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ABSTRACT: Some key low-carbon technologies, ranging from wind turbines to electric vehicles, are underpinned by the strong
rare-earth-based permanent magnets of the Nd, Pr (Dy)—Fe—Nb type (NdFeB). These NdFeB magnets, which are sensitive to
demagnetization with temperature elevation (the Curie point), require the addition of variable amounts of dysprosium (Dy), where
an elevation of the Curie point is needed to meet operational conditions. Given that China is the world’s largest REE supplier with
abundant REE reserves, the impact of an ambitious 1.5 °C climate target on China’s Dy supply chain has sparked widespread
concern. Here, we explore future trends and innovation strategies associated with the linkage between Dy and NdFeBs under various
climate scenarios in China. We find China alone is expected to exhaust the global present Dy reserve within the next 2—3 decades to
facilitate the 1.5 °C climate target. By implementing global available innovation strategies, such as material substitution, reduction,
and recycling, it is possible to avoid 48%—68% of China’s cumulative demand for Dy. Nevertheless, ongoing efforts in REE
exploration and production are still required to meet China’s growing Dy demand, which will face competition from the United
States, European Union, and other countries with ambitious climate targets. Thus, our analysis urges China and those nations to
form wider cooperation in REE supply chains as well as in NdFeB innovation for the realization of a global climate-safe future.

KEYWORDS: Dysprosium, China 1.5 °C Climate Target, Rare Earth, NdFeB Magnets, Technology Innovations

1. INTRODUCTION by the United States (US),'”'" Japan,'” European Union
(EU),"*'* and Australia,>'® etc., which have released a series
of reports to ensure supply to meet the increasing demand
(Tables S2—S4). To avert the pressing global climate crisis,
China has launched an ambitious low-carbon transition in line
with its 1.5 °C climate target. Previous related work has
explored the need and feasibility of decarbonization efforts in
energy,17 transportation,lg’19 material production,zo’21 or other
systems.”> Compared to those, the conflicts amid the linkages
between China’s critical mineral supply chains and climate
change mitigation pathways are not well explored.”® This is

The conflicts between critical minerals supply and climate
change mitigation pathways have received a growing
interest.' ™ Rare earth elements (REEs) are of great concern’
due to their high criticality for low-carbon technologies.’
Dysprosium (Dy), as one of the most risky and critical REEs, is
used as an additive in the strongest magnets, neodymium—
iron—boron permanent magnets (NdFeBs),® because it can
improve coercivity and high-temperature properties to keep
excellent magnetic performance.” These unique properties
make Dy indispensable to support the rapid development of
electric vehicles (EVs) equipped with synchronous NdFeB-
based motors,® offshore wind turbines equipped with
synchronous NdFeB-generators,” and other key applications
where miniaturization rendered possible thanks to NdFeB is of
major importance (e.g., air conditioner, industrial robot, hard
disks, smartphones, portable electric and electronic equipment, -
defense systems). Accordingly, Dy is deemed a critical material
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Figure 1. Framework for Dy-NdFeB future projection and decoupling strategies analysis (permanent magnet synchronous motor (PMSM), AC
induction motor (ACIM), switched reluctance motor (SRM); permanent magnet gear middle speed (PMMS), permanent magnet gear high speed

(PMHS), permanent magnet direct drive (PMDD)).

particularly true for REEs given that China has abundant REEs
reserve and significance influence in global REEs market.”*
However, under the 1.5 °C climate target, China is devoted to
expanding its deployment of EVs, wind turbines, and other
necessary low-carbon technologies at unprecedented scales and
rates. Hence, we see an urgent need to focus on Dy and
explore its future demand and supply under different climate
scenarios, as to investigate the potential supply bottlenecks and
solutions of REEs supply toward China’s low-carbon transition.

Previous studies on Dy have traced its historical flows and
stocks at global,”*® regional (e.g, Europe),”’ and national
(e.g, Japan,”® China”*’) levels using material flow analysis.
Moreover, studies focusing on the future demand of Dy have
upsurged at both global, 30735 and national (e.g, Us,>#%¢
Germany,37 Netherlands,® ]ap:m,39 China®®™*) levels for
specific applications, and the results indicate that Dy demand is
expected to rise rapidly. However, most of those previous
studies only focus on one specific application of Dy, while the
comprehensive and forward-looking analysis of all end-use
applications with the consideration of technical innovations in
NdFeBs has rarely been explored. This may lead to the limited
understanding of potential mitigation strategies. Notably, the
development of material substitution, reduction and improve-
ments in recycling are three potential decoupling meas-
ures.' """ For instance, many corporations are currently
engaged in creating new types of magnets to reduce or
eliminate of REEs or Dy in NdFeBs (e.g, Toyota,46 Tesla,”’
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Niron Magnetics,48 Hitachi49). Moreover, many motors
producers have already prioritized lowering or eliminating
REEs in motors via various approaches (e.g., traction
motor,””" electrically excited synchronous motor
(EESM),”>** switched reluctance motor*’). Given that more
EVs and wind turbines start to reach their end-of-life (EoL) in
the coming decades, secondary supply through recycling will
become more feasible,”">> together fueled by some emerging
efforts on recycling processes.”® However, it is still unclear
what would be the future trend of Dy demand and what would
be the impacts of these potential decoupling measures on Dy
supply and demand. Besides, in most studies focusing on future
primary supply, the life-cycle losses,”” which are significant for
those critical minerals, are not considered in assessing the
future demand and supply changes. This calls for a
comprehensive and in-depth investigation on the nexus
between the Dy supply chain with NdFeBs demand and the
effectiveness of various decoupling strategies to guide further
strategic policies.

