
“Yale” criticality assessment methodology

(for US)
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“Yale” criticality assessment methodology

Supply Risk
Environmental
Implications

Vulnerability
to supply restr.



Criticality assessment comparison

?



different results because of:

Criticality assessment comparison

• different perspectives on criticality
(specific countries, technologies, companies, products)

• methodologies are not standardized

• data sources can vary (e.g. expert opinion)

• different time or timescales
(current or recent years, future)

• different type and number of materials



Criticality assessment comparison

• no global consensus on what materials are critical

• assessments are qualitative/approximate guides

• only large differences are significant
(i.e. no precise measurements!)

(i.e. no universal CRMs list!)

? ?



Criticality assessment comparison

critical on critical materials...

“Despite the evident 
shortcomings of available work 
on raw material criticality, we 
note that criticality assessments 
are nevertheless important. […]
even inaccurate assessments 
raise awareness about the 
general issue of raw material 
supply security, a topic that until 
recently had mostly been 
ignored in western countries.”



Criticality assessment comparison

comparative 
overview on 
different 
materials



Criticality assessment comparison

most 
frequently
considered
as critical

Sb, Bi, Co, 
C(gr), Ga, Ge, 
In, Nb, REEs, 
W, (PGMs)



Criticality assessment comparison over time

repetition of some studies over time

(same or identical methdology)

• varying criticality levels of individual materials

• varying number of materials considered as critical

INFO available:



Criticality assessment comparison over time

2011: 14 CRMs /41 (ratio 0.34) 

2014: 20 CRMs /54 (ratio 0.37)

2017: 26 CRMs /61 (ratio 0.42)

2020: 30 CRMs /66 (ratio 0.45)
su
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(A.King, Critical Materials, Elsevier 2021)

n° of CRMs increases supply risk increases



Criticality assessment comparison over time

EC CRMs Report 2020 vs 2017 (same methodology)



Criticality assessment comparison over time

EC CRMs Report 2020 vs 2017 (same methodology)



Criticality assessment comparison over time

EC CRMs Report 2020 vs 2017 (same methodology)



Criticality assessment comparison over time

EC CRMs Report 2020 vs 2017 (same methodology)

consistent
CRMs
for EU



Criticality assessment comparison over time

EC CRMs 2020 vs 2017 
(same methodology)

general decrease of SR
general increase of EI



Criticality assessment comparison over time

(A. King, Critical Materials, Elsevier 2021)

in the future, data at different times
could be used to set up predictive
models by using machine learning
(and considering uncertainty)



Criticality assessment comparison : regional perspetives

EU vs. US on decarbonization-related criticality

(A. King, Critical Materials, Elsevier 2021)

agreement on 
REEs as CRMs



Criticality assessment comparison : regional perspetives

EU vs. US on criticality in general

(A. King, Critical Materials, Elsevier 2021)

agreement on 
REEs as CRMs



Criticality assessment comparison : criticality markers

critical materials as identified
by different assessments share 
some common characteristics

(criticalty markers
or indicators)



Criticality assessment comparison : criticality markers

(from M.Ashby, “Materials and Sustainable Development”, Elsevier 2016) 

• limited supply diversity (HHI)



Criticality assessment comparison : criticality markers

• limited supply diversity (HHI)
• small markets (materials produced in small quantities)

- vulnerable to sudden increase in demand
- harder to increase production upon increasing demand

(A. King, Critical Materials, Elsevier 2021)



Criticality assessment comparison : criticality markers

• limited supply diversity (HHI)
• small markets (materials produced in small quantities)
• co-production

many elements are
found together:

- hard to separate
(separation costs)

- the «balance problem»
(%s ≠ market demand)
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Criticality assessment comparison : criticality markers

• limited supply diversity (HHI)
• small markets (materials produced in small quantities)
• co-production

typical of 
REEs
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Criticality assessment comparison : criticality markers

• limited supply diversity (HHI)
• small markets (materials produced in small quantities)
• co-production
• lack of market transparency

 out of larger commodity 
markets (NYMEX, LME)

 no brokers (direct trade), 
no regulations, not open

 risks for price manipulation
or mis-interpretation are 
increased

"[…] rare metals are traded in
backroom deals, often in small
quantities and tailored grades for
specific end uses."

