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Nickel Overview | Current and future applications

Current Applications

Stainless Steel
Nickel Quality: >90wt%, FeNi, NPI

Plating
Nickel Quality: Class 1

Batteries
Nickel Quality: >22.3 wt% Ni (NiSO4)

Non-Ferrous Alloys
Nickel Quality: Class 1

2020 Production: 2.51 million metric tonnes

69%

11%

Source: Wood Mackenzie, Nickel Institute 2

Future Applications

Stainless Steel
Nickel Quality: >90wt%, FeNi, NPI

Batteries
Nickel Quality: >22.3 wt% Ni (NiSO4)

Plating
Nickel Quality: Class 1

Non-Ferrous Alloys
Nickel Quality: Class 1

2040 Expected Demand: 6.0 million metric tonnes

41%

45%

2.3x



Nickel Overview | Mineral supply chain
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Sulfides Ore
Associates Metals: Cu, Co, PM’s

Smelting & Refining
Process Type: Hydro & Pyrometallurgical 

Class 1 Nickel (>99.8wt% Ni)
Applications: Steel, Batteries, Superalloys

Class 2 Nickel (<99.8wt% Ni)
Applications: Steel, Batteries, Plating

Smelting & Refining
Process Type: Hydro & Pyrometallurgical 

Mining & Beneficiation
Rock Type: Soft Rock

Mining & Beneficiation
Rock Type: Hard Rock

Laterite Ore
Associates Metals: Co



Processing

Mining and Beneficiation
Country, Grade, Production

Commodity

Output Product
Quality, Form Factor

Geology

Resources and Reserves
Laterite and Sulfide

Extraction

Smelting and Refining
Feedstock, Capacity, Production

Research Gap | Bottom-Up Facility-by-Facility
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Reference: Mudd (2009, 2011), Mudd & Jowitt (2014, 2022), Heijlen et al. (2021)

Previous System Boundaries Current System Boundaries



Research Gap | Target groups in OEM organizations

Engineering

Availability
Quality and capacity of materials

Procurement

Sourcing
Available nickel suppliers

Environmental

Sustainability
Carbon footprint, ESG
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Research Gap | Research questions

Net Zero Goals

Geopolitical Risk
Where are nickel facilities located?

New Mines ✓

New Refineries?

Limited Refining Capacity
How much capacity is available?

6

Ore & Product 

Bifurcation

Opaque Supply Chain
What are nickel supply chains?

GHG

Critical Mineral

Carbon Neutral Operations
Who has environmental commitments?



Methods and Data | Data collected
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• Ownership

• Location

• Development History

• Facility Type

• Process Type

• Material Recovery

• Nickel Capacity

• Nickel Products

• Nickel Product Quality

• Nickel Product 

Application

• Nickel Recovery Rate
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Reference Year Facility Type

Scope

2021

Historical Data up to 2000 Non-NPI, Partial Inclusion of FeNi

Data Quality

Global Scope Secondary Sources

Data Points Collected

• Historical Nickel 

Production

• Cobalt Production 

• Copper Production

• By-Products

• Feed Sources

• Feed Type

• Feed Quality

• Environmental Goals

• Environmental Impact

• Recycling Plans

• Expansion Plans



Methods and Data | Data sources
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Industry Reports, News Articles

Corporate Annual, Financial, and Sustainability Reports

Academic Articles



Methods and Data | Database

99



Results and Analysis | Data overview

4231

Facilities AnalyzedCompanies Analyzed

+5k 122

Data Points 

Collected

Nickel Products 

Analyzed
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Results and Analysis | Geographic capacity of refined product
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Non-FeNi, Non-Smelters Operations (n=42)



Results and Analysis | CY21 operation capacity breakdown
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1,607,439 Metric Tonnes of Nickel Refining Capacity (+/- 31,000)

Non-FeNi, Non-Smelters Operations (n=42)
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Results and Analysis | Product application breakdown
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Results and Analysis | Product application breakdown
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Results and Analysis | Carbon neutral goal
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Discussion | Capacity bottleneck