In this study, we examine China’s Dy demand and supply
associated with NdFeBs demand during 2021—2050 with three
climate scenarios (the business-as-usual scenario (BAU), the
stated policies scenario (STEPS), and the 1.5 °C scenario (1.5
°C), with details in Methods part) by integrating the history of
the Dy cycle through material flow analysis during 2001—2020
(Figure 1). In particular, we provide a comprehensive
projection of Dy demand in all expected NdFeB applications

https://doi.org/10.1021/acs.est.3c01327
Environ. Sci. Technol. 2023, 57, 1411314126


https://pubs.acs.org/doi/10.1021/acs.est.3c01327?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.est.3c01327?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.est.3c01327?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.est.3c01327?fig=fig1&ref=pdf
pubs.acs.org/est?ref=pdf
https://doi.org/10.1021/acs.est.3c01327?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

Environmental Science & Technology

pubs.acs.org/est

Policy Analysis

Table 1. Description and Assumptions of Key Model Parameters

Key Parameters Descriptions/Assumptions Details
Population In response to the aging population, the Chinese government implemented separate “two-child” and “two-child policy” in 2014 and a three child Table
policy” in 2021. We used the medium scenario that the people will start decreasing from 2032 and will be 1.3694 billion in 2050.% S14
Urbanization The urbanization rate will reach 80% in 2050.%> The total of urban families is 2.9 persons per family and rural families are 3.9 persons per Table
rate family.** S14
Stock-driven Vehicles,” electric bicycles, wind turbines,*® refrigerators, wash machines, air conditioners, microwave ovens, vacuum cleaners, desktops laptops, ~Table
model domestic robots, mobile phones. 59,6467 S15
Specific growth  High-speed trains,’ elevators, industrial robots, MRI machines.’ Table
rate method S16

Passenger ve-
hicle owner-
ship and BEV
market share

Wind turbines
installation

vehicle ownership by 2050 in the 1.5 °C scenario. s

The accumulative amount of new wind turbines installation is 1826 GW, 3006 GW, and 4186 GW in the studied scenarios.®

Passenger vehicle ownership and battery electric vehicles (BEVs) market share is assumed to increase. With 425 vehicles per 1000 people, and ~ Figure
BEVs approximately 17.4% of passenger vehicle ownership by 2050 in the BAU scenario; 350 vehicles per 1000 people, BEVs approximately S6
50% of passenger vehicle ownership by 2050 in the STEPS scenario; 350 vehicles per 1000 people, BEVs approximately 75.8% of passenger

8 Figure

S6

with a coverage of different phases of Dy supply chain from
mining, refinery, trade, throughout to final recycling. Our
results indicate that there will be a rising Dy supply shortage
that may hinder China’s 1.5 °C climate target. Meanwhile,
decoupling strategies including material substitution, reduction
and recycling available at the global level could effectively
alleviate Dy shortage, and further achieve a closed-loop in the
long term (2036—2050). However, the supply shortage is likely
to be inevitable in the short- to medium-term (2021—2035),
and China’s Dy demand will need to partially rely on import
from other countries. Thus, facing various constraints and the
urgent need for low-carbon transition, we appeal to promote
the linked cooperation between global climate change
mitigation with international cooperation at supply chains of
REE as well as other critical materials.

2. MATERIALS AND METHODS

2.1. Linking NdFeBs Demand with Dy Supply Chains.
2.1.1. System Boundary and Definition. The framework for
the Dy cycle is shown in Figure S4. The Dy flows and stocks in
mainland China during the period 2001—2050 are examined.
The anthropogenic Dy cycle in the lithosphere can be divided
into six stages: mining and beneficiation, refining and
separation, fabrication, manufacturing, use, and waste and
recycling. Dy flows into the refining and separation can be
divided into two sources: Dy compounds from mining and
beneficiation (primary supply) and Dy old scrap recycled from
EoL (secondary supply). The quantification process is given as
follows:

2.1.1.1. Historical Dy Stocks and Flows. Based on the
historical Dy flows and stocks in previous studies,”** we study
the flows and stocks of Dy from 2001 to 2020 using a top-
down dynamic material flow (MFA) method. The domestic
Dy demand is calculated by eqs 1—2:°%

DC,(t) = FC,(t) x C(t) X MR(t) (1)

DCp,(t) = ). DC,(t) @)

where j and t represent a final product and year; DCi(t)
represents Dy demand of a final product j; FC(t) represents
the final product j demand; C;(t) and MR(t) represent the Dy
intensity and the market penetratlon rate; and DCp,(t)
represents the Dy demand of all final products. It is assumed
that the Dy intensity is fixed and does not change in each final
product during the studied period. However, the market
penetration rate of final products could change due to
technology advancements. We have detailed the quantification

of historical Dy stocks and flows from 2001 to 2020 in Table
S6—S11. The cumulative Dy cycle in China from 2001 to 2020
is shown in Figure S7.

