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Abstract 
This report contains a life cycle assessment, LCA, of recycling of lithium-ion battery, LIB, 

cells. It was performed in the context of the Swedish Scope-lib project. The study aims to 

highlight environmental hotspots with LIB recycling and shows the potential of LIB 

recycling. In short, the results indicate that: 

• the Scope-lib process operated in full scale, can potentially recover almost half 
of the climate impacts of producing a new NMC traction battery, the currently 
most common traction battery chemistry. The main reason is that the climate 
impact (data) of cobalt production has four folded since 2018. It emphasizes the 
importance of recycling scarce battery materials. 

• the Scope-lib process is not dependent on carbon-lean electricity to achieve a lot 
of climate impact avoidance. Using average European electricity mix (around 
400 g CO2-eq/kWh) instead of Swedish electricity mix (around 40 g CO2-
eq/kWh) only decrease the climate impact avoidance with less than 1 kg CO2-
eq/kg cell or less than 10%. 

• recovery and recycling of ethylene carbonate (used as solvent in LIB 
electrolytes) shows much smaller potential climate benefits than recovery and 
recycling of the metals.  

• the resource depletion gains of the Scope-lib process follow the same trend as 
the climate impact gains, with the exception of aluminium. 

To complement the LCA, a life cycle-based risk mapping was performed which identified 

a particular high risk with fluorinated materials present in binders and electrolytes in 

NMC batteries which could potentially form hazardous chemical emissions during 

recycling (such as persistent PFAS) and thus need special attention. 

Key words: Recycling, lithium-ion, battery, LCA 

 

RISE Research Institutes of Sweden AB 

RISE Report : 2023:28, 2023-02-21 

ISBN: 978-91-89757-74-5 

  

  



2 

This work is licensed under CC BY 4.0  https://creativecommons.org/licenses/by/4.0/deed.en 

Content 
Abstract ....................................................................................................... 1 

Content ...................................................................................................... 2 

Preface ....................................................................................................... 5 

Svensk sammanfattning ............................................................................. 7 

1 Introduction......................................................................................... 8 

2 Method ................................................................................................. 8 

2.1 Functional unit ..................................................................................................... 8 

2.2 System boundary .............................................................................................. 9 

2.3 Environmental impact assessment .................................................................. 9 

2.4 Life cycle-based risk mapping (LCbRM) ......................................................... 10 

3 Modelling ........................................................................................... 10 

3.1 Solution discharge ............................................................................................... 11 

3.2 Disassembly, crushing, heating and separating waste LIBs ........................... 12 

3.3 Smelting and hydrometallurgical lithium separation ..................................... 14 

3.4 Optimized pyro lithium recovery .................................................................... 16 

3.5 Electricity ......................................................................................................... 19 

3.6 Avoided products ............................................................................................. 19 

4 Quantitative results ............................................................................ 20 

4.1 Scope-lib processes ............................................................................................. 20 

4.1.1 Disassembly, crushing, heating and separating ......................................... 20 

4.1.2 Solution discharge ....................................................................................... 21 

4.1.3 Pyro- and hydrometallurgical lithium recovery of dry black mass ............ 22 

4.1.4 Optimized pyro- and hydropmetallurgical lithium recovery of dry black 

mass  .................................................................................................................... 24 

4.2 Comparing with other studies ........................................................................ 26 

4.3 Sensitivity to electricity mix and cobalt production ........................................ 27 

5 Qualitative results .............................................................................. 28 

5.1 Life cycle-based risk mapping (LCbRM) of PFAS substances in LIB recycling. 28 

6 Discussion and conclusions ............................................................... 29 

6.1 Comparison with the whole life cycle ................................................................. 29 

6.2 Ethylene carbonate ......................................................................................... 30 

6.3 Electricity mix ................................................................................................. 30 

6.4 Abiotic depletion ............................................................................................ 30 

6.5 Conclusions .................................................................................................... 30 

References ................................................................................................ 31 

 



3 

This work is licensed under CC BY 4.0  https://creativecommons.org/licenses/by/4.0/deed.en 