Geographic DistributionLimited Excess Capacity Product Capacity

Capacity Concentrated
Production chiefly in Asia and Oceania

Products Intended for Steel
Limited number of products intended for batteries

New Battery Capacity Required
Insignificant excess capacity currently available

16
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Jamie Faubert: jfaubert@uwaterloo.ca

Dr. Steven B. Young: sb.young@uwaterloo.ca



Research Gap | Recycling
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System Boundaries

Unique Flowsheets
HPAL, Refining

Reporting

Inconsistent Accounting
Tolling, Operations Included

By-Product

Copper and PM Refineries
Crude Nickel Sulfate Production

Methods and Data | Limitations

19 *PM: Precious Metals



Research Gap |

Resources
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300 million

metric tonnes

Reserves

95 million

metric tonnes

2020 Mined 

Production

2.51 million

metric tonnes

2040 Expected 

Demand

6 million

metric tonnes

*Not to scale

Processing

Capacity

?

Excess Capacity 

Required

20Source: USGS

Processing capacity

40%

60%



Results and Analysis | Geographic capacity breakdown
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Non-FeNi, Non-Smelters Operations (n=42)



Results and Analysis | Timeline to capacity

22

0

450,000

900,000

1,350,000

1,800,000

1902 1910 1920 1930 1940 1950 1960 1970 1980 1990 2000 2010 2021

M
e
tr

ic
 T

o
n

n
e

s 
o

f 
C

u
m

u
la

ti
ve

 

N
o

n
-F

e
N

i,
 N

o
n

-S
m

e
lt
in

g
 2

0
2

1
 O

p
e

ra
ti
n

g
 C

a
p

a
c
it
y

Refinery Uncertainty Intermediate Intermediate/Refinery

*Assumes total current operating capacity installed at year of construction



Results and Analysis | Carbon neutral goal — year

23

0

200,000

400,000

600,000

800,000

2039 2040 2050

M
e
tr

ic
 T

o
n

n
e
s
 o

f 
C

a
p
a
c
it
y

Non-FeNi, Non-Smelters Operations (n=42)

Refinery Intermediate

681,401

30,000

103,131



Discussion | North American excess refining
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Results and Analysis | Product chemistry
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*Other: C2H4NiO8 (3x), NMC (1x), NiS (1x), NiCO3 (1x), Nickel Reclaim (1x)



Results and Analysis | Product form factor
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Results and Analysis | Processing route
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Discussion | Active North American nickel facilities
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Legend

Run-of-mill ore

Concentrate

Matte

Refined Ni

Crude Nickel Sulfate

Products

Mine

Mine+Concentrator

Refinery

Mine+Concentrator+

Smelter

Mine+Concentrator+

Smelter+Refinery

Operations

Vale

Voisey’s Bay

Glencore

Raglan

Canadian Royalties

Nunavik

Glencore — Sudbury

Mine (2x)

Concentrator

Smelter

Impala

Lac des Iles

Vale

Thompson (2x)

Lundin

Eagle

Sibanye Stillwater

Stillwater & East Boulder

Vale

Long Harbour

Sibanye Stillwater

Columbus Metallurgical Complex

Sherritt

The Cobalt Refinery Company

Glencore

Canadian Copper Refinery

KGHM Polska Miedz

McCreedy West

Vale — Sudbury

Mine (5x)

