikes), and developing dynamic stock models for foresight studies 
to estimate the future demand and potential secondary supply, as well as 
conducting scenario analysis to understand different potential circular 
scenarios. 
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