"Illegal trading is endemic in
China.«

D. Abraham
The Elements of Power, 

Yale University Press, 2015



Criticality assessment comparison : criticality markers

• limited supply diversity (HHI)
• small markets (materials produced in small quantities)
• co-production
• lack of market transparency
• demanding materials specification (es. purity)

e.g. graphite
carbon highly abundant, but graphite is needed
extra pure for anodes in Li-ion batteries



Criticality assessment comparison : misleading markers

• price
• price variations
• crustal abundance
• longevity of geological resources

(A. King, Critical Materials, Elsevier 2021)

- new resources added
- new extraction technologies



Criticality assessment comparison : misleading markers

• price
• price variations
• crustal abundance
• longevity of geological resources

(A. King, Critical Materials, Elsevier 2021)

- new resources added
- new extraction technologies



Environmental (and social) impact
• some criticality assessment methodologies include 

environmental (and/or social) factors (e.g. Yale 
methodology)

• 4 different perspectives

1. Environmental/Social impacts as a source of supply risk. 
High or low probability of supply disruption due to potential 
regulations. (e.g. EC 2010)

2. Vulnerability of the environment/social values to material 
use. The use of a material has a high/low impact on the 
environment. (e.g. Yale methodology)

3. Environmental/social risk. The disrupted availability of a 
material has a low or high impact on the environment or 
social values.

4. Reputational risk. The use of a material with a high 
environmental or social impact affects the reputation of a 
company (usually in assessment by companies).

focus

(D. Schrijvers et al., Resour. Conserv. Recycl. 2020)



Environmental impact

(EIONET Report, december 2020)

https://www.eionet.europa.eu/

assessment on 
environmental impact of 
CRMs according to the 
OekoRess methodology*

focused on 5 applications:
 magnets
 batteries
 alloys
 fertilizers
 electronic components

*Manhart et al. Mineral Economics 2019 
(better than usual LCA, considers 

ecosystems degradation, impacts on 
water resources and disaster hazards)

but relies on EC 
2017 CRMs list→



Environmental impact



Environmental impact

Particularly high global environmental impacts can be
observed for those critical raw materials that are essential for
producing functional metal alloys and those that are needed
for agricultural fertiliser production, due to the high
production volumes of these applications.



Environmental impact

The production of rare-earth elements causes 
significant environmental damage, as it is 
material and energy intensive and generates 
large amounts of emissions to air and water, and 
solid waste. 

Their production in China, the largest producer, 
has raised environmental concerns with regards 
to heavy metal and radioactive emissions to 
groundwater, rivers, soil and the air around mine 
sites. 

Additionally, the roasting phase of ores has an 
impact due to the large quantity of heat 
required, which in China is supplied by coal.

Most of these impacts are generated locally at 
the mining sites, often located in countries with 
medium or poor environmental performance.

(example: REEs)
just one site 
considered



Environmental impact

(2016 report, www.chinawaterrisk.org)

report from 
Chinese NGO 
about water 
pollution in China 
due to REEs



Environmental impact

(2016 report, www.chinawaterrisk.org)



Environmental impact

REEs extraction is 
highly polluting



Environmental impact

(2016 report, www.chinawaterrisk.org)

• widespread black market (lower prices, lower or absent environmental 
standards)

• “good chances” that we are using products that contains illegally mined and 
trafficked RE

• efforts to stop illegal mining from China, but not from beneficiary countries 
and companies (i.e. purchasers)

• 6 billion USD to clean-up the polluted REE mines in Ganzhou (8.6 % of total 
China REEs production)

• extraction costs in Ganzhou are 4.500 USD/ton, while they should be 
(taking into account environmental remediation) about 30.000 USD/ton

• Rare earths paradox: “clean” low-carbon technologies fueled by local 
pollution



Environmental impact

Bayaon Obo
(Inner Mongolia)

mine

processing



Environmental impact

(Guo, W., 2012. The rare earth development can no longer overdraw 
ecological cost. China Environment News, July 2. China Environmental 

Press, Beijing & Environmental Development 8 (2013) 131–136 )



Environmental impact

Apple 2019



Social impact Amnesty report 2016



Social impact

• more than half of the world’s total supply 
of cobalt comes from the Democratic 
Republic of the Congo (DRC). 

• 20% of the cobalt currently exported from 
the DRC comes from artisanal miners 

• artisanal miners mine by hand using the 
most basic tools to dig out rocks from 
tunnels deep underground

• artisanal miners include children as young 
as seven

• chronic exposure to dust containing cobalt 
can result in a potentially fatal diseases, 
yet vast majority of miners do not have 
the most basic of protective equipment

• most children indicated that they earned 
between 1-2 USD per day.