2.1.1.2. Future Dy Stocks and Flows. We apply the stock-
driven model and specific growth rate to simulate future final
products demand from 2021 to 2050.>” With the rapid
development of the economy, the per thousand ownerships of
vehicles, the per hundred ownerships of mobile phones and
laptops, and the per hundred families of household appliances,
computers, and electric bicycles will gradually saturate. The
stock-driven approach by logistic growth model to predict
future demand can be calculated by eqs 3—6.%'

I\E(t) ]max/(l - A X e( Bx(t- tn))) (3)
A]. = _e(_B/X(fr/z_to)) (4)
S,(t) = N(t) x H(t) ©

CE(t) = §(t) — St — 1) + Outflow(t) (6)
where j and t represent a final product and year; Nj(t)
represents the ownerships of the quantities; N, represents
the ownerships of the saturation quantities; f, represents the
initial year; and A; and B} are two parameters: A; can be
calculated by eq 4, and B, is the growth rate of retentron rate.
H(t) presents the total quantltles of households or the total
quantities of population; S;(t) presents the stock; and CF, (1)
and Outflow;(t) represent the final products demand and the
old scrap.

It is difficult to calculate the stocks of the other final
products (Table S16). Therefore, we use the specific growth
rate method to calculate the demand, as shown in eq 7.

C8,(t) = C8,(0) x (1 + a)) (7)

where CS(t) is the final product demand; CS;(0) is the base
year demand; and g; is the specific growth rate.

The key model parameters are shown in Table 1.

2.2, Scenario Integration and Simulation. 2.2.1. Cli-
mate Change Targets Scenarios. Three climate scenarios are
considered to represent different future demand trajectories of
vehicles and wind turbines, namely the Business As Usual
Scenario (BAU), Stated Policies Scenario (STEPS), and 1.5 °C
Scenario (1.5 °C), whlch are adopted from World Resources
Institute (for vehicles)® and literature (for wind turbines).®®
The BAU scenario incorporates the policies and measures that
governments have already put in place, as well as the likely
effects of announced policies that are expressed in official
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targets or plans. The STEPS scenario means estimating the
most feasible vehicle and wind power technology paths in the
future and analyzing the emission reduction potential, in
combination with current and most likely future policies. The
1.5 °C scenario represents the achievement of net zero
emissions in the transportation and energy sectors by 2050.

2.2.2. Decoupling Strategies Scenarios. In this work,
material substitution and reduction are envisioned to enhance
current efforts to reduce Dy demand. Such strategies include
reduction scenario (NdFeB with lower Dy intensity, defined
reduction); two material substitution scenarios (state-of-the-art
NdFeB with zero Dy, defined element substitution; and next-
generation REE-free motors innovation, defined component
substitution). We design three scenarios based on three
strategies: reduction, reduction and element substitution, and
reduction and component substitution. The main assumptions
of three strategies are described in Table 2. Besides, we design
two recycling scenarios to estimate the potential secondary Dy
supply. One assumed that the EoL recycling rate would reach
40% by 2050 based on historical levels, which is defined as
reference recycling. The other assumed state-of-the-art motor
recovery technology from 2025 onward>® and established the
recycling policy, regulation, or legislation for EoL, which
defined improving recycling systems.

2.3. Future Dy Supply Chain Analysis. 2.3.1. Primary
Supply. We designed two primary supply scenarios. One is
called primary supply (with quota) scenario, which contains
the primary supply (quota) and the primary supply (others).
China has been implementing a production quota policy for
REE mining. Dy is mined along with other REEs, and the
rapidly growing Dy production could lead to a surplus of other
REEs. Thus, the primary supply (quota) from 2021 to 2030 is
based on the previous research.”” It is assumed to increase with
an annual growth rate of 1.5% from 2031 to 2050 (details in
Figure S12). The primary supply (others) mainly includes
import volumes from other countries. The other scenario is
called primary supply (without quota). Given the significant of
Dy supply in the 1.5 °C climate target, China abandons its
production quota policy and further rapidly expand the
primary capacity to meet the demand.

2.3.2. Secondary Supply. The secondary supply is modeled
in different scenarios as follows:

2.3.2.1. Reference Recycling Scenario. The secondary
supply can be estimated by eq 8 during 2021-2050.

8S;(t) = Outflow(t) X EE(t) (8)

where j and t refer to a final product and year; SS(t) and
EE;(t) refer to secondary supply and recycling rate; and
Outflow;(t) represents the old scrap.

2.3.2.2. Improving Recycling Systems Scenario. The
secondary supply can be estimated by eqs 8 and 9 during
2021-2025 and eqs 10 and 8 during 2026—2050.