Figures 

Figure 1 System boundary for lithium-ion study ........................................................ 9 

Figure 2 LCA model of recycling of 1 kg NMC333 cylindrical cells. Climate impact. 11 

Figure 3 LCA model of solution discharge ................................................................ 12 

Figure 4 The Lithorec process from Kwade and Diekman (2018) ............................ 13 

Figure 5 LCA model of Disassembly, crushing, heating and separating waste LIBS . 14 

Figure 6 Smelting for Ni-Co-Mn recovery and Li-separation.................................... 15 

Figure 7 LCA model of pyro- and hydrometallurgical Li recovery of dry black mass 15 

Figure 8 Hydrometallurgical treatment to recover Li2CO3. From the ReLion project 
(Zackrisson 2019) ............................................................................................................ 16 

Figure 9 Avoided product from LIB recycling involving smelting for Ni-Co-Mn 
recovery and Li-separation ............................................................................................. 16 

Figure 10 Optimized pyro lithium recovery ................................................................ 17 

Figure 11 Avoided products: Optimized pyro lithium recovery including 
hydrometallurgical treatment ........................................................................................ 17 

Figure 12 Material input and outputs: Optimized pyro lithium recovery including 
hydrometallurgical treatment ........................................................................................ 18 

Figure 13 Avoided products........................................................................................ 19 

Figure 14 Climate impact of end-of-life recycling of lithium ion cells according to 
Scope-lib processes: improved pyro to the right. Swedish average electricity. ............ 20 

Figure 15 Climate impact of disassembly, crushing, heating and separating a LIB pack 
according to Scope-lib project ........................................................................................ 21 

Figure 16 Climate impact of solution discharge according to Scope-lib project ........ 21 

Figure 17 Climate impact of end-of-life recycling with pyro- and hydrometallurgical 
lithium recovery of dry black mass from cylindrical NMC333 cells according to Scope-
lib, cut-off 0,07% ............................................................................................................. 22 

Figure 18 Abiotic depletion of end-of-life recycling of lithium ion cells according to 
Scope-lib, base case conditions. Calculated with CML-IA baseline, version 3.04, 
Ultimate reserve base. 0.07% cut-off ............................................................................. 23 

Figure 19 Abiotic depletion of end-of-life recycling of lithium ion cells according to 
Scope-lib, base case conditions. Calculated with CML-IA non-baseline, version 3.04, 
Economic reserve base. 2.24% cut-off ........................................................................... 24 

Figure 20 Climate impact of end-of-life recycling with optimized pyrometallurgical 
lithium recovery of dry black mass from cylindrical NMC333 cells according to Scope-
lib, Cut-off 4,3% .............................................................................................................. 25 

Figure 21 Abiotic depletion of end-of-life recycling of lithium ion cells according to 
Scope-lib, improved pyro. Calculated with CML-IA baseline, version 3.07, Ultimate 
reserve base. Cut-off 0.28%. .......................................................................................... 25 

Figure 22 Climate impact of end-of-life recycling of lithium ion cells. Scope-lib 
processes (left) compared with PEFCR data and ReLion process (right), European 
electricity mix ................................................................................................................. 26 

Figure 23 Abiotic depletion of end-of-life recycling of lithium ion cells. Scope-lib 
processes compared with PEFCR data and ReLion process (left), European electricity 
mix  .................................................................................................................... 27 



4 

This work is licensed under CC BY 4.0  https://creativecommons.org/licenses/by/4.0/deed.en 

Figure 24 Production, use and recycling phases climate impacts for a NMC333 
traction battery used in Nissan LEAF (Zackrisson 2018) (blue) together with recycling 
impacts according to the Scope-lib processes ............................................................... 29 
  



5 

This work is licensed under CC BY 4.0  https://creativecommons.org/licenses/by/4.0/deed.en 

Preface 
This report contains a life cycle assessment, LCA, of recycling of battery cells. It was 

performed in the context of the Swedish Scope-lib project, financed by 

Energimyndigheten. The life cycle assessment, LCA, has been carried out by Mats 

Zackrisson at RISE. Members of the Scope-lib project have delivered detailed data about 

recycling related to lithium battery cells. A list of acronyms and abbreviations used is 

provided below. 

