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Overshot Day (20 August 2015) = when 
resource use is expected to outstrip the 
capacity for production—and it’s getting 
earlier every year 
 
Humanity consumed the whole resource 
that the earth can produce in only 8 
months !!! 

http://www.footprintnetwork.org 
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CONSUME MORE WITH LESS 

We will have to produce more 
raw materials between 2010 and 
2050 than we produced 
between the beginning of 
humanity and 2010 !!!   

1.5 earth to meet our needs ! 
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In order to face up the world demand, we 
must extract metals (and more generally 

raw materials)  contained in more and 
more complex ores from mining and 

urban mining 

In order to face up the world demand, we 
must extract metals (and more generally 

raw materials)  contained in more and 
more complex ores from mining and 

urban mining 



      Develop an added value chain approach 

 Challenges in Recycle 
 
A good opportunity to diversify the supply of 
raw materials 
 

Challenges: 
 

- Transform small-scale industry to 
autonomous  and profitable large-scale 
industry 

- Develop efficient and profitable processes 
- Improve the recovery of spent materials 

(WEEE, plastics, batteries, etc.) 
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We must develop new processes to recycle spent  
material in a sake of sustainability and to secure raw 

material but there are several challenges… 



      Develop an added value chain approach 

  Challenges in Recycle 
 
A resource is valuable providing that we know 
how to transform it! 
 
Present processes have been developed to 
exploit less complex resources 
 
Next processes should rely on: 
 
- The complementarity of pyro and 

hydrometallurgy 
- A fine knowledge of the resource 
- The huge potential of innovation of the 

European actors 
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PYRO AND HYDROMETALLURGICAL PROCESSES WERE INITIALLY DEVELOPPED FOR 
PRIMARY RESOURCES… THESE PROCESSES MUST BE ADAPTED TO SECONDARY 
RESSOURCES AND NEW COMPLEX ORES BY REDUCING PROCESSES COSTS AND 

ENVIRONMENTAL FOOTPRINT 

PYRO AND HYDROMETALLURGICAL PROCESSES WERE INITIALLY DEVELOPPED FOR 
PRIMARY RESOURCES… THESE PROCESSES MUST BE ADAPTED TO SECONDARY 
RESSOURCES AND NEW COMPLEX ORES BY REDUCING PROCESSES COSTS AND 

ENVIRONMENTAL FOOTPRINT 

Therefore, recycling appears as a good opportunity to secure raw materials. 
However, Secondary resources will never replace primary resources !! 
Each stage of the value chain of the product must be optimized… 

Therefore, recycling appears as a good opportunity to secure raw materials. 
However, Secondary resources will never replace primary resources !! 
Each stage of the value chain of the product must be optimized… 
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1. Why to recycle? 

Energy Policy 73 (2014) 147–157 Renewable and Sustainable Energy Reviews 21 (2013) 190–203 

Electric vehicle feet is expected to 
significantly increase 

Lithium batteries production 
will follow the electric vehicle production 
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a) Economic reasons 



Lithium-ion Batteries for Hybrid and All-Electric Vehicles: the U.S. Value Chain 
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Table 7.  Lithium-ion battery cost breakdown 

  Components  $/EV battery Cost breakdown 

Cell Components Cathode 1,663 10%

Anode 477 3%

Electrolyte 447 3%

Copper foil 184 1%

Separator 608 4%

Can header and terminals 1,050 6%

Other materials 375 2%

Total material  4,803 29%

Cells Labor for cell manufacturing 2,586 16%

Total cell  7,390 45%

Electronics  Mechanical components 2,053 12%

Electrical Components 299 2%

Electronics (battery mgmt. system) 1,381 8%

Total Electronics  3,733 22%

Packs Labor for pack manufacturing 268 2%

Total Packs 11,390 69%

Warranty    228 1%

Gross Profit    4,979 30%

Total Cost   16,596 100%

Assumes production of approximately 100,000 25-kWh EV packs  per year, using 180-Wh Nickel / Manganese / 

Cobalt (NMC cells). 