EE|(t) = CRy(t) x DR(t) X RR(t) )

EE,(t) = CR|(t) X RR((t) (10)

where CR(t), DR;(t), and RR(t) refer to the final product
collection rate, component efficiency rate disassembly, and
efficiency rate recycling, respectively.

2.3.3. Import Volumes and Import Dependency. We
assume the Dy concentrates trade is the same as that in 2020 in
our studies in the following three decades (Figure SS), due to
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Table 2. Main Assumptions of Material Substitution, Reduction, and Recycling Strategies

Detail
Table

Descriptions /. Assumptions

Strategies
NdFeB with

Scenarios

For example, Toyota creates a new magnet aimed at reducing REEs by up to

40,43,70,71

ry progress will reduce the amount of Dy in NdFeB, which is defined as reduction.

China develops heavy rare earth elements (HREEs) reduction technolo

Assume that evolutiona

Reduction

509.*

S19

Tesla in US managed to

72

gies such as grain refinement, grain boundary diffusion, and grain boundary regulation.

lower Dy
intensity

State-of-the-

reduce 25% REE contented in their Model 3 in 2017-2022.%"
Assume that state-of-the-art NdFeB with zero Dy, which is defined as element substitution.

Table

For example, Dy and neodymium (Nd) were replaced with lanthanum (La) and cerium (Ce) to

Niron Magnetics in US develops a new Niron Clean Earth Magnet, which manufacturi

40,43,70,71
46

Material sub-

S19

§ process

n
4

combines mature metallurgical methods to deliver high performance magnets at half the cost, and have already partnered with 6 global leading magnet equipment manufacturers.

suppress the deterioration of coercivity and heat resistance and reduce costs by Toyota.

art NdFeB
with zero

Dy
Next-genera-

stitution

Table
S20

Mahle develops a

40,43,70,71,73
new magnet-free, 95% efficient electric motor with REEs-free. Through inductive and contactless power transmission, new traction motors are wear-free and particularly efficient at high speeds. It

50

Assume that revolutionary breakthrough for next-generation REE-free motors innovation, which is defined as component substitution, such as new traction motors.
will be expected to begin mass production for passenger vehicles in 2023 or 2024.

tion REE-
free motors

S22
Table
S23

54,55

ry process and work time by approximately 50% compared to the current way because there is no need to demagnetize the

vehicle motors. The new process efficiently recovers high-purity REE compounds from motor magnets, a practical application targeted for 2025 toward the 1.5 °C climate target. It can recover
56

98% of the motor’s HREEs. This method also reduces the recove

Assume that state-of-the-art motor recovery technology, such as pyrometallurgical recycling process. Nissan and Waseda University in Japan jointly developed a recycling process for electrified Table
magnets, nor remove and disassemble them.

Assume that the EoL follows the principle of “Extended Producer Responsibility” and established the policy, regulation, or legislation (i.e., E-waste).

Assume that the EoL recycling rate would reach 40% by 2050° based on historical levels.
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Figure 2. China’s Dy flows, stocks, and future demand. (A) Supply chain of China’s Dy cycles in 2020. (B) Supply chain of China’s Dy cycles in
2050 under the STEPS and 1.5 °C scenarios. (C—E) Dy demand under the BAU, STEPS, and 1.5 °C scenarios.

difficulty in assuming future trade pattern changes. In other
words, the import share from other countries is as the same as
that in 2020. The import volumes from 2021 to 2050 can be
calculated by eq 11, and the import dependency can be
calculated by eq 12.

IMp, (t) = DCp(t) — Sp,(t) (11)
IMDy(t)
IMDp, (t) = ——— X 100%
(9 DCp, (1) (12)

where IMDy(t) presents the import volumes; IMDDy(t)
represents the import dependency; Sp,(t) presents the total

supply (primary supply (quota) plus secondary supply); and
DCp,(t) represents the Dy demand.

2.4. Uncertainty Analysis. We model with a normal
distribution to characterize the combined impact of parameters
uncertainties. The uncertainty ranges are categorized into low,
medium, and high.”” The low level (2%) refers to the data
directly collected from the official statistics that are more
reliable such as parameters of REE concentrates, final products,
and trade volume. The medium level (5%) refers to the data
collected from the literature that are medium reliable, such as
parameters of market penetration, Dy intensity, and final
product demand. The high level (10%) refers to the data
estimated based on data sources that are less reliable, such as
the parameters of recycling rate, material substitution rate, and
reduction rate. To explore the uncertainties of our results, we
performed Monte Carlo simulation for 10,000 times, and the
final results can be found in Figure S29 of Supporting
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Figure 3. Future Dy total supply and cumulative primary supply. (A—C) Dy total supply (primary supply plus secondary supply) under the BAU,
STEPS, and 1.5 °C scenarios. (D) Dy cumulative primary supply (without quota) relative to China’s and global present Dy reserve.

Information. Meanwhile, we further explore the validity and
limitation of our work in the discussion part.