Social impact

Percentage of population dependent on artisanal mining

(Dorner, U., Franken, G., Liedtke, M. & Sievers, H. (2012). Artisanal and small-scale mining (ASM)
(Polinares Working Paper 19). Polinares. Retrieved from http://pratclif.com/2015/mines-ressources/
polinares/chapter7.pdf – Data from 2009)

100 million people were directly engaged in 
artisanal and small-scale mining 

(World Bank, 2013)



Social impact



Social impact

Complex supply chain



Social impact



Social impact

Conflict minerals are minerals used to finance armed 
groups, fuel forced labour and other human rights 

abuses, and support corruption and money laundering.

As defined by the US legislation, they currently include 
the metals tantalum, tin, tungsten and gold (3TG), which 

are the extracts of the minerals cassiterite, columbite-
tantalite (coltan) and wolframite, respectively.

conflict minerals

Concept extended to all resources whose
extraction is associated with social problems 
(conflicts, human rights, child labour, etc.) 



Social impact

2018 Report

(Canadian Charity)

• Significant reserves of all of 
minerals used for the transition to 
a low-carbon economy are found 
in states perceived to be both 
fragile and corrupt

• The increased extraction of many 
of the identified minerals has been 
linked with local grievances, 
tensions and violence



Social impact

5 CASE STUDIES:

- Cobalt in DRC

- Rare earths in China

- Nickel in Guatemala

- Bauxite in Guinea

- Lithium in Zimbabwe



Social impact

Rare earths in China

• Coupled with the growth of environmental activism, highly polluting 
rare earths mining in China could lead to increasing tensions at the 
local level. (RISK)

• Illegal mines are cited to sell to organized crime syndicates and exploit 
workers, some of which are children.

Bauxite in Guinea

• Villages near the mines suffer from the negative consequences of 
extraction: fertility of fields is decreasing, threatening local food security,  
contaminated local waterways, livestock endangered, respiratory 
problems.

• Steady rise in local tensions and violence, multiple riots broke out in 2017 
leaving one dead and 20 injured.

(pollution → social tensions)



Social impact

Australian REE processing in Malaysia

https://www.scmp.com/week-
asia/geopolitics/article/3011749/malaysia-snag-
us-search-alternative-chinese-rare-earths

https://www.reuters.com/article/us-lynas-corp-
malaysia/malaysia-environment-groups-lynas-
workers-rally-over-rare-earths-plant-idINKCN1RM0AD

(social tensions)



Social impact

Possible solutions

• National regulations (producing countries)

• National regulations (beneficiaries) 

• Corporate responsibility (producers)

• Corporate responsibility (buyers)

• Consumer awareness (end users)
pressure



Social impact

EU passed a new regulation in May 2017 to stop 

• conflict minerals and metals from being exported to the EU;
• global and EU smelters and refiners from using conflict 

minerals;

It requires EU companies to ensure they import these 
minerals and metals from responsible sources only.  

The requirements start to apply on 1 January 2021.

(https://ec.europa.eu/trade/policy/in-focus/conflict-minerals-regulation/index_en.htm)

(likely expanded to include cobalt besides 3TG)



Social impact

• Responsibly sourced materials (certified supply chain)
• Recycled materials
• Modular design (replaceable parts/upgrades, extended life)

an example



CRMs in strategic technologies and sectors

CRMs

technologies

need to evaluate 
the impact of CRMs 
on strategic sectorsstrategic

sectors

what now?

(a different kind 
of assessment)



CRMs in strategic technologies and sectors

European Commssion report
late 2020

foresight study

how CRMs will
impact on 
strategic
technologies and 
sectors



CRMs in strategic technologies and sectors

technologiessectors



CRMs in strategic technologies and sectors

Li-ion battery technology
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CRMs in strategic technologies and sectors
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CRMs in strategic technologies and sectors



CRMs in strategic technologies and sectors



CRMs in strategic technologies and sectors



CRMs in strategic technologies and sectors

Wind turbines generators



CRMs in strategic technologies and sectors

1. Geared turbines
• most common (80%)

• use gearbox to convert low rotational 
speed to much higher speed

• use induction generators (with 
significant amounts of Cu and Fe)

• low costs

• require more frequent mantainance

• dominate on-shore installations

2. Direct drive turbines
• less common (20%)

• use generators directly fixed to the 
rotors (same speed)