 

CML Institute of Environmental Sciences (CML), which is an 

institute of the Faculty of Science of Leiden University in the 

Netherlands 

CO2 Carbon dioxide 

CO2-eq Carbon dioxide equivalents 

ECHA European Chemical Agency 

EEA European Environment Agency 

GLO Global 

ISO International Organization for Standardization 

Kg Kilogram 

KW Kilowatt 

KWh Kilowatt-hour, 1 kWh = 3.6 MJ 

LCA Life Cycle Assessment 

LCbRM Life Cycle Based Risk Mapping 

Li Lithium 

LIB Lithium ion battery 

MJ Megajoule 

MSDS Material Safety Data Sheet 

MWh Megawatt-hour 

NMC Lithium nickel manganese cobalt oxide battery cell 

NMP N-Methyl-2-pyrrolidone  

PEFCR Product Environmental Footprint Category Rules 

PFAS Per- and polyfluorinated alkyl substances  

PS Polystyrene 

PubChem Chemical substances database 
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PVDF Polyvinylidenfluoride 

PP Polypropylene 

RER S RER = Region Europe, S=system process 

Sb Antimony 

SE Sweden 
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Svensk sammanfattning 
Denna rapport innehåller en livscykelanalys (LCA) av återvinning av litiumjonbatteri-

celler (LIB-celler). Den utfördes inom ramen för det svenska Scope-lib projektet. Studien 

syftar till att lyfta fram miljömässiga hotspots med LIB-återvinning och visar potentialen 

för LIB-återvinning. Sammanfattningsvis indikerar resultaten att: 

• Scope-lib processen i industriell skala, potentiellt kan återvinna nästan hälften 
av klimatpåverkan av att producera ett nytt NMC-drivlinebatteri, den för 
närvarande vanligaste kemin för drivlinebatterier. Den främsta anledningen är 
att klimatpåverkan från koboltproduktion har fyrfaldigats sedan 2018. Det 
understryker vikten av att återvinna sällsynta batterimaterial. 

• Scope-lib processen inte är beroende av koldioxidsnål el för att uppnå 
betydande mängder sluppen klimatpåverkan. Att använda genomsnittlig 
europeisk elmix (cirka 400 g CO2-ekv/kWh) istället för svensk elmix (cirka 40 g 
CO2-ekv/kWh) minskar bara klimatpåverkan med mindre än 1 kg CO2-ekv/kg 
cell eller mindre än 10 %. 

• återvinning av etylenkarbonat (används som lösningsmedel i LIB-elektrolyter) 
visar mycket mindre potentiella klimatfördelar än återvinning och återvinning 
av metallerna.  

• Scope-lib processens påverkan på resursutarmning har samma trend som 
klimatpåverkansvinsterna, med undantag för aluminium. 

För att komplettera LCA:n genomfördes en livscykelbaserad riskkartläggning som 

identifierade en särskilt hög risk med fluorerade material som finns i bindemedel och 

elektrolyter i NMC-batterier som potentiellt skulle kunna bilda farliga kemiska utsläpp 

vid återvinning (som persistent PFAS) och därför behöver speciell uppmärksamhet. 
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1 Introduction 
This report contains a life cycle assessment, LCA, of recycling of lithium-ion batteries. It 

was performed in the context of the Swedish Scope-lib project, financed by 

Energimyndigheten and managed by Swerim. 

The purpose of the LCA is to highlight environmental hotspots with battery cell recycling 

in order to guide improvements as well as to verify environmental benefits with battery 

cell recycling. LCA is generally considered very useful in the product development stage 

in order to identify environmental hot-spots and aid in directing development efforts to 

relevant areas (Rebitzer et al. 2004) (Mats Zackrisson et al. 2008). Battery design needs 

to consider the recyclability of the batteries at end-of-life as well as the possibility to use 

recycled materials in the original design, i.e. aim for a circular material usage, as stated 

in the proposal of the new battery legislation in the EU. 