Source: CGGC, based on (Deutsche Bank, 2009) 

Source: Lithium-ion Batteries for Electric Vehicles: THE U.S. VALUE CHAIN (oct 2010) 
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Source: commission européenne 

critique 
Inmportance 
économique 

Other Materials 
Using the same scenario and 

methods described earlier for 

lithium, we estimated the 

potential demand for nickel, 

cobalt, and aluminum for NCA-

graphite batteries; iron and 

phosphorus for LFP batteries; 

manganese for either the LMO-

G or LMO-G; and titanium for 

the LMO-TiO. These quantities 

were then compared to USGS 

reserve data for each material, if 

appropriate. For some materials, such as iron, the quantity available is sufficiently large that 

another measure was used for comparison. Table V compares material availability to potential 

cumulative U.S. light-duty battery demand
2
 to 2050 and estimates the percent that could be 

required. A potential constraint was identified for cobalt. If NCA-G were the only chemistry 

used, batteries use could impact the reserve base by 2050. Approximately 9% of the world 

reserve base could be required for U.S. light-duty vehicle batteries. World demand would be a 

factor of 4 larger. Of course, recycling — which is more likely with an expensive, scarce 

material — would significantly alleviate this pressure, as would the expected shift away from 

NCA-G to other chemistries. 
 

The United States does not produce any cobalt, and so we must depend entirely on imports
3
. In 

2006, “ten countries supplied more than 90% of US imports. Russia was the leading supplier, 

followed by Norway, China, Canada, Finland, Zambia, Belgium, Australia, Brazil, and Morocco 

[12].” Cobalt is produced in many other countries as well, so it is unlikely that any one country 

or group could manipulate supply or price. Similarly, the United States does not produce any 

nickel, except for a small amount as a by-product of copper and platinum/palladium mining, so 

we import from Canada (41%), Russia (16%), Norway (11%), Australia (8%), and other 

countries (24%)[13]. Again, the diversity of producers suggests security of supply. The 

remaining battery materials are all abundant. 

 

Table V. Comparison of U.S. Light-Duty Battery Demand to Material Availability [12,13] 

Availability 

Cumulative 

Demand 

Material (million tons) 

Percent 

Demanded Basis 

Co 13 1.1 9 World reserve base 

Ni 150 6 4 World reserve base 

Al 42.7 0.2 0.5 U.S. capacity 

Iron/steel 1,320 4 0.3 U.S. production 

P 50,000 2.3 ~0 U.S. phosphate rock production 

Mn 5200 6.1 0.12 World reserve base 

Ti 5000 7.4 0.15 World reserve base 

                                                 
2
 Assuming that all batteries were made by using only the chemistry requiring the material 

3
 A fraction of current supply comes from the stockpile and recycling, but any new supply will be imported. 

 
Figure 4. Sources of Lithium [11] ? 

Where is Lithium? 
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b) Geopolitical reasons 



Directive 2006/66/EC of the European Parliament and of the Council of 6 September 
2006 on batteries and accumulators and waste batteries and accumulators  
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c) Regulations 

d) Sustainability 
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We must think about: 

- Processes must be 
developed by thinking 
about the whole value 
chain (the process depends 
on what happens before 
and after the recycling 
stage 

- Developing efficient, cheap 
and sustainable processes 
to recover valuable 
materials from spent 
batteries  

- These processes must be 
able to adapt to the large 
variety of technologies 

2. How to recycle? 
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Recycling 

2.1. Valuable components to recycle 



Source: Lithium-ion Batteries for Electric Vehicles: THE U.S. VALUE CHAIN (oct 2010) 

Lithium-ion Batteries for Hybrid and All-Electric Vehicles: the U.S. Value Chain 
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Nanotechnology  

Several potential material developments to increase the performance of future batteries will be 

accomplished with the use of nanotechnology—creating nano-sized (10
-9

 meters) materials 

through atomic scale manipulations. Nanomaterials demonstrate different chemical and physical 

properties from micro-sized materials (10
-6

 meters) because of their significantly smaller particle 

size. The unique properties of nanomaterials offer significant potential to improve battery 

performance.
21

  

Nanotechnology is expected to improve the performance of three parts of a lithium-ion battery: 

cathodes, anodes, and separators. Figure 23 shows a road map for battery technology for vehicle 

use, including the development of lithium-ion batteries from 2010 to 2030 and next-generation 

batteries emerging after 2030. These new types of battery materials will increase the 

performance of future batteries through higher energy density, power, and safety.  