3. RESULTS

3.1. Skyrocketing Dy Demand in Low-Carbon NdFeB
Applications. We first traced Dy flows along China’s supply
chain in 2020 and their corresponding future potential changes
under different climate scenarios (Figure 2A—B). We find Dy
demand will rise by around 5—10-fold, from 2.4 kt/year in
2020 to 13.1, 19.0, and 25.3 kt/year by 2050 under the BAU
(Figure 2C), STEPS (Figure 2D), and 1.5 °C scenarios
(Figure 2E), respectively. The cumulative Dy demand during
2021-2050 will be 228.8 kt, 309.4 kt, and 392.7 kt under the
three scenarios, respectively, approximately 17-—30-fold
compared with that in past three decades.

In terms of the applications that drive Dy demand, we
analyze Dy demand in two different types of NdFeBs
applications (i.e, emerging low-carbon applications and
traditional applications). We find that the share of Dy demand
in low-carbon applications is expected to increase from 42% to
approximately 82% in the 1.5 °C scenario over the next three
decades. In particular, the future Dy demand will be dominated
by EVs, which will increase significantly by 14-fold from 2020
to 2050 (reaching 4.6 kt/year) under the BAU scenario. Under
the more ambitious STEPS and 1.5 °C scenarios, the Dy
demand in EVs will further rise by 27- and 41-fold,
respectively, over the same period. The cumulative Dy demand
in EVs during 2021—2050 will reach as high as 94.6, 158.7, and
218.1 kt under the BAU, STEPS, and 1.5 °C scenarios,
respectively, which account for 41%—56% of Dy cumulative
demand. Wind turbines, despite the wide attention captured in
previous studies,”**”®”” will only account for 18%—24% of Dy
cumulative demand, although its demand for Dy will surge by
3—8-fold up to 2050 under three studied scenarios. The
cumulative Dy demand in the wind turbines will reach 40.3,
68.2, and 96.1 kt under the three studied scenarios during
2021-2050. In addition, Dy demand in traditional applications
will account for only 18%—41% of Dy cumulative demand
during 2021—-2050. Among which, elevators and industrial
robots are the major applications, whose demands for Dy will

be 2.3 and 0.8 kt/year in 2050, respectively, under three
climate scenarios.

3.2. Unearthing Global Present Dy Minerals to
Support China’s NdFeB Demand. We investigate the
future potential sources of Dy supply to meet the expected
demand in China in Figure 3. For the purpose of resource
conservation and environmental protection, China’s domestic
Dy primary supply is regulated with a production quota
policy.”® China implemented production quotas for REE
concentrates in 2006, and HREEs production accounted for
13.7% of the total REE production by 2020 (Figure S11). If
this quota policy continues, and the future global Dy primary
supply is assumed to follow the projection provided by
Roskill,”* as shown in the primary supply (with quota)
scenario, China’s Dy primary supply (quota) will be 2.7 kt/
year in 2050 under all of the three scenarios, which can meet
only 11%—21% of its domestic demand of that year, so it
indicates that China has to seek other sources of Dy (e.g., from
import, marked as primary supply (others) in Figure 3A—C) to
meet its domestic demand. In 2050, China’s primary supply
(others) will reach 7.4 kt/year in the BAU scenario, 11.6 kt/
year in the STEPS scenario, and 16.4 kt/year in the 1.5 °C
scenario (Figure 3D).

However, if China abandons its production quota policy (as
shown in the primary supply (without quota) scenario in
Figure 3A—C, the Dy primary supply in 2050 can be enlarged
by 4—8-fold compared to the case with the production quota
policy (reaching 10.2 kt/year in the BAU scenario, 14.4 kt/
year in the STEPS scenario, and 19.1 kt/year in the 1.5 °C
scenario in 2050), enabling the domestic supply to meet its
demand at the cost of negative environmental impacts. Under
three climate scenarios, China’s domestic gross cumulative
demand for Dy would be as high as 286.3 385.1, and 488.5 kt,
respectively. Unless further exploration for REE in China and
worldwide is actively conducted and new reserves are
identified, the projected high Dy demand may lead to the
depletion of China’s present Dy reserve before 2035 in all
three scenarios and even to the depletion of global present Dy
reserve in 204S. Furthermore, if China only sources Dy from
its own present Dy reserve, it is unlikely to achieve its
ambitious climate targets and even the BAU scenario. Such a
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Figure 4. Dy demand and supply combine with material substitution, reduction, and improving recycling systems strategies. (A—C) Dy demand
and supply with improving recycling systems strategy under the BAU, STEPS, and 1.5 °C scenarios. (D—F) Dy demand and supply with improving
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Dy shortage may lead to a gap of around 77 million of EVs and
3040 GW of planned wind turbines capacity that are needed to
achieve the climate target under 1.5 °C scenario by 2050
(Figure S21).