2 Method 
The LCA has been carried out by Mats Zackrisson in close cooperation with Xianfeng Hu 

at Swerim and reviewed by Emanuel Bengtsson at RISE. Steffen Schellenberger, at RISE, 

was responsible for the Life cycle-based risk mapping (LCbRM) which also involved 

Stockholm University. Material and energy needs were determined by experience, 

theoretical calculations and pilot scale tests. Associated resources and emissions were 

found in existing LCA databases and represent in general European or global averages. 

Data have mainly been drawn from the database Ecoinvent 3.8 (Wernet et al 2016). 

PEFCR- Product Environmental Footprint Category Rules for High Specific Energy 

Rechargeable Batteries for Mobile Applications, was also used as a data source as well 

as general guidance for the study (The Advanced Rechargeable & Lithium Batteries 

Association 2018).  

LCA software SimaPro1 9.4.0.2 was used for the calculations. The software includes 

several databases and is thus a source of generic data. It was also used to store the 

collected site-specific data. The study is protected in the software. Only the author of this 

study has access to the project specific data. 

2.1 Functional unit 

This study concerns mainly the end-of-life part of traction battery cells. The focus of the 

LCA is the transition from battery waste to materials that could be used in new products. 

Input data were given per ton or kilogram of battery system, battery cell or wet or dry 

battery black mass (BM). Environmental impact results are mainly given as 

environmental impact per kg of recycled battery cell of a lithium-ion battery pack 

(assuming 0.5 kg cell in 1 kg battery pack). The functional unit is thus defined as 1 kg of 

recycled battery cell. 

Some studies of traction batteries report environmental impacts per kg of battery or per 

kWh of battery nominal capacity. Since we are calculating with NMC333 chemistry and 

 
1 Internal note: project Scope-lib 
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0.5 kg cells/kg pack, results can be expressed per kWh nominal battery capacity by 

recalculating with 0.081 kWh/kg battery pack, or 0.162 kWh/kg cell (Zackrisson 2017).  

2.2 System boundary 

The system boundary for the study is shown below, see Figure 1. Note that only the end-

of-life stage is inside the system boundary, i.e. included in the study. However, the 

environmental impact of the end-of-life stage is compared to the production related 

environmental impacts of new batteries from other studies, in the discussion. 

 

Figure 1 System boundary for lithium-ion study 

 

2.3 Environmental impact assessment 

LCAs of traction batteries inevitably lead to comparisons of electric vehicles, EVs, with 

internal combustion engine vehicles, ICEVs. Such LCAs should therefore be able to 

assess trade-offs between tailpipe emissions, material resource use and toxicological 

impacts. Thus, relevant environmental impact categories for LCAs of vehicles in general 

and traction batteries in particular are climate impact, resource depletion and toxicity.  

Climate impacts are measured in accordance with the Intergovernmental Panel on 

Climate Change (IPPC 2013). The unit is grams or kilograms of carbon dioxide 

equivalents, CO2-eq. Europe’s emissions in 2005 corresponded to 11200 kg CO2-eqper 

person (EEA 2005). To avoid unwanted climate impact requires global yearly emissions 

to be reduced by between 50 and 85% by 2050 compared to current levels, according to 

Barker (2007). This would translate to a world average sustainable emission level at 

approximately 1000 kg CO2-eq per capita. The CML-IA baseline, version 3.07, available 

in SimaPro was used to calculate the climate impact. 