Figure 23.  Lithium-ion battery road map and nanotechnology 
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solution
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Nanotechnology  to increase  
battery safety and  battery 
performance

• Nano-sized anode/cathode with higher 
power density
• Nano-sized anode/cathode with higher 
energy density
• Nano-sized anode/cathode to increase  

battery charging speed
• Nanomaterials to increase electric 
conductivity of anode and cathode
(ex. CNT)
• Nanomaterials to increase thermal 
stability
• Nanotechnology to overcome  adverse 
conditions
• Nanomaterial property and size control 
technology 

• Nanomaterial evaluation technology 

Solid 
polymer 

electrolyte 

Next generation batteries
(Li-Air, Mg ion battery)

 

Source: CGGC based on (DOE, 2009; NEDO, 2008) 

                                                 
21Not all nano-sized materials have unique properties. Many “nanotechnology” applications are reported, but some 

merely use nano-sized materials whose properties are the same as micro-sized materials, and do not yield unique 

nano-particle properties.  

Large variety of technologies in constant evolution… the 
process must adapt 
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Recycling 

NEGATIVE ELECTRODE = Graphite today 
and in the near future (cost=3%) 

Prices have more 

than doubled since 
2006 

$700 per tonne  

$1,500 per tonne 

Today, 5% of graphite is used in 

LiBs 

Tomorrow, this percentage will 

grow: 1.1 million tonnes currently 

being brought to market will no 

longer be enough to face electric 

vehicle market. 



Li battery recycling - April, 6th 2016, Gotteborg (Sweden) 18 

Recycling 

NEGATIVE ELECTRODE = Graphite today 
and in the near future (cost=3%) 

China has 
monopoly 

 Substitute natural graphite by artificial graphite produced from natural  
carboneous materials 

 Recycling graphite from Lithium-ion batteries 

 Substitute natural graphite by artificial graphite produced from natural  
carboneous materials 

 Recycling graphite from Lithium-ion batteries 

Turbostatic disorder 
Hard carbon 

(cannot form graphite even 
at T > 2000°C) 

Soft carbon 
(can lead to graphite) 

small crystallites 
in almost the same direction 
 low warm   order 
 graphitization  
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Recycling 

NEGATIVE ELECTRODE = Graphite today 
and in the near future (Cost=3%) 

There is only few researches on graphite recycling and industrial processes 
for LiBs recycling do not recycle graphite 
 
We must develop efficient processes capable to recycle graphite that can 
be used in other applications or in lithium-ion batteries (quality of graphite?) 
 
We must also develop negative electrodes based on the use of artificial 
graphite and increase the variety of negative electrode technologies (silicone?) 
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Recycling 

POSITIVE ELECTRODE (Cost=10%) 

Solvent extraction  
Ion exchange resin 
Precipitation 

Salt  or  Metal (electrowinning) 
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recycling) could reduce the energy intensity of the batteries examined in this study by up to 

approximately 40% to 50%. The bulk of this reduction would result from the recycled aluminum 

when energies for melting and casting, sheet production and rolling, and stamping of the 

recovered aluminum are included. 

 

Given the changing battery chemistries on the market and the immaturity of recycling 

technologies, advances in automotive battery recycling technologies are likely. We developed 

material and energy flows for the processes described in this section to enable an analysis of the 

effect of a number of different recycling techniques on the overall environmental burdens 

associated with batteries. We will stay up to date on battery recycling technologies and will 

update material and energy flow data in GREET accordingly. 
 

 
3.10.1  Hydrometallurgical Recycling Process 

 

Hydrometallurgical processing is one technique used to recover the metals in a battery’s active 

materials (both cathode and anode). Figure 10 depicts one such process, which is under 

development (Li et al. 2012) and has been applied to spent laptop batteries with LiCoO2 cathode 

chemistry. We applied it to spent vehicle batteries with LiMn2O4 cathodes and assumed that the 

same cobalt and lithium recovery rates are achieved for vehicle and laptop battery cells under the 

same conditions. We do not address the fate of manganese in this analysis because experiments 

did not assess its behavior in this process. We used vehicle battery composition data from 

BatPaC as described in Section 2. 