Concentrator

Smelter

RefineryVia Cuba

To China

To Norway

To Poland



Property Commodities Facilities Output Carbon Goal Sequestration

1 Dumont Ni, Co, Fe, PM Mine Concentrate Yes Yes

2 Nickel Shaw Ni, Cu, Co, PM Mine Concentrate Yes Yes

3 Thierry Ni, Cu, PM Mine Concentrate No No

4 Minago
Ni, Cu, Co, PM, 

Other
Mine Concentrate Yes No

5 Lynn Lake
Ni, Cu, Co, Pb, 

PM
Mine Concentrate No No

6 Turnagain Ni, Co, Cu, PM Mine Concentrate Yes Yes

7 River Valley Ni, Cu, Co, PM Mine Concentrate No No

8 Shakespeare Ni, Cu, Co, PM Mine Concentrate Yes No

9 Junior Lake
Ni, Cu, Co, PM, 

Other
Mine Concentrate No No

10 Makwa Mayville Ni, Cu, Co, PM Mine Concentrate No No

11 Eagle’s Nest Ni, Cu, PM Mine Concentrate Yes Yes

12 Victoria Ni, Cu, Co, PM Mine Conncentrate Yes No

13 Crawford Ni, Fe, Co, PM Mine Concentrate Yes Yes

14 Decar Ni, Fe, Cr
Mine + 

Processing
Nickel Sulfate? Unclear No

15 Ferguson Lake
Ni, Cu, Co, PM, 

Other

Mine + 

Processing
Refined product No No

16 Hidden Bay U, Co, Ni Mine Unknown No No

17 Kenbridge Ni, Cu, Co, PM Mine Unknown No No

18 Onaping Depth Ni, Cu, Co, PM Mine
Existing 

Process
Yes No

19 Battery Material Park Co, Cu, Ni, Li, C Processing Nickel Sulfate Yes No

20 Tamarack Ni, Cu, Co, PM
Mine + 

Processing?

Concentrate, 

Refined?
Yes Yes

21 Mesaba Ni, Cu, Co, PM Mine Concentrate Yes No

22 NorthMet Cu, Ni, Co, PM Mine Concentrate No No

23 Missouri Cobalt Co, Ni, Cu
Tailings 

Reprocessing
Concentrate No No

Discussion | North American nickel projects
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Discussion | Carbonyl nickel refining
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Natural and synthetic graphite | Trade-offs between carbon 
footprint and supply risk of different sourcing options
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Index

o Context

o Objectives

o Methodology

o GeoPolRisk

o LCA

o Supply chain

o Natural graphite

o Synthetic graphite

o Results and trade-offs

o Conclusions
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The big picture

E-mobilityBatteries
Battery

components

Raw and 
processed 
materials

Europe’s future is electricLIBsAnodeGraphite

Up to 20% wt. of the 
battery cell
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The big picture

E-mobilityBatteries
Battery

components

Raw and 
processed 
materials

Europe’s future is electricLIBsAnode

Natural graphite (NG)

Synthetic graphite (SG)
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Objectives

Natural graphite (NG) Synthetic graphite (SG)

• Assess the trade-off between carbon footprint versus supply risk of both graphite groups

• Identify the foreseeable hotspots and bottlenecks of the different sourcing options

Supply risk evaluation Environmental evaluation
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Objectives

Natural graphite (NG) Synthetic graphite (SG)

• Assess the trade-off between carbon footprint versus supply risk of both graphite groups

• Identify the foreseeable hotspots and bottlenecks of the different sourcing options

Life cycle assessment 
(LCA)
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Methodology | GeoPolRisk method

𝐺𝑃𝑅𝑆 = 𝐻𝐻𝐼𝐴 ∗ ෍

𝑖

𝑔𝑖 ∗ 𝑓𝐴𝑖𝑐
𝑝𝐴𝑐 + 𝐹𝐴𝑐 𝑅𝑅

Production concentration of a 
resource A

• Changes with year of assessment

Weighted average of imports to economic 
unit (c)

• Weighted using the political instability 
indicator (𝑔𝑖)

• Values vary with the economic unit and 
year of assessment 

Supply risk of importing one 
resource to one economic unit for 
one year.

o Data available for 32 resources 
including fossil fuels, metals and 
non metals.

o Political instability indicator data 
for over 200 countries, regions 
and economic blocks (Including 
former countries, regions) since 
2000 (Including EU). 

Gemechu, Eskinder, Guido Sonnemann, and Steven Young. 2015. “Geopolitical-Related Supply Risk Assessment as a Complement to Environmental 
Impact Assessment: The Case of Electric Vehicles.” The International Journal of Life Cycle Assessment, June. https://doi.org/10.1007/s11367-015-
0917-4.