3.3. Impacts of Available Decoupling Strategies. We
further explore China’s Dy supply shortage and the potentials
that NdFeB’s innovation strategies could alleviate in Figure 4.
Several widely proposed strategies®”*””” are considered,
including reduction (NdFeB with lower Dy intensity), material
substitution (element substitution (state-of-the-art NdFeB
with zero Dy), component substitution (next-generation
REE-free motors innovation), and improving recycling systems
(state-of-the-art motor recovery technology, and recycling
policy, regulation, or legislation). These strategies are assessed
through a total of 12 scenarios (as detailed in Table 2). We
find that the demand side strategies (e.g., reduction, element
substitution, component substitution) can effectively decrease
the cumulative Dy demand (during 2021—2050) by 32%—52%
(Figure 4). Simultaneously, with the implementation of
improved recycling systems improvements, the secondary
supply in 2050 would potentially increase to 6.2 kt/year in
the BAU scenario, 9.7 kt/year in the STEPS scenario, and 13.1
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kt/year in the 1.5 °C scenario, approximately 2—S-fold
compared to the primary supply (with quota) of the same
year. The cumulative secondary supply from 2021 to 2050 will
reach 78.8 104.6, and 125.9 kt under three studied scenarios,
respectively, which is equivalent to 6%—7% of cumulative Dy
supply shortage during the same period.

In the short- to medium-term (2021—2035), despite these
considered efforts on both the supply and demand sides, Dy
shortage is likely to be inevitable for China under all scenarios.
Our results show that Dy supply shortage will peak at 1.1 kt/
year in 2025, 1.8 kt/year in 2034, and 3.0 kt/year in 2035, in
the BAU, STEPS, and 1.5 °C scenarios respectively when
strategies including reduction, element substitution, and
improving recycling systems (Figure 4G—I). Cumulatively,
there will still be a 10%-23% shortage of Dy supply before the
total supply can meet demand. In the long term (2036—2050),
we find China’s Dy demand can be met with the total supply in
most scenarios (with the earliest being by 2036) except for the
STEPS and 1.5 °C scenarios with strategies including
reduction and improving recycling systems. Moreover, we
find the secondary Dy supply could solely meet demand after
2048 in the BAU, STEPS, and 1.5 °C scenarios when strategies
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Figure S. The change of Dy import dependency and the cumulative import volumes. (A) Dy cumulative import volumes from global during 2021—
2050 under the STEPS and 1.5 °C scenarios (MOZ: Madagascar; MDG: Mozambique; MMR: Myanmar (Burma); THA: Thailand; VAN:
Vietnam; MYS: Malaysia; USA:US; AUS: Australia; CHN: China; RUS: Russian Federation; SEA: The Southeast Asian). (B—D) Dy import
dependency with material substitution, reduction and improving recycling systems strategies under the BAU, STEPS and 1.5 °C scenarios. (E-G)
Dy cumulative primary supply related to China’s and global Dy reserve during 2021—2050 with material substitution, reduction, and improving
recycling systems strategies under the BAU, STEPS, and 1.5 °C scenarios.

including reduction, component substitution, and improving
recycling systems (Figure 4J—L). This also indicates that
combined efforts in technology advancement, investment, and
laws that are intended to form a circular economy framework
could help to achieve the closed loop of Dy.

3.4. China’s Inevitable Reliance on Global Resources.
We also quantify China’s Dy supply from import as well as its
import dependency (the ratio of demand minus supply) to
demand) during 2021—2050, as shown in Figure S. We find
that China needs to import as much as 195.4, 295.2, and 398.6
kt Dy gross under the three studied scenarios during 2021—
2050 to meet its demand (Figures S16 and SA). As a result,
China’s import dependency for Dy will rise rapidly and exceeds
50% after 2025 in all scenarios. Moreover, the import
dependency will continue to grow and peak at 70% in 2035
in the BAU scenario, 80% in 2040 in the STEPS scenario, and
85% in 2041 in the 1.5 °C scenario. Such a high import
dependency implies that China will not only lose the advantage
in domestic resources, but also consume the resources from
the rest of the world. For example, Myanmar,®’ which is one of
the non-OECD Asia countries, has become one of the world’s
major sources of HREEs resources. Yet our results indicate that
China would potentially import a cumulative of 156.5, 234.9,
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and 317.0 kt Dy from the non-OECD Asia under three studied
scenarios during 2021—2050. This is likely to deplete the
present Dy reserve in these countries in 2050, 2041, and 2038,
respectively (Figure SA). Besides, China’s cumulative Dy
import from Myanmar will increase to 155.2 kt in the BAU
scenario, 220.4 kt in the STEPS scenario, and 297.4 kt in the
1.5 °C scenario, followed by the US (16.1, 24.3, and 32.8 kt,
respectively, under the three scenarios) and Madagascar (11.3,
17.1, and 23.1 kt, respectively, under the three scenarios)
(Figures S16 and SA).

If the above-mentioned strategies on material substitution,
reduction, and improving recycling systems were implemented,
the import dependency can be reduced to a large extent and its
peak will not exceed 50% (Figure SB—D). Still, China will not
have enough Dy reserve to support its Dy demand needed to
achieve 1.5 °C scenario, and China’s present Dy reserve will be
depleted around 2040 (Figure SF). Moreover, in the short- to
medium-term (2021—2035), the import dependency will be
around 20%—60%. This further implies that global cooperation
in REE supply will be essential for China to achieve its
ambitious low-carbon future.