Resource depletion is studied with two indicators to reflect both long-term and short-

term resource depletion. The reason is that the (more long-term) method recommended 

in reputable LCA guidelines (European Commission 2018) does not reflect the current 

scarcity of typical energy system metals such as cobalt, nickel and lithium (Zackrisson 

2021). For calculations of the environmental impact categories, the method CML-IA 

Baseline 3.07, was used for climate impact and long-term resource depletion, while the 

non-baseline CML method was used for the short-term resource depletion; both methods 

as implemented in SimaPro 9.4.0.2. Both the long- och short-term measure use the unit 

antimony equivalents, abbreviated Sb-eq. 
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Earlier studies have shown that current methods for toxicity evaluation have 

considerable inadequacies related to metals and lithium in particular; among other there 

is a lack of data concerning lithium emissions during the life cycle and a lack of 

characterization factors to translate such emissions into toxic impacts (Zackrisson et al. 

2016). Toxicity, in general, has therefore not been assessed in this study. However, due 

to the presence of toxic substances in LIBs a life cycle-based risk mapping (LCbRM) was 

chosen as qualitative approach to highlight the risks of harmful emissions during the 

LIB’s life cycle stages with focus on recycling.  

2.4 Life cycle-based risk mapping (LCbRM)  

A report by Zackrisson and Schellenberger (2020) lists the toxicity of typical battery 

ingredients in NMC cells such as metals (e.g. Ni and Co are classified as carcinogenic and 

mutagenic), solvents (ethylene carbonate and vinylene carbonate both classified as toxic) 

or electrolytes (e.g. LiPF6 classified as toxic) and uses a qualitative approach to discuss 

the risks of toxic emissions during different life cycle stages. For this purpose, the bill of 

materials for LIB was used to collect chemical toxicity data using different sources such 

as MSDSs; PubChem; or information provided by the European Chemicals Agency 

(ECHA). This information were connected to the potential risk of emissions as well as 

human and environmental exposure of LIBs during production use and end-of-life 

(Zackrisson et. al. 2019). This was done by expert judgment about different life cycle and 

process conditions and represents a first estimate of risks. A particular high risk of 

chemicals in NMC batteries during recycling (end-of-life) was identified for fluorinated 

materials which are present in binders and electrolytes of LIBs. During recycling battery 

cells are subject to harsh conditions such as heat, chemical and mechanical treatment 

which can cause the release of problematic substances such as per- and polyfluorinated 

alkyl substances (PFAS). This aspect of the LCbRM outcomes was further investigated 

by Rensmo (2022) and is summarized in the result section.  

3 Modelling 
To be comparable to other LIB recycling studies, the rest-of-pack of the LIB is also 

included, since substantial monetary and environmental recycling value stems from 

copper and aluminium not part of the cell, see Figure 2. Since 50% rest-of-pack is 

assumed (Ellingsen et al. 2013), 2 kg of LIB is needed for 1 kg of NMC333 cells. 

As shown in Figure 1, in reality, disassembly happens before solution discharge. In Figure 

2, “Disassembly, crushing, heating and separating waste LIBs” is modelled as one process 

also including thermal pre-treatment and shredding with electrolyte recovery”.  

All modelling was based on assumptions regarding LIB recycling content made by 

Velazquez et al (2019) and adapted to cylindrical NMC333 cells using data from Lewren 

(2019), see Table 1. NMC333 implies equal amounts of the active materials nickel, 

manganese and cobalt.  
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Table 1 LIB recycling content according to Velazquez et al (2019) adapted to cylindrical 
NMC333 cells using data from Lewren (2019) 

Part of cell % Common material 
Modified % to cylindrical 

cell level with data from 

Lewren (2019) 

Black 

mass 

only, 

% 

Case 25 Steel /plastics 18  

Cathode 27 NMC333, LiFePO4, etc 30 60 

Anode 17 Graphite 17 34 

Foils and current 

collectors 
13 

Aluminium 7  

Copper 11  

Electrolyte 10 Electrolyte 12  

Separator 4 PE/PP 2  

Binder 4 PVDF 3 6 

Total 100  100 100 

 

 

 

Figure 2 LCA model of recycling of 1 kg NMC333 cylindrical cells. Climate impact. 