• use induction generators or 
permanent magnets  (REEs)

• more expensive

• require less mantainance

• mostly use off-shore

two categories of wind turbines



CRMs in strategic technologies and sectors

two categories of wind turbines

(https://ei-spark.lbl.gov/generation/onshore-wind/turb/nacelle/innov/)



CRMs in strategic technologies and sectors

(World Bank, Minerals for Climate Action, 2020)



CRMs in strategic technologies and sectors

200 GW
800 GW

20 GW

> 400 GW

off-shore installations are 
expected to grow more



CRMs in strategic technologies and sectors
Hysteresis loop of a ferromagnetic material

(J. Lucas, ed., Rare Earths, Elsevier 2015)

Magnetic induction after the 
magnetizing field has been removed

“Maximum 
Energy Product”

Ability to resist 
demagnetization

Large values of Br and Hc (i.e. BHmax) are 
important for permanent magnets



CRMs in strategic technologies and sectors

(A. King, Critical Materials, 2021)

superiority of Nd-Fe-B magnets

???
breakthrough 
expected 
(new material)



CRMs in strategic technologies and sectors

(J. Lucas, ed., Rare Earths, Elsevier 2015)

Composition of a NdFeB magnet 

in an electric car: 1-2.5 kg magnet (725 g Nd)

in a wind turbine with a direct drive generator (low-speed PMSG 3MW): 
2 tonnes magnet ( ~560 kg Nd)*

1/3 in weight
is Neodymium!

*Pavel et al. Resources Policy 52 (2017) 349–357 



CRMs in strategic technologies and sectors

(J. Lucas, ed., Rare Earths, Elsevier 2015)



CRMs in strategic technologies and sectors

(A. King, Critical Materials, 2021)

• NeFeB magnets more efficient at low temperatures
• SmCo magnets more efficient at higher temeperatures

can be improved 
by adding Dy



CRMs in strategic technologies and sectors

Effect of replacing some of the Nd with Dy in NdFeB magnets 

without Dy
with Dy

slight decrease 
in Remanence
Br

large increase in 
Coercivity Hc

better performances at 
higher temperatures
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CRMs in strategic technologies and sectors

(J. Lucas, ed., Rare Earths, Elsevier 2015)
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(https://www.hsmagnets.com/blog/curie-temperature-of-permanent-magnets/)

CRMs in strategic technologies and sectors

Curie and working temperatures for permanent magnets



CRMs in strategic technologies and sectors



CRMs in strategic technologies and sectors



CRMs in strategic technologies and sectors
Photovoltaics



CRMs in strategic technologies and sectors



CRMs in strategic technologies and sectors

Robotics, drones and 
digital technologies are 

most metal intensive

B, Si, Cu are elements
present in all/most 

technologies



CRMs in strategic technologies and sectors

Identified supply 
risks for the EU 
and EU shares of 
production



CRMs in strategic technologies and sectors

sector analysis



CRMs in strategic technologies and sectors



CRMs in strategic technologies and sectors



CRMs in strategic technologies and sectors



CRMs in strategic technologies and sectors



CRMs in strategic technologies and sectors



CRMs in strategic technologies and sectors



CRMs in strategic technologies and sectors



CRMs in strategic technologies and sectors
combined!



CRMs in strategic technologies and sectors



CRMs in strategic technologies and sectors

key suppliers for 
each stage 
(country shares)



CRMs in strategic technologies and sectors

KEY FINDINGS

→ REEs supply chain 
extremely vulnerable 
because of China’s 
market dominance.

→ Dy critical because of 
higher rate of demand 
growth and lower 
proportion in ores.

→ Co remains a concern 
because of large share 
of DRC

→ Wind energy and 
traction motors will 
compete for REEs and 
borates

→ Fuel cells and Digital 
tech will require large 
amounts of PGM

→ PV and Digital tech will 
compete for Ge, In, Ga, 
Si

→ Bottlenecks for EU are 
mostly in the raw 
materials stage



CRMs in strategic technologies and sectors

World Bank, 2020
(another interesting report)



Mitigation
Part 4



After the rare earths crisis

awareness



After the rare earths crisis

• March 2012, the United States, Japan, and the European Union 
jointly initiated a World Trade Organization (WTO) dispute 
settlement case against China’s restrictive policies on REEs

• China responded that restrictions were issued for environmental 
reasons

• March 2014, a WTO dispute panel ruled that China’s REE 
restrictions were inconsistent with its WTO obligations 

• August 2014, the ruling was largely upheld by WTO Appellate 
Body 

• May 2015, China announced that it had removed the restrictions 

WTO trade dispute



After the rare earths crisis

crisis

after the crisis, the number of producers increased

(A. King, Critical Materials, Elsevier 2021)



After the rare earths crisis

after the crisis, China’s share decreased

crisis

(however, most US production still processed in China!)