Santillán-Saldivar, Jair, Eskinder Gemechu, Stéphanie Muller, Jacques Villeneuve, Steven B. Young, and Guido Sonnemann. 2022. “An Improved 
Resource Midpoint Characterization Method for Supply Risk of Resources: Integrated Assessment of Li-Ion Batteries.” The International Journal of Life 
Cycle Assessment, no. 0123456789. https://doi.org/10.1007/s11367-022-02027-y.

https://doi.org/10.1007/s11367-015-0917-4
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Methodology | GeoPolRisk method

𝐺𝑃𝑅𝑆 = 𝐻𝐻𝐼𝐴 ∗ ෍

𝑖

𝑔𝑖 ∗ 𝑓𝐴𝑖𝑐
𝑝𝐴𝑐 + 𝐹𝐴𝑐 𝑅𝑅

Production concentration of a 
resource A

• Changes with year of assessment

Weighted average of imports to economic 
unit (c)

• Weighted using the political instability 
indicator (𝑔𝑖)

• Values vary with the economic unit and 
year of assessment 

EU perspective

0 1

+-

Koyamparambath, Anish, Jair Santillán-Saldivar, Benjamin McLellan, and Guido Sonnemann. 2022. “Supply Risk Evolution of 
Raw Materials for Batteries and Fossil Fuels for Selected OECD Countries (2000–2018).” Resources Policy 75 (November). 

https://doi.org/10.1016/j.resourpol.2021.102465.
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Methodology | LCA

Goal and Scope

Life Cycle 

Inventory

Life Cycle Impact 

Assessment

Interpretation

Standardized (ISO 14044) 
environmental impact assessment 

method 

4 phases

International Organisation for Standardization. 2006. “ISO 14044 - Environmental Management Life Cycle Assessment - Requirements and Guidelines.” Geneva.
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Methodology | LCA

Goal and Scope

Life Cycle 

Inventory

Life Cycle Impact 

Assessment

Interpretation

Production of battery-grade 
graphite: 

• Natural graphite route

• Synthetic graphite route

Functional unit | Production of 
1kg of battery-grade graphite
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Methodology | LCA

Goal and Scope

Life Cycle 

Inventory

Life Cycle Impact 

Assessment

Interpretation

Foreground data | 

• Engels, Cerdas et. al. (2022)

• Surovtseva et. al. (2022)

• Dai et. al. (2019)

Background data | Ecoinvent 3.8
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Methodology | LCA

Goal and Scope

Life Cycle 

Inventory

Life Cycle Impact 

Assessment

Interpretation

Global warming (kg CO2 eq.)
ReCiPe 2016 Midpoint (H)
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Supply chain | Battery-grade natural graphite

Extraction and processing

Mining Beneficiation

Natural graphite

Natural graphite | Global production (2020)

USGS. (2020). Mineral Commodity: natural graphite
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Supply chain | Battery-grade natural graphite

Extraction and processing

Mining Beneficiation

Amorphous

Mineral deposits

FlakeLump
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Supply chain | Battery-grade natural graphite

Extraction and processing

Mining Beneficiation

Amorphous

Mineral deposits

FlakeLump

Flake graphite | Global production (2020)

Flake graphite 
concentrate

USGS. (2020). Mineral Commodity: natural graphite
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Supply chain | Battery-grade natural graphite

Extraction and processing

Mining Beneficiation

Amorphous

Mineral deposits

FlakeLump

European imports for natural graphite in flakes or powder 
(2020)

Flake graphite 
concentrate

UN Comtrade Database. (2020). 250410 | Graphite; natural in powder or in flakes. https://comtrade.un.org/data
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Supply chain | Battery-grade natural graphite

Extraction and processing

Mining Beneficiation

Amorphous

Mineral deposits

FlakeLump Flake graphite 
concentrate

Micronization Spheronization
Acid 

leaching

Refining

SPG

SPG | Spherical purified graphite

SPG | Global production (2020)

Mitchell, C., & Deady, E. (2021). Graphite resources, and their potential to support battery supply chains, in Africa.
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Supply chain | Battery-grade natural graphite

Extraction and processing

Mining Beneficiation

Amorphous

Mineral deposits

FlakeLump Flake graphite 
concentrate

Micronization Spheronization
Acid 

leaching
Coating

Refining

SPG
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Supply chain | Battery-grade natural graphite

Extraction and processing

Mining Beneficiation

Amorphous

Mineral deposits

FlakeLump Flake graphite 
concentrate

Micronization Spheronization
Acid 

leaching
Coating

Refining

SPG

Battery-grade graphite Anode
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Supply chain | Battery-grade synthetic graphite