3.5. Uncertainties and Limitations. Due to the uncertain
integration of multiple input variables, most flows and stocks
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had acceptable uncertainties, and the results are shown in
Figure $29. The import dependency shows a relatively high
variation of +10.2% due to the uncertainty related to many
input variables (e.g., import volumes and Dy intensity). The
Dy demand under the BAU scenario, STEPS scenario, and 1.5
°C scenario has a relatively high uncertainty (£9.8%) caused
by market penetration rates and Dy intensities of final
products, which are deemed to be the uncertainty sources
with the largest impacts. Given that those are key parameters
for future trends, our analysis of emerging technologies (i.e.,
reduction and material substitution) on Dy demand can be
viewed to explore their potential impacts on our results as well.
Furthermore, given the limited transparency in data of the Dy
supply chain in China, our MFA results are also obtained with
substantial uncertainties. To overcome this, we have employed
a diverse range of methodologies to validate them, together
with the help of mass balance principle and cross check with
different data sources (see Table SS). Still, we also suggest
more transparency in the Dy supply chain.

Despite these uncertainties, our study shows considerable
consistency with the results of previous published studies
(Table S27). For instance, the Dy demand of wind power in
our study falls within the range of numbers reported in Wang
et al.” and Li et al.” (as explored in Table $27). Regarding the
Dy demand in automobiles and electric vehicles, there is a
limited difference with the previous studies (Table S27).

4. DISCUSSION

National efforts to mitigate climate change and treating it as an
international crisis can not only achieve various local benefits
(e.g, air pollutions, public health,*" etc.) but also bring wider
impacts for global well-beings.*” China, as the world’s largest
emitter of CO,,” has pledged to achieve carbon neutrality by
2060,** which can individually mitigate global warming®> and
further help to stimulate wider efforts toward Paris agreement.
Previous studies®”**"’ highlighted that the future Dy demand
will rapidly increase, and our systematic analysis further reveals
that China’s low-carbon transition may deplete not only the
China’s present Dy reserve but also the global reserve. In a
pervasive view, China’s present Dy reserve can only support
the development of 19% of the required EVs (ie., 18 of 95
million units) and build 27% of planned wind turbines (i.e.,
1146 of 4186 GW) based on the current Dy use rates of these
technologies under the 1.5 °C scenario (details in Figure S21).
Together with other studies,””®*° our results confirm the
ambitious climate targets may face severe constraints from
HREEs and other critical minerals (e.g,, cobalt,*”®® lithium®’),
which desire wider attentions under Nationally Determined
Contributions (NDCs) planning.

Our results indicate that the Dy supply constraint, as a
limiting factor for clean energy transition, may become severe
along the pathway of global climate change mitigation,
particularly for those nations without stable Dy supply. Indeed,
China has long been considered abundant in REE reserve,””®’
and our study reveals China, by itself, will deplete both the
domestic and global present Dy reserves in the studied
scenarios. Aside from China, EU, US, Japan, and other
counties are also promoting their own ambitious net-zero
targets by or before 2050,*>”"”" which will also require large-
scale roll-out of EVs and wind turbines. These actions will
further exacerbate the REE supply shortage and accelerate the
depletion of the global REE reserve. If the relevant resource
supplies are not well managed, then there would be more

frequent supply risks and market manipulations that may be
intensified by geopolitical competition. This is especially true
given the fact that the current global REE market is highly
volatile due to geopolitics. Thus, the ongoing 1.5 °C climate
target will cause higher dependences for the US, EU, and even
China on some emerging HREEs suppliers (e.g., Myanmar,
Madagascar, Vietnam, Russia, Greenland, etc.). Again, the
rising markets in those nations will require higher efforts to
develop new forms of international cooperation to secure the
Dy and other REEs which facilitate global efforts on climate
change mitigation. This would move a step toward
implementing the recommendations in the UN International
Resource Panel report titled “Mineral Resources Governance
in the 21st Century: Gearing Extractive Industries toward
Sustainable Development”.””

Aside from physical production constraint, there are various
other constraints on the Dy supply that are worth noticing. In
particular, the REE mining has environmental impacts ranging
from pollution (permanent loss of ecosystems, soil erosion, air
pollution),gl’%_ S high energy, water, CO, emission, and waste
materials generations.95’96 In addition, the further refinery and
separate of Dy become very challenging due to the
concentration of radioactive waste like thorium.”>”® In those
emerging suppliers, Greenland has great potential to develop
new REE mines, but Greenland’s parliament has passed
legislation that ceases development of the Kuannersuit mine.””
There have been public concerns in REE mining and
processing countries like Malaysia.”® As an emerging Dy
supplier, China’s import volumes from Myanmar are highly
volatile due to the political situation,”” high environment
impact, alleged human right violations, and the price hike of
Dy,O; (which has risen approximately 50% since 2021)
(Figure S25). In other words, how to ensure the stability and
sustainability of REE trade is also a severe challenge.