(A. King, Critical Materials, Elsevier 2021)



After the rare earths crisis

(source: British Geological Survey 2011)

Stimulation of new mining projects

Mountain Pass
(since 2018)

Mount Weld
(since 2011)

Brown’s Range
(since 2018)

(Ocean’s floor)

Kvanefjeld
(not yet…)



After the rare earths crisis

Technology responses
(to decrease amount of REEs needed)

Grain Boundary Diffusion (GBD) in NdFeB magnets

(A. King, Critical Materials, Elsevier 2021)

Advantages

• 70-90% Dy reduction

• no decrease in 
remanence

• improved coercitivity



After the rare earths crisis

Investments/research to reduce 
amount of REEs in motors

• Ford redesigned motors to reduced operating temperatures 
(less Dy needed)

• Toyota announced the development of a new magnet 
material with 50% less HREEs

• Honda similar approach to reduce dependence from HREEs

• Tesla model 3 (2017) switched to REE-based magnets instead 
of induction motors

but…



After the rare earths crisis

Investments/research to reduce 
amount of REEs in wind turbines

• Siemens Gamesa announced it “dramatically reduced” the  
need for HREE in its 7 MW offshore generators.

(King, Critical Materials 2011)



After the rare earths crisis
A technology shift in lighting

(A. King, Critical Materials, Elsevier 2021)

Fluorescent lamps are heavily dependent on REEs



After the rare earths crisis
A technology shift in lighting

(A. King, Critical Materials, Elsevier 2021)

Rapid growth of LED and decline of fluorescent lighting
(less dependent on REEs)

(accelerated by REE crisis)



Mitigation

• New technologies
• Reduced use via technological improvements
• Material substitution
• Source diversification

• New mines development
• Unconventional sources

• Recycling

How to address criticality?

(e.g. LED)

(e.g. GBD)(e.g. …later…)



Development of new technologies

(A. King, Critical Materials, Elsevier 2021)

…20 years (time needed to market)

• usually too slow to counter criticality
• better start as soon as possible 



Source diversification

How are 
mines 

developed?

(A. King, Critical 
Materials, Elsevier 2021)

10 to 20 years
& 1 billion $ investment

to achieve first 
production



Source diversification

(A. King, Critical 
Materials, Elsevier 2021)

geological formations that contain 
potentially valuable minerals

part of a deposit for which quantity and grade 
indicate the possibility of developing a valuable mine

quantity, grade, density, shape and 
other characteristics estimated with 

sufficient confidence to allow for 
mine planning

characteristics estimated with 
sufficient confidence to support 

detailed mine planning and 
projection of economic viability

RESERVE: deposit of known size 
that can be extracted at a profit

Pre-Feseability Study (PFS)

Detailed Feseability Study (DFS)



(A. King, Critical 
Materials, Elsevier 2021)

Source diversification

Site-specific procedures have to be 
set-up (no general approaches)

Political & Social consensus 
are also needed



Source diversification
Separation step

(e.g. solvent-extraction process for REEs)

(A. King, Critical Materials, Elsevier 2021)

(400 mixer-settler 
units might be needed 
for REEs)

• Requires large amounts of water, acids, solvents with associated costs, 
health and safety risks, environmental challenges

• Mixers consume large amounts of energy

• Settling step can require significant amounts of time

• Largest single capital expenditure for REEs production

• Greatest risk to the production chain

also performed as a stand-alone business

(critical step)



Source diversification

Unconventional sources: extraterrestrial mining



Recycling
End-of-life Recycling Input Rate

3%

• majority (65%) of CRMs have a EOL-RIR < 3%

• average EOL-RIR for HREE is 8%, LREE 3%

(EC, Study on the EU’s list of CRMs 2020)

CRMs highlighted in red

(not surprising since EOL-RIR is a 
parameter used for defining CRMs) 

(post-consumer)



Recycling

Conventional Mining Urban Mining

located within a bounded 
geographical area

geographically discontinuous

rich in target material poorer in target material

consistent in composition inconsistent in composition

energy needed for extraction energy needed for collection

(target materials are on 
the surface, but not 

necessarily easy to collect)

