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• Mineral resources are needed to built the new infrastructure of 

energy 

• Energy is needed to produce the raw materials 
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Base metals 

Adapted from Steffen et al. (2015)The trajectory of the 

Anthropocene: The Great Acceleration (Anthropocene Review)  
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Base metals 

The trajectory of the Anthropocene: The Great Acceleration 

(Anthropocene Review) 15 January 2015. 

The trajectory of the Anthropocene: The Great 

Acceleration (Anthropocene Review) 15 January 

2015. 
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Steel consumption (+ 6%/year 2000-2014) 

Structural raw materials – cement, steel, Al, Cu  
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PGE, REE, 

 Cu, Ni, Pb, Bi 

, Li, Ag, Au 
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 « High-tech » metals      
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 et al. (2015) 



The production of raw materials is energy intensive  

21 % of the global energy consumed by the industry is used for the production of steel + 

cement (international energy outlook 2013)  

 

            

1 tCO2 is generated for 1t of produced cement    (4500 Mt/year)      

2 tCO2 are generated for 1 t of produced steel (primary)  (3000 Mt/year) 

5 tCO2 is generated for 1t of produced copper (primary)      (90 Mt/year) 

70 t CO2 are generated for 1 t of produced Nd    (<0.05 Mt/year) 

  



The reduction of CO2 emissions is a big 

challenge of the XXIst century:   

The COP21 Paris agreements : strong reduction of emissions 

and "carbon neutrality" worldwide by 2050  

 

This implies replacing in 40 years the existing fossil fuels based 

system of energy generation, storage, transport, distribution and 

use  



6 Mw, > 150 m, 1500 t steel   

Permanent magnet ≈1 t REE 

(Nd, Dy, Sm, Gd, or Pr) 

700 wind turbines to produce the same annual 

energy (Wh) as a 1300 MW nuclear power plant 

Steel intensity  

(t/MW capacity) 
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Raw Materials and energy requirements:  

A stock and flow problem…  
 

20  

20  

20 years 

20  

- Primary and 

secondary production 

flows,  

- Stocks of RM in the 

infrastructure and lost, 

- Amount of E used to 

produce the RM and 

CO2 emissions. 

 

3 Different scenarios, 

4 RM  



 Three contrasted scenarios of energy  

Blue Map IEA (2010)  

36 PWeh, 42% renewables 
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Cu (Mt) 

Steel (Bt) 

Al (Mt) Results of calculation:  

Cumulated amounts of metals in the 

infrastructure of electricity production 

In 2050, the cumulative amount of steel, 

Al, Cu sequestered in hydropower, wind 

and solar facilities could be up to 10 

times the global 2010 production 



Cumulative amount (t) 

Copper 

The largest human excavation on Earth: 

Kennecott Copper Mine (Utah) 3.2 x 1.2 x 1.2 km3 . 

Since 1906, six billion tons have been 

removed from this pit to extract 18 

millions tons copper – equivalent to one 

year of global Cu production 

X 4 



Yearly consumption (t/year) 

The increase of steel, cement, Al, 

and Cu consumption for the sole 

infrastructure of electricity is 

equivalent to the 1970-2000 global 

increase for all applications   

+2.4 Mt/year in 

 30 years 

Cumulative amount (t) 

Copper 

Global production 

electricity production 



Comparison with the global production of mineral resources  
Primary production after  

Northey et al. (2014) 

Recycling 

30 to 60 % 

Even with high recycling, the peak 

demand for renewable energy 

occures at the global peak of 

primary production 

36500 TWeh BM (2010) 29300 TWeh Ecofys-WWF (2012) 108800 TWeh Garcia-Olivares (2013) 



• The peak demand for renewables is close to the global peak of primary 

production 

 

• The recycling capacity needs to be multiplied by 3 in 35 years.  

Is it possible ? 



The limits of recycling: 1) the “reserves” (EOL)  

The contribution of recycling 

is low in periods of growth 

16 Mt 

4 Mt 

Lifetime 



The limits of recycling : 2) the cost 

E of recycling = E of separation =  - mixing entropy 

Cost (€)  

The potential of recycling is decreasing (constant technology) 



2016:  the recycling facilities are 

closed 

 

-> the cost of REE production is 

too high at the present price 

2016: The chinese primary iron  

(coal) is competitive/ recycled 

european steel (electricity) 

 

 

The limits of recycling : 2) the cost  



production 

storage 

Transport & 

distribution  

Use 

70 Mt Cu 
1 Mt Cu 

30 Mt Cu  

Additional needs 

3 Mt Cu 

 

 100 to 300 Mt Cu are needed, = 6 to18 x 2010 global production 



Additional needs 



Until 2030, the yearly global demand in Ga, In, Se, 

Te, Dy, Nd, Pr and Tb for PV cells and wind turbines 

will be boosted to 10 to 230% of the 2010 world 

supply (Öhrlund, 2011) 

 

 

The case of High Tech metals is more worrying on the short term 

 

• Their production requires much less 

energy than structural raw materials   

 

• Economy of use and substitution is 

possible, efficiency can be improved: 

  

- High-efficiency permanent magnet         

with no REE (Hitachi, 2012). 

- Reluctance motors using electro 

instead of permanent magnets are an 

option for electrical vehicles. 