Oil

Coal
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Supply chain | Battery-grade synthetic graphite

Oil

Coal
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Supply chain | Battery-grade synthetic graphite

Needle coke

Extraction Refining Calcination

Oil

Coal

Extraction and processing

European imports for calcinated petroleum coke (2020)

UN Comtrade Database. (2020). 271312 | Petroleum coke; calcinated, obtained from bituminous minerals https://comtrade.un.org/data
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Supply chain | Battery-grade synthetic graphite

Baking Graphitization

Needle coke

Extraction Refining Calcination

Refining

>99% pure 
graphite

Oil

Coal

Extraction and processing

Battery-grade synthetic graphite | Global production (2020)Verified market research report.



24

Supply chain | Battery-grade synthetic graphite

Baking Graphitization

Needle coke

Extraction Refining Calcination Coating

Refining

>99% pure 
graphite

Oil

Coal

Extraction and processing
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Supply chain | Battery-grade synthetic graphite

Baking Graphitization

Needle coke

Extraction Refining Calcination Coating

Refining

>99% pure 
graphite

Battery-grade graphite Anode

Oil

Coal

Extraction and processing



26

Trade-offs

Global warming GeoPolRisk

Synthetic graphite is 
approximately 2 times 

higher 

Natural graphite is 
approximately 5,5 times 

higher 
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Trade-offs

Global warming GeoPolRisk

5,59

40%
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Trade-offs

Global warming GeoPolRisk

5,59

60%
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Trade-offs

Global warming GeoPolRisk

0,049
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Trade-offs

Global warming GeoPolRisk

11,90

90%

?
0,049
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Trade-offs

Global warming GeoPolRisk

11,90

10%



32

Conclusions

• The decarbonization of the mobility sector is around the corner | Increasing demand for 
battery-grade graphite

• Climate emergency | Argument to promote the production of natural graphite

• Effect on the supply of certain raw materials | Increasing supply risk for oil

• Carbon tunnel vision | Need to include and consider other impact categories

• The direct comparison is limited



Thank you for your attention!

aina.mas-fons@u-bordeaux.fr



THE REVIVAL OF THE FRENCH 
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 Mining: Sweden, Norway

 Separation: UK, Norway, Poland, Estonia, France

 Metal making: UK (debottlenecking)

 Magnets making: Estonia, Germany 
(debottlenecking), Slovenia (debolltlenecking)

 Recycling from End of Life Magnets: France, UK

SEVERAL INDUSTRIAL UNITS ARE UNDER DEVELOPMENT IN EUROPE ALONG THE RE VALUE CHAIN

Based on EIT/ERMA source
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CAREMAG IS A KEY PART OF THE RE EUROPEAN INDUSTRY REVIVAL

Based on EIT/ERMA source

RECYCLING 
OF END OF 

LIFE 
MAGNETS
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CAREMAG – RECYCLING RARE EARTHS FROM END OF LIFE MAGNETS

F i n a l  u s e  
E q u i p m e n t  
f o r  e n e r g y  
t r a n = i t i o n

Hydromet
Pl ant

M a g n e t  
m a n u f a c t u r e r

D e s m a n t l i n g
c o m p a n y

RE
Mine

PURE
REO

END
LIFE

LOST
MAGNETS

M e t a l w o r k i n g
c o m p a n y

A new company, Caremag, dedicated to magnets recycling has been created in 
November 2020

Permanent magnets contain
30% to 34% of Rare Earths  

Urban Mining
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CAREMAG: RECYCLED RARE EARTHS ARE ACCESSIBLE FROM NOW

Size of the deposit

 C a r e m a g i s  a l r e a d y  b u y i n g  e n d  o f  L i f e  M a g n e t s

• 5000t of EoL magnets 
are accessible from now. 
Our target is to capture 
20% of that.