(management of products used 
or stored by society with the 
aim to recover raw materials)

Challenges in End-Of-Life Recycling



Recycling

(A. King, Critical Materials, Elsevier 2021)

• Costs and carbon footprint of collection and delivering to a processing center

• For many high-tech products, increased complexity (“high-entropy” objects)

• For growing sectors, recycling can satisfy only a limited fraction of demand

Challenges in End-Of-Life Recycling



Recycling

Lower-complexity objects and higher-value materials 
are more likely to be recycled than higher-complexity 

objects and lower-value materials. 

(complexity of the object)
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(Dahmus and Gutowski criterion) 

complex 
objects, 

finely 
intermixed 
materials



Recycling

(2018) “[…] the recycling input rate of 
CRMs is generally low.” 

• sorting and recycling technologies 
for many CRMs are not available 
yet at competitive costs

• the supply of many CRMs is 
currently locked up in long-life 
assets

• growing demand for many CRMs 
in various sectors 

note: in some cases (e.g. 
PGMs) EOL-RIR can be low 
even if recycle rate is high 
(because of rapidly growing 

demand)



Recycling

Benefits of a more circular use of CRMs

(EC, Report on CRMs and the circular economy, 2018) 



Recycling

Why are recycling rates of REEs so low?

• REEs are difficult to separate (similar chemistry)

• REEs are usually present in small amounts

• many REE-containing products are complex (difficult to 
disassemble)

• very little or no recycling incentives (low prices)

• end-product collection procedures do not exist

• long useful life periods (e.g. wind turbines, EVs)

(EC, CRMs factsheets 2020)



Recycling
REEs recycling



Recycling
example: rare earths magnets in HDDs

(A. King, Critical Materials, Elsevier 2021)

• 13-16% of the market for RE magnets (2012-2014)

• HDDs remain the technology of choice in large data centers

• data centers are good targets for urban mining (large 
amounts of material in a small geographical area) 

(Nd, Pr, Dy, Sm 
are recovered)



Recycling

Other potential REEs sources for recycling

• Fluorescent lamps (Y, Eu, >20% in weight)

• Catalysts (La) 

• Ni-MH batteries (La, Ce, Pr, Nd)

Solvay developed a recycling unit in 
France in 2012, but stopped in 2016 
because it had become uneconomic 

long lifespan (7-10 years) makes the 
lag time quite long, limiting recycling 
solutions at large scales

(mainly from fluid 
catalytic cracking)

still not economic, see balance problem
(if more Nd is needed, La will be in 
excess)



Recycling

Manufacturing waste
(manufacturing scrap)

• preventing its creation has greater potential economic benefit 
than recycling it 

• target material may be obtained in a single location

• it is consistent in its composition

• material has already had its value increased through several 
costly and energy-intensive processing steps

(in-factory recycling)



Recycling
Manufacturing waste

Success stories

• CeO2 (ceria) widely used as an abrasive for polishing silicon wafers and 
glass, because it combines a mild chemical attack of the silicon with 
mechanical abrasion (chemical-mechanical polishing) – RECYCLED!

• Yttria-stabilized zirconia (YSZ) is plasma-sprayed to form a thermal 
barrier coating to protect metal turbine blades in jet engines. In plasma-
spraying 80% of YSZ was wasted – RECYCLED!

• no need for collection and transportation of the material

• low-complexity feedstock and high-value output materials

• minimal reprocessing (returned to the manufacturing process 
essentially in their original form)

• quantifiable value for their owners

Why a success?



Recycling

Success stories

• CeO2 (ceria) widely used as an abrasive for polishing silicon wafers and 
glass, because it combines a mild chemical attack of the silicon with 
mechanical abrasion (chemical-mechanical polishing) – RECYCLED!

• Yttria-stabilized zirconia (YSZ) is plasma-sprayed to form a thermal 
barrier coating to protect metal turbine blades in jet engines. In plasma-
spraying 80% of YSZ was wasted – RECYCLED!

BUT…
the overall impact of a successful recycling may be to increase the criticality of 
other REEs

• Ce is a coproduct of light REEs: reducing the demand for cerium increases 
the cost of producing lanthanum, praseodymium, and neodymium

• Y is a coproduct of heavy REEs: reducing the demand for yttrium increases 
the criticality of the heavy REEs

Manufacturing waste