- Two-fold increase of the Net Energy 

Ratio of PV in 10 years (Koppelaar et 

al., 2016) 

  

 Innovation is likely to improve the 

situation. This is not the case for 

steel, Al, Cu, concrete  



Additional needs: the technical 

innovation can increase the RM 

intensity 
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The most exigent scenario (Garcia-Olivares et al., 2013) requires by 2050: 

 

300 Mt Cu: 18 years of present production, 50% of known reserves  

    8 Mt Li: 100 years of production, 50% of known reserves 

  66 Mt Ni:  40 years, 95% of known reserves 

  31 Mt Pt:  19 years, 44% of known reserves 

 

 

…and a considerable amount of energy to produce these raw materials  

 

Should we worry ?  



Scenarios WWF and Garcia-Olivares: 300 Mt Al 

Energy requirement 
 

Primary Al production: 210 GJ/t  
(Drezet, 2014  
http://ecoinfo.cnrs.fr/article329.html) 

 

 5 months of crude oil global production 

With concrete and steel: energy equivalent to 1.5 year of crude oil production in 

order to make the raw materails used in the infrastructure of electricity generation   

10.109  Barels of Oil Equivalent 
 

The energy cost of RM production 

http://ecoinfo.cnrs.fr/article329.html
http://ecoinfo.cnrs.fr/article329.html
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 Energy to produce the RM for the infrastructure 

                     Energy generated by the infrastructure   
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- 300 Bt CO2 

- 600 Bt CO2 

Cumulated CO2  

emissions (fossile) 

The CO2 budget 

Even though the shift 

to renewables needs 

RM and energy, the 

cumulative amount of 

emitted CO2 is 

strongly reduced… 

after 2050  



 What is the best scenario ?  

Blue Map IEA (2010)  

36 PWeh, 42% renewables 
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 Share of industry consumption used to 

produce of steel, concrete, Al, Cu  

⦘ ⦘ 

40% 

40% 

Share of industry consumption 

The share of global energy used to produce 

the RM (all applications)  

50% 
25% 22% 33% 

A huge and uncertain increase  

of efficiency is required for the 

WWF scenario 



 What is the best scenario ?  

Blue Map IEA (2010)  
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Ore grade vs 

time 
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How can we incorporate the economic dimension in the models ?  

Schodde (2012) 

Discussing the future of raw materials requires 

dynamic and non-empirical models integrating 

the geological AND economic aspects AND the 

potential of technological improvements AND 

able to reproduce the historic trends    



Constrains: Global historical trends of Copper production  
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1) There is no single future 

 

2) The economic constraints are as important as the 

geological ones 

 

3) Recycling is fostered if the price is increasing 

 

The environmental impacts and social aspects must be 

integrated to the model 

Sustainable 

Increase of price 



Conclusions  
Achieving the transition toward low-carbon energy is a crucial challenge of the 

21st century but it will be costly (energy, GHG emission, resources).  

 

• This cost must be evaluated in regards to the availability of raw materials, energy and water  

and environmental impacts associated to their production. What is the best scenario ? 

• What has been possible in the past (e.g. doubling the production of metals every 20 years) will 

not be possible forever. It is not only a matter of reserves, but also a matter of environmental 

and economic implications. 

 

 



 +3%/year: All the copper in the 30 km thick Earth’s crust is        

      extracted in 600 years (30m thick copper plate)  

                  

                  All the copper of the Universe is extracted in 6000 years 

A long lasting exponential growth is physicaly impossible 



Conclusions  

Address these issues as well as their couplings in a comprehensive and 

global framework (earth & environmental sciences, social sciences, 

economics, politics) 

 

• Modelling to avoid blind driving. Models able to link resources production-reserves-

recycling-demand-price-cost of production and able to reproduce historic data… 

Achieving the transition toward low-carbon energy is a crucial challenge of the 

21st century but it will be costly (energy, GHG emission, resources).  

 

• This cost must be evaluated in regards to the availability of raw materials, energy and water  

and environmental impacts associated to their production. What is the best scenario ? 

• What has been possible in the past (e.g. doubling the production of metals every 20 years) will 

not be possible forever. It is not only a matter of reserves, but also a matter of social, 

environmental and economic implications. 

• We should anticipate and be prepared for massive recycling  

 

 



Thank you for your attention ! 



 Contrasted energy scenarios are proposed... 

Blue Map IEA (2010)  
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Les ressources minérales pour la transition 

énergétique 

The existing scenarios focus on the reduction of CO2 emissions and 

economic conditions. They neglect the raw materials and energy 

costs, which put additional constrains on the transition towards low-

carbon energy.  
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Reserves ranked according to the 2014  « Natural Resource Governance Index » :  
« Institutional and Legal Setting; Reporting Practices; Safeguards and Quality Controls, and Enabling 

Environment »   

Northey et al. (2014), Ali et al. (2017) 

A third of known Cu resources are 

in countries with less than 

satisfactory governance…This 

adds a further risk, if production 

from these countries is to be 

needed to meet global demand   

The energy-RM-economy-geopolitical nexus   



The situation could be worse… 
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The energy required to produce RM is dynamic 

Ore grade vs 

time Copper 

The energy of production could become more constraining than the availability 

of the resource ?  
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 A possible approach: The prey-predator model  

 dSheep 
= Sheep.( nS - mS) dt

= Wolf.(nW - mW) dWolf 
dt

 dSheep 
= Sheep.(nS - β.Wolf)

dt

= Wolf.(δ.Sheep. -  mW) dWolf 
dt

Sheep

Sheep death

Wolf

(Lotka; Voltera, 1926) 



 A possible approach: The prey-predator model  

 dSheep 
= Sheep.(nS - β.Wolf)

dt

= Wolf.(δ.Sheep. -  mW) dWolf 
dt

Sheep

Sheep death

Wolf

Sheep: Reserve 

 Wolf : Wealth 

(capital, knowledge, etc) 
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Constrains: Global historical trends of Copper production  
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