• It will reach 25000t in 
2045 (#9000t REO) 
mainly due to the EVs
growth

Source: CEPS In depth analysis, 
December 2022

EoL NdFeB magnet recycling potential in the EU from selected applications (KT)
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2 Patents filled

CAREMAG : AN INNOVATIVE PYRO-HYDROMETALLURGICAL PROCESS 
WITH PATENTS FILLING IN PROGRESS

Milled
NdFeB

magnets

Thermal treatment

Targets :
• Improve Fe removal
• Limit the energy 

consumption
• Facilitate the gas

treatment

Nitric acid dissolution 
and filtration

Targets :
• Limit the acid

consumption
• Improve the RE+B/Fe 

selectivity

Boron purification by 
Solvent Extraction

Targets :
• Obtain a commercial 

Borax product
• Get a RE solution with 

B< 10ppm

Oxidized
magnets

Nitrate 
solution

Fe oxi-hydroxide
residue

Fe oxi-hydroxide
residue

Patent filled

 Possible valorization 
for water treatment

Capacity: 1000t/y of EoL + 1000t/y of scraps
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CAREMAG IS A KEY PART OF THE RE EUROPEAN INDUSTRY REVIVAL

Based on EIT/ERMA source

HEAVY RARE 
EARTHS 

SEPARATION 
HUB
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TOWARDS A HEAVY RARE EARTHS SEPARATION HUB

 These projects include a LRE separation unit focused on Pr and Nd purification while the HRE are usually not
separated and produced as a concentrate. The reason for such a choice is economic. For most of these
companies a HRE separation unit would lead to a long pay-back due to the low HRE content of their deposit.

 In the end, all these HRE concentrates will be sold as a mixed HRE to the companies having a HRE
separation unit and currently only Chinese companies have these capacities

 The consequence of this situation is paradoxical. At the same time when the western companies develop their
independency from China for the Pr and Nd supply, they reinforce their dependency on China for Tb and Dy
supply.

 All the market studies show the necessity of opening new RE mines.

 Most of the current RE mining projects are based on deposits containing mainly Light Rare Earths (LRE)
minerals with low Heavy Rare Earths (HRE) content.

Carester intends to propose to these companies a HRE Hub able to treat their HRE
concentrate and give them back the pure rare earths they need, in particular Tb and Dy.
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A HRE HUB SUITABLE FOR ANY TYPE OF HRE COMPOSITIONS

2 types of HRE concentrates with very
different REE distributions

• HRE concentrate from LRE minerals:
Monazite & Bastnasite
In Monazite and Bastnasite minerals SEG (Sm,
Eu, Gd) represent more than 80% of the HRE

• HRE concentrate from HRE minerals:
Xenotime & Ionic Clays
In Xenotime and Ionic clays minerals Yttrium
alone represents more than 60% of the HRE

We need to design a process able to deal with
these 2 types of RE composition

Country USA Australia Brazil Australia

Company MCP Lynas Serra Verde
Northern 
Minerals

Deposit
 Mountain 

Pass
Mount Weld 
Central zone

Pela Ema
Browns 
range

Bearing 
mineral

Bastnasite Monazite Ionic ore Xenotime

%/HREO %/HREO %/HREO %/HREO
Sm2O3
Eu2O3
Gd2O3
Tb4O7
Dy2O3
Ho2O3
Er2O3
Tm2O3
Yb2O3
Lu2O3
Y2O3 5.2% 8.0% 62.0% 64.6%

11.2%

11.4% 14.5%

Typical HRE deposits

90.8% 86.1%

3.4% 5.4%

0.6% 0.4%

17.7% 9.6%

9.0%

Typical LRE deposits
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A HRE HUB SUITABLE FOR ANY TYPE OF HRE COMPOSITIONS

High SEG

HRE concentrate

Flexible Solvent Extraction unit

Capacity 5600 T REO/y 

NH4NO3

To fertilizer
market

LaCe

SmEuGd

Ho…Lu+Y
Tb4O7

110 T/y

Dy2O3

500 T/y

High Yttrium

HRE concentrate

 The flexible separation unit is a Carester proprietary process

 No waste waters are released, all the liquid effluents are valorized as NH4NO3 solution in the fertilizer market. 