 

 

 

FIGURE 10  Flow Sheet of Hydrometallurgical Recycling Process 
Many flow sheets based on different chemistry are available in the 

literature 
CSIR (Jamshedpur, India) - 01 March 2016 21 
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Recycling 

ELECTROLYTE (Cost=3%) 

Electrolyte = Lithium salts (high grade)+organic solvents 
 

410,000 tonnes Li 
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Recycling 

ELECTROLYTE (Cost=3%) 

Electrolyte+Water 

Na3PO4 
Solid Lithium  

phosphate 

Pyridine 

Spent electrolyte 

Water 

Pyridinium,PF6
- PF6

- 

H3PO4+NaCl 
I>2 M 

Aqueous phase 
Phase  Separation 

Aq 

Aq 

Org 

Mixture of organic solvents 

Separation  by distillation 

Solvent 1 Solvent 2 Solvent 3 



General Flow sheet in hydro- and pyro-metallurgy 

Lithium-ion battery 

Deep discharge 

Dismantling 

Grinding 

Chemical and physical separation Chemical and physical separation 

Electronic-steel shell, plastics 

How to decrease the cost? 

How to separate efficiently 
in an economic and sustainable way? 

- Improving efficiency 
- Reducing effluents 
- Eco-design 

- Eco-design 
- New technologies 
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2.2. Recycling processes 



Source: Gaines, 90th Annual Meeting of the Transportation Research Board (Janv 2011) 

Gaines, Sullivan, Burnham, and Belharouak 7 

 

 
FIGURE 1  Schematic of battery assembly processes. 
 

RECYCLING PROCESSES FOR LITHIUM-ION BATTERIES 
Not all recycling is created equal, meaning that a process can be considered “recycling” even if it 

only recovers one useful product from a multi-component product or if the recycled materials go 

to lower-value uses (“downcycling”). Today’s battery recyclers must deal with a very diverse 

feedstock that includes numerous battery types and might even include harmful or dangerous 

components. Recycling consumer electronic batteries will keep the companies operating until the 

automotive propulsion batteries are available for recycling in large quantities. When automotive 

batteries finally arrive at these facilities, recyclers will find their job somewhat easier because the 

batteries will be larger, will probably come in a much smaller number of types or chemistries, 

and may even be labeled with bar codes to enable identification and machine sorting. 

Standardization and design-for-recycling would make the job even easier. Note also that current 

recycling processes are driven by the revenues from cobalt recovery. As Co use declines, other 

incentives will be required to make the business of recycling Li-ion batteries profitable. 

 Recycling can recover materials at different production stages, all the way from basic 

building blocks to battery-grade materials. At one extreme are smelting processes that recover 

basic elements or salts. These are operational now on a large scale and can take just about any 

input, including different battery chemistries (including Li-ion, nickel metal hydride, etc.) or 

mixed feed. Smelting takes place at a high temperature, and organics, including the electrolyte 

Battery assembly process 
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Lithium-ion battery 

Deep discharge 

Dismantling 

Grinding 

Chemical and physical separation Chemical and physical separation 

Electronic-steel shell, plastics 

How to decrease the cost? 

How to separate efficiently 
in an economic and sustainable way? 

- Improving efficiency 
- Reducing effluents 
- Eco-design 

- Eco-design 
- New technologies 
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2.2.1. Pyrometallurgical processes for LiB recycling 

Gaines, Sullivan, Burnham, and Belharouak 9 

 

 
FIGURE 2  Umicore recycling process. 
 

Toxco Process 
The Toxco process has been in commercial operation since 1993, in Trail, B.C., Canada, 

processing Li-ion batteries of varying chemistry and other battery types. The company was given 

a grant in 2009 by the U.S. Department of Energy to recycle Li-ion batteries at its plant in Ohio. 

Toxco has demonstrated how automotive packs would be recycled by actually processing the 

pack from a Tesla Roadster. First, the battery pack was discharged for safety reasons, and the 

propylene glycol in the cooling tubes was recovered. The control circuits were removed and 

tested for possible reuse. The wires and some other metals were removed for recycling. The 

packs were disassembled and a series of mechanical processes, shown in Figure 3 (from Coy, T., 

Kinsbursky Brothers, Inc., July 2010, unpublished data), were used to reduce the size of the cell 

materials. The three resulting products were fluff, copper cobalt (yielding salable metals such as 

cobalt, aluminum, nickel, and copper), and cobalt filter cake (reused in appliance coatings). Soda 

ash was added to the resulting process solution to precipitate out the lithium carbonate.  