Therefore, international collaborations on REE supply
chains are highly needed at the upstream, downstream, and
recycling sides. First, global efforts are required to explore and
develop new REE (particularly HREEs) projects. Meanwhile,
there is a need to distinguish between light rare earth elements
(LREEs) and HREEs (or at element level) reserves and
provide solid information in various REE projects inves-
tigation, to avoid misleading market actions (e.g, Turkey
discovered 694 Mt of REEs reserves).'”” Furthermore, the
most challenging aspect is the mining and extraction of REE,
particularly green processing technologies that deal with
radioactive and other wastes. The development of these
technologies requires global cooperation and the construction
of multiple separation factories. Second, our findings illustrate
that the Dy shortage can be reduced by 65%—74% through
material substitution, reduction, and improving recycling
systems in 2035 under the 1.5 °C scenario. These strategies
are very promising and have been developed by Germany (e.g.,
traction motor with magnet—free),50 Japan (e.g., new magnet
with HREE:s free,** reduction®), US (e.g., traction motor with
HREEs free),”" Korea (e.g., reduction technology),ml which
are summarized in Tables S19—S20. Similarly, improving
recycling systems technologies have also been developed in
countries like Japan,”® US,'* and Korea'” (summarized in
Table S22). We further summarized 17 types of breakthrough
technologies into 4 overarching categories in Figure S17: (a)
Dy-less technologies, (b) Dy-free magnets (1—3), (c) Dy-free
motors (4—9), and (d) improving recycling systems
technologies. In general, we highlight their priorities in
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different time periods. In the short term (2021—2025), the
priority should focus on the commercialization of Dy-less
technologies, which turns to be the most effective strategies
given their technical readiness and less demand for Dy. In the
medium term (2026—203S), our study highlights the
importance of advancing technologies of Dy-free magnets
and motors, which can further reduce the Dy demand and
alleviate the Dy shortage. In the long term (2036—2050), the
“improving recycling systems” may be the most effective
strategies, given massive of final products reach their EoL.

It is worth noting that given the distributed strengths of
green mining, extraction, processing, and recycling of REE in
different nations, there are three global actions to establish an
international collaboration based on the existing framework of
global cooperation on climate change mitigation (e.g, UN
Climate Change Conference). First, we need an international
organization that compiles and synthesizes comprehensive
solutions to alleviate critical material shortages and facilitates
the communication of vital information that is needed for
policy decisions. International Energy Agency (IEA) is likely a
good choice for this linkage. Second, we also need an
international organization that can facilitate the timely
exchange of exploration information and accelerate the sharing
of those advanced technologies that can promote the efficient
and sustainable REE supply by establishing international
collaborations across the value chain. Rare Earth Industry
Association (REIA) or United States Geology Survey (USGS)
is likely to be a good choice as a facilitator. Third, it is
important to establish a global organization that serves as a
facilitator for collaboration among stakeholders involved in the
advancement of Dy-less technologies, Dy-free magnets or
motor technologies, and recycling technologies. This organ-
ization aims to promote international cooperation and reduce
geopolitical conflicts. REIA is likely to be a good choice as a
facilitator.

In addition to material substitution, system substitution
represents a viable strategy for mitigating the Dy shortage. A
shift away from wind power to other low/zero carbon
electricity production technologies (e.g, solar photovoltaic
(PV), nuclear power, and geothermal energy) would reduce
REE demand. Currently, the IEA, International Renewable
Energy Agency (IRENA), the European Commission,'* etc.
have a comprehensive analysis of solar PV development, and
solar PV capacity has been experiencing a surge, with a 21-fold
increase from 2010 to 2021.'°° However, the shortages in
crystalline silicon can be a bottleneck in solar PV
technology.”'%° Furthermore, expanding solar PV capacity
may require building smarter long-distance transmission lines
to overcome to regional variability of electricity supply and
demand.'”” Nuclear power accounted for approximately 10%
of global electricity generation in 2020,'** and many countries
have announced plans to invest in nuclear power.'”” However,
nuclear power is a complex technology, with political,
economic, environmental, financial, and social dimensions.'"’
Furthermore, nuclear power technologies face also restrictions
due to concerns related to safety and nuclear waste
managements,'”® and nuclear power has begun to fade in
advanced economies.'’”” Thus, global efforts are required to
promote a comprehensive framework for minerals and metals
production,*""""'* and this framework is key to achieve the
global transition toward a net zero-carbon energy production.
For the transportation sector, the shared mobility services,
active transportation, and public transportation could help to

14122

reduce resources-intensive passenger vehicle ownership levels
by 35%,'"”""? which can also contribute to the reduction of
REEs demand. Therefore, global efforts are required to
establish the public transportation networks, provide the
access to ride-hailing services, and improve shared mobility
services to facilitate a low-carbon transition in the trans-
portation sector.

In summary, climate change is a global public bad.''* Dy
and other critical minerals are not equally distributed at the
global level. This huge mismatch between national critical
mineral supply and their demand due to mitigation efforts
needs to be well balanced through global cooperative actions.
We show the Dy supply shortage is likely to be inevitable in
China as well as for other regions, such as the US, Europe, etc.
Thus, there is a need to urge linked cooperation between
climate change mitigation and critical mineral supply to
guarantee our climate-safe future.
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