 

3.1 Solution discharge 

Discharge in salty water uses potassium carbonate and water. Hydrogen is formed and 

could be collected and used in other processes, but here just assumed vented to ambient 

air, see Figure 3. 
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Figure 3 LCA model of solution discharge 

3.2 Disassembly, crushing, heating and 

separating waste LIBs 

As mentioned above, before final discharge of the cell in salt water, the discharged 

battery pack is assumed to be disassembled. Pack housing, BMS, cooling system and 

electric circuitry, assumed to make up 50% of the battery pack, are not included in the 

physical experiments and tests in the Scope-lib project. The input material to the tests 

were battery cells. Nevertheless, the rest-of-pack was included in the LCA model of 

Disassembly, crushing, heating and separating waste LIBs by using data from Kwade and 

Diekmann (2018). 

The modelling of Disassembly, crushing heating and separating is partly based on 

ecoinvent process "Iron scrap, sorted, pressed {RER}| sorting and pressing of iron scrap 

| Alloc Rec, U, which stipulates 0.1 MJ diesel fuel and 0.01 kWh electricity per kg of iron. 

Kwade and Diekmann (2018) present a value of 58.3 kWh for disassembly, crushing, 

drying, air-separation and sieving for a 346 kg battery pack. Considering that at least 

some of the discharged energy (0-13 kWh) can be used in some nearby process, only 50 

kWh is assumed needed per 346 kg battery system, which is equal to 0.14 kWh/kg 

battery. In addition, 0.03 kWh is added per kg cell for heat treatment according to 

Swerim.  
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Figure 4 The Lithorec process from Kwade and Diekman (2018) 

 

For the diesel, the same value, 0.1 MJ/kg LIB, as in the original process Iron scrap, 

sorted, pressed {RER}| sorting and pressing of iron scrap | Alloc Rec, U was assumed. 

Other additions to the original process include: 

• Avoided products (0.116 kg copper per kg LIB and 0.209 kg aluminium per kg 
cell) based on Leaf NMC battery BOM-list (according to Ellingsen et al 2013) 
minus what is left in black mass as measured by Swerim in pilot scale tests. 
Note that most of the aluminium stem not from the cell but from the rest of the 
pack (which is 50% of the battery). Assumption for recovered steel and plastic 
stem from content of cylindrical cell, see Table 1. Electronics have not been 
considered. 

• Transports from car scrap yard to sorting facility assumed 300 km according to 
Cullbrand et al(2015), see details below.  

• 90% of solvents in electrolyte assumed recovered as ethylene carbonate. Solvent 
purification is possible, but presently not included in the model. It should be 
included along with transport, to make the model more complete. 10% of 
solvents assumed burned in off-gas treatment and emitted as CO2. 
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Figure 5 LCA model of Disassembly, crushing, heating and separating waste LIBS 

In relation to Figure 1, the process “Disassembly, crushing, heating and separating waste 

LIBS”, includes Disassembly, Thermal pre-treatment and Shredding with lithium 

recovery. 

3.3 Smelting and hydrometallurgical lithium 

separation 

Smelting and lithium separation is based on data from the Scope-lib project and the 

ReLion project, both run by Swerim. Input output data are based on pilot scale tests by 

Swerim as shown in the figures below. The input dry black mass contains 60% NMC333, 

34% graphite and 6% binder, based on expected outputs from LIB recycling according to 

Velázquez-Martínez et al (2019) and adapted to cylindrical cells using data from Lewren 

(2019), see  Table 1. The 1.3 kWh electricity per kg dry black mass relates to smelting, see 

Figure 6, and the 0.17 kWh electricity per kg dry black mass relates to washing and 

separation of the dust, see Figure 8. The model allows for calculation with different 

electricity mixes (Swedish or European). 



15 

This work is licensed under CC BY 4.0  https://creativecommons.org/licenses/by/4.0/deed.en 

 

Figure 6 Smelting for Ni-Co-Mn recovery and Li-separation 

 

 

Figure 7 LCA model of pyro- and hydrometallurgical Li recovery of dry black mass 

For the LCA model of avoided products, see Figure 9 below. The lithium carbonate 

contained in the dust, needs hydrometallurgical treatment to recover the Li2CO3. The 

same hydrometallurgical treatment as in the ReLion project (Zackrisson 2019) is 

assumed, see Figure 8. In relation to Figure 1, the process “Pyro- and hydrometallurgical 

Li recovery of dry black mass” above in Figure 7, includes Pyrometallurgy and 

Hydrometallurgy, but not Graphite separation. 