 The recycling process is mainly mechanical and chemical, so emissions are kept to a 

minimum. Since no high-temperature processing is required, energy use is also low. About 60% 

of the pack materials can be recycled, and a further 10% reused. The fluff, which comprises 

about 25% of the pack, will be landfilled initially, but the plastic will be recovered when the 

volumes are high enough to justify the effort.  

 

 

 

Umicore recycling process 
 
- Plastics, electrolyte solvents, and 

carbon electrodes are burned in the 
smelter (carbon = reducing agent 
and heat fuels the smelter). 

 
- Co and Ni are the main products; Fe 

can be recovered as well 
- Al and Li go to the slag for low-

value uses. 
 

- 93% recovery rate for Li-ion 
batteries (metals 69%, carbon 10%, 
plastics 15%), but a much smaller 
percentage actually comes out as 
usable high-value material.  
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Detailed in the Umicore recycling process 
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2.2.2. Hydrometallurgical processes for LiB recycling 

How to recycle? 
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Solvent extraction	
Ion	exchange	resin
Precipitation

Salt		or		Metal (electrowinning)



BATMIX Process  

Table II. Estimated leach liquor concentrations for the hydrometallurgical treatment of mixed 

batteries, considering two scenarios and leaching efficiencies above 90%, at L/S=10 L/kg.

Scenarios
Metal concentrations in leach solutions (g/L)

Zn Mn Ni Cd Co RE Li

(I) All mixed 17 23 2.1 0.37 1.9 0.47 0.31

(II) Two battery flows a) ZnMn 20 27 - - - - -

b) NiCo - 0.58 13 2.4 12 3.1 1.6

Experimental Development and Results Achieved

The BATMIX Process

The BATMIX process (Figure 2) is a technological approach using a single technology for the 

recycling of the main portable batteries of the market. The Zn-MnO2 systems are treated 

separately by a process consisting of comminution, leaching, solvent extraction and Zn/Mn 

recovery [7]. Manganese in MnO2 form is leached by a reductive process using the own ferrous 

scrap of batteries as reducing agent [8]. After purification by iron removal and cementation with 

zinc powder, zinc is extracted and separated from manganese by an organic solvent, being both 

recovered as metals or crystallized salts.
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Nickel and Lithium for 
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Figure 2. Flowsheet of the BATMIX Process.

230

Inlet: Mixture of different battery technologies 
(Zn-MnO2, NiCd, NiMH, NiCo  from Li batteries) 

Sieving (polymer/ferrous scrap 
separated from electrode  
materials (disaggregated=small) 

Jarosite or goethite 

D2EHPA 

D2EHPA 

Cyanex 272 

pH 
Phase volume ratio 

pH 
Phase volume ratio 
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TOXCO Process  

- Battery pack is discharged 
for safety reasons 

- Control circuits are 
removed and tested for 
possible reuse 

- Wires and some other 
metals are removed for 
recycling 

- Packs are disassembled  
- A series of mechanical 

processes are used to 
reduce the size of the cell 
materials 

- Products=copper cobalt 
and lithium carbonate 

- Recycling process is mainly mechanical and chemical 
     Minimum emissions and energy consumption (low  
         temperature) 
- 60% of the pack materials can be recycled, and a 

further 10% reused.  

47 
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FIGURE 15  Intermediate Recycling Process Flowchart (Coy 2008–2012) 

 

 

To model this process, we obtained data from Toxco, which uses this technology in Trail, British 

Columbia (Coy 2008–2012). The material flows in this process are listed in Table 37. All data 

except the soda ash input, which is assumed to be at a stoichiometric ratio, were provided by 

Toxco. 