RE nitrate solution 
from EoL magnets 

treatment

(PrNd)2O3 & Nd2O3

600 T/y
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A, B, C...suppliers

SWARFS Recycling

CAREMAG : A KEY MILESTONE TO BUILD A EUROPEAN ECOSYSTEM, WITH RECOGNISED INDUSTRIAL 
EXPERIENCE AND EFFICIENT TECHNOLOGIES IN EACH STEP

BORAX

Magnets from
End of Life Equipements  

& SWARFS

A, B, C...Suppliers

Heavy Rare Earth
Concentrate

Other HRE concentrate
(Sm, Eu, Gd : Ho, Lu ...) 

Metals & AlloysTbDy concentrate

Light Rare Earths separation 100% from recycling

Magnets

Lacq
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Shared Socio-economic Pathways (SSPs)

https://tntcat.iiasa.ac.at/SspDb/

https://tntcat.iiasa.ac.at/SspDb/


SSP 2.6 - Copper demand is expected to grow rapidly

Klose and Pauliuk (under review)



Resource efficiency strategies may reduce demand growth

Klose and Pauliuk (under review)



Schipper et al. (2020). Res. Cons. & Rec. 132: 28-36.

Overtime cumulative primary copper demand will start 
to exceed identified resources



Can our annual rate of primary 

copper increase to meet these 

demand scenarios ?



Mudd & Jowitt (2018). Economic Geology 113(6): 1235-1267.

2301 deposits

Known Reserves: ~640 million tonnes

Known Resources: ~3,000 million tonnes



ALL

OP
UG

Epithermal

IOCG

Magmatic Sulfide

Porphyry

Sediment Hosted
Skarn

VMS

100,000

1,000,000

10,000,000

100,000,000

100,000 1,000,000 10,000,000 100,000,000 1,000,000,000 10,000,000,000
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Sediment Hosted - OP/UG
Sediment Hosted - UG
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VMS - UG
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Magmatic Sulfide - UG (755,830, 92,070)
Orogenic Au - UG (637,000, 24,650)
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Unpublished.



Unpublished.

Mining all known copper deposits simultaneously 
would only get you so far

Deposits with Reserves ~ 24 million tonnes per year

Deposits with Resources ~ 50 million tonnes per year



Recycling rates exceeding 90% are required to 
constrain all SSPs below supply limit of known deposits

Schipper et al. (2020)Unpublished.



Unpublished.

Klose and Pauliuk (Under Review)

SSP 2.6



Deposits with reserves may be sufficient to meet supply 
IF strong material efficiency strategies are implemented

Unpublished.

Klose and Pauliuk (Under Review)

SSP 2.6



Unpublished.

Doubling the Reserve & Resource 

of Undeveloped Copper Deposits Resources:

50-70 million t / year

Reserves:

20-30 million t / year



Okay, maybe copper supply and 

demand can be balanced in 2050

But what about the timing of 

exploration and supply?



‘Black Box’ model

(it’s very popular)

Primary Material Supply



Primary Exploration, Mining 

and Metal Supply Scenario 

(PEMMSS) model
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Calibrating for Copper
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Resources, t Cu

Epithermal - OP
Epithermal - OP/UG
Epithermal - UG
Intrusion Related Au - OP/UG
IOCG - OP
IOCG - OP/UG
IOCG - UG
Magmatic Sulfide - OP
Magmatic Sulfide - OP/UG
Magmatic Sulfide - UG
Manto - OP
Orogenic Au - UG
Porphyry - OP
Porphyry - OP/UG
Porphyry - UG
Sediment Hosted - OP
Sediment Hosted - OP/UG
Sediment Hosted - UG
Skarn - OP
Skarn - UG
VMS - OP
VMS - UG

Not shown:
Epithermal - UG (131, 6,350)



SSP 2 RCP 2.6



New Mines Required Mine Closures

SSP 2 RCP 2.6

Unpublished and Preliminary. Subject to Change.

Mines Producing



New Mines Required Mine Closures

SSP 2 RCP 2.6

Unpublished and Preliminary. Subject to Change.

Mines Producing



Conclusions

Demand scenarios for the shared socio-economic 

pathways (SSPs) are a thing

Known deposits can probably scale supply for a while

Long term significant exploration success will be 

required, maybe higher prices as well
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Mohan Yellishetty
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