In the ReLion project 383 kg dust yielded 347 kg Li2CO3, i.e., 0.91 kg Li2CO3/kg dust, i.e., 

the same as here: 200/220=0.91 kg Li2CO3/kg dust. From this is assumed that water and 

electricity are also proportional to the amount of input dust. 95% lithium carbonate 
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purity was obtained in pilot tests. 99.9% lithium carbonate purity is assumed to be 

obtained based on the ReLion project. Compared to Figure 8, an extra 100 kWh 

electricity (200+100=300) is added to obtain 99.9% purity. 

 

Figure 8 Hydrometallurgical treatment to recover Li2CO3. From the ReLion project 
(Zackrisson 2019) 

Avoided products are modelled as in Figure 9. The 8% respectively of nickel, cobalt and 

manganese contained in the slag is assumed to be recovered, while the rest is assumed 

similar to blast furnace slag.  

 

Figure 9 Avoided product from LIB recycling involving smelting for Ni-Co-Mn recovery and Li-
separation 

3.4 Optimized pyro lithium recovery 

The optimized pyrometallurgical lithium recovery is achieved by first separating graphite 

from the black mass, see Figure 10 below. 
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Figure 10 Optimized pyro lithium recovery 

The data in Figure 10 was combined with the hydrometallurgical data in Figure 8 and 

consolidated in inputs and outputs as shown below in Figure 12 and Figure 11. 

 

Figure 11 Avoided products: Optimized pyro lithium recovery including hydrometallurgical 
treatment 
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Figure 12 Material input and outputs: Optimized pyro lithium recovery including 
hydrometallurgical treatment 

In relation to Figure 1, the process “Improved pyro Li recovery of dry black mass”, 

includes Graphite separation, Pyrometallurgy and Hydrometallurgy. 
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3.5 Electricity 

To calculate the results using different electricity mixes, the parameter Prodel in SimaPro 

is changed, see Figure 12. Prodel=1, as in Figure 12, means Swedish average electricity. 

Prodel=0 means European average electricity. The alternative electricity mixes used in 

the calculations are further explained in the table below. 

Table 2 Electricity mixes 

Name of data set 
Gram CO2-

eq/kWh 
Comment 

Para-

meter 

Electricity, high voltage {SE}| 

market for | Cut-off, S 
41 

Simulates current smelting in 

Sweden and future European 

conditions. 

Prodel=1 

Electricity, medium voltage {SE}| 

market for | Cut-off, S 
44 

Simulates current sorting/ 

crushing in Sweden and future 

European conditions. 

Prodel=1 

Electricity, medium voltage 

{ENTSO-E}| market group for | Cut-

off, S 

373 

Simulates current sorting/ 

crushing in western Europe 

and average global condi-

tions. 

Prodel=0 

Electricity, high voltage {ENTSO-

E}| market group for | Cut-off, S 
371 

Simulates recycling in western 

Europe and average global 

conditions. 

Prodel=0 

 

3.6 Avoided products 

Recycling potentially reduces the need of using other material resources. Thereby 

recycling is often calculated as having a net benefit to the environmental impact. 

However, it is not evident which material should be considered as being avoided or 

replaced, because the quality of the material output from the recycling is not obvious. 

The figure below shows some of the replacement choices used in the Scope-lib project.  

In the figure below, the thickness of the arrows corresponds to the climate impact 

measured in carbon dioxide equivalents, and numerical value written in the lower left 

corner of each process box. Green arrows or minus in the box means avoided emissions. 