 

 
TABLE 37  Material Flows in the Intermediate Physical 
Recycling Process 

 

Parameter Mass flow (ton/ton Li2CO3) 

 

Input 

Battery  33.3 

Soda ash input 2 

Output 

Mixed plastics  1.33 

Copper  8.33 

Aluminum 7.00 

Mixed metal oxides and carbon  1.67 
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ECOBAT Process  

Gaines, Sullivan, Burnham, and Belharouak 11 

 

material is actually recycled to useful products. Thus, the potential value of the recovered 

materials is quite high. The cost of recovered cobalt is well below the current market price for 

virgin material. The cycle life of a cell made with recycled material is excellent. Experimental 

results are excellent for both cobalt and phosphate cathodes (17). Of course, processing a mixed 

feed would require additional separation steps to yield high-quality final products. There is no 

obvious barrier to scaling up this process.  

 

 
FIGURE 4  Eco-Bat process. 
 

BATTERY PRODUCTION AND RECYCLING IN CONTEXT 
 
Comparison to Total Life-Cycle Energy 
A complete LCA includes not only an inventory of the energy use and emissions for a well-

defined system, but also an analysis of their impacts. However, this paper focuses on 

development of an inventory representing the cradle-to-gate (CTG) life-cycle performance of Li-

ion batteries. While there is considerable uncertainty regarding the production and associated 

impacts of several battery materials on the CTG inventory, we can still put battery production in 

context with the rest of the activities relevant to battery application, in this case electric-drive 

vehicles, by performing a total-energy-cycle analysis. The total energy cycle includes (a) the fuel 

cycle (well-to-wheels), which is comprised of two parts, the well-to-pump (or plug) (WTP) and 

(plug or) pump-to-wheel (PTW) steps, and (b) the vehicle cycle, which includes battery 

production. In order to investigate alternative fuels and advanced vehicle technologies, Argonne 

scientists developed the GREET 1 model to calculate the fuel-cycle energy use and emissions 

and the GREET 2 model to calculate the vehicle cycle. 

 Using the current versions of the fuel-cycle and vehicle-cycle models, GREET 1.8d.0 and 

GREET 2.7, respectively, we have examined the total energy cycle of a PHEV20. The fuel-cycle 

results are based on a model-year 2010 vehicle that in charge-depleting operation uses a blended-

mode control strategy (maximizing fuel efficiency by using both the engine and battery power to 

drive the vehicle); the vehicle-cycle results are based on the results from Argonne’s Powertrain 

System Analysis Toolkit and the NCA-graphite battery chemistry shown in Table 1. While there 

- Minimal energy use (no high-temperature processing) 
- Many of the process details are proprietary, and so cannot be specified here.  
- Electrolyte recovery using supercritical CO2 for salt reuse. 
- Separation processes based on surface properties and solubility.  
- Over 80% of the material is actually recycled to useful products with potential value of 

the recovered materials quite high.  
- Experimental results are excellent for both cobalt and phosphate cathodes.  
- Processing a mixed feed would require additional separation steps to yield high-quality 

final products.  
- Issue: scaling up this process.  
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3. CONCLUSION 

Most of the processes are pyrometallurgical processes 
but there is no doubt that hydrometallurgical 
processes will be more sustainable and efficient to 
produce high-grade products 
 
However, the best compromise is to combine hydro- 
and pyro-metallurgical processes to achieve the best 
performances (pyro-pretreatment) 
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Managing spent LiB at the end of life 
from the user to the mechanic 

Integrated view of the chain value 
Recycling process must be viewed as a part of the chain value 

Supporting the development of technologies 
based on the use of alternative materials 
instead of Li, Co, Ni and graphite based 
materials 

Eco-design the materials and the batteries 
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New processes capable to process 
various types of streams and capable  
to anticipation future technologies 

Be able to face up the volatility of raw 
materials price by making innovation 
for reducing the recycling cost 

Years 2010 2012 2016 2008 2006 2004 

$/Wh 

Production cost 

Recycling cost 

INNOVATION 



Decrease recycling price by getting 
easier the dismantlement  

36 

LIAM 

29 robots over 30 meters to disassemble 40 iphones at the 
same time within 11 seconds 
 Capacity=2.4 million iphones a year 
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If you are interested by Lithium batteries, lithium batteries 
recycling and e-wastes recycling… 

Will be published in June 2016 Published in 2015 



 Och tack för er uppmärksamhet ! 
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