 

Figure 13 Avoided products 
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It was assumed that the recycling output of copper, aluminium and steel needed 

transport and remelting in order to replace virgin copper, aluminium and steel 

respectively. On the other hand, it was assumed that the recycling output of manganese, 

cobalt, nickel and lithium carbonate could replace virgin manganese, cobalt, nickel and 

lithium carbonate respectively without further treatment. In Figure 13 the calculation is 

done with European average electricity for remelting but that could be changed to 

Swedish average electricity production with parameter Prodel, see Table 2. Ethylene 

carbonate production, not included in the figure, amounts to 1.35 kg CO2-eq/kg. 

4 Quantitative results 
In the figures below, the thickness of the arrows corresponds to the climate impact 

measured in carbon dioxide equivalents from respective process. The amount of CO2-eq 

in gram is shown in the lower left corner of each box. Green arrows or minus in the box 

means avoided emissions in the Sankey diagram. Some Sankey diagrams show abiotic 

depletion. 

4.1 Scope-lib processes 

Recycling lithium ion cells with the Scope-lib methods avoids potentially around 8-10 kg 

CO2-eq per kg cell in total, assuming Swedish average electricity, see Figure 14. A bit less 

than half of this avoided burden stem from the rest of the battery pack, not from the cells. 

Since roughly half of a traction battery pack consist of cells and the other half is 

packaging, cooling and battery management system, BMS, 2 kg of battery pack is needed 

for 1 kg of cells.  

 

Figure 14 Climate impact of end-of-life recycling of lithium ion cells according to Scope-lib 
processes: improved pyro to the right. Swedish average electricity. 

4.1.1 Disassembly, crushing, heating and separating 

Disassembly, crushing, heating and separating a LIB pack avoids 3.9 kg CO2-eq per kg 

LIB cell, mainly due to avoided burdens associated with copper and aluminium recycling 

from the pack (packaging, cooling, BMS), see Figure 15 below. Base case conditions are 

assumed (Swedish average electricity for all recycling operations). Diesel for running the 

disassembly and also transportation of batteries from car scrap yards is included and 

give small environmental impact. Recycling of steel and ethylene carbonate gives small 

avoided climate burdens. However, purification of ethylene carbonate is not included 

and will decrease the benefit from recycling ethylene carbonate. 
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Figure 15 Climate impact of disassembly, crushing, heating and separating a LIB pack according 
to Scope-lib project 

4.1.2 Solution discharge 

As mentioned above, solution discharge will happen before disassembly. With the 

assumptions made about potassium carbonate consumption, the climate impact from 

solution discharge is very small. 

 

Figure 16 Climate impact of solution discharge according to Scope-lib project 
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4.1.3 Pyro- and hydrometallurgical lithium recovery of dry 

black mass 

Avoided cobalt contributes most to the avoided climate impact associated with pyro- and 

hydrometallurgical lithium recovery of dry black mass from cylindrical NMC333 cells, 

see Figure 17 below. Processes contributing with less than 0,07 % of the total are not 

shown (cut-off 0,07%). 

 

 

Figure 17 Climate impact of end-of-life recycling with pyro- and hydrometallurgical lithium 
recovery of dry black mass from cylindrical NMC333 cells according to Scope-lib, cut-off 0,07% 

The figure below shows abiotic depletion. The main trend that copper, cobalt and nickel 

give substantive contributions is the same as for climate impact. However, aluminium 

gives a resource depletion impact as opposed to climate impact avoidance. However, this 

impact is much smaller than the avoided impacts from the other metals. Processes 

contributing with less than 0.07% of the total are not shown (0.07% cut-off). 
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Figure 18 Abiotic depletion of end-of-life recycling of lithium ion cells according to Scope-lib, 
base case conditions. Calculated with CML-IA baseline, version 3.04, Ultimate reserve base. 0.07% 
cut-off 

Figure 19 below shows a more short-term measure of resource depletion, based on the 

economic reserve base in the non-baseline CLM version 3.04. Since it shows more or less 

the same results as the more long-term measure based on ultimate reserves, which is also 

the recommended measure, only the long-term measure will be used henceforth in this 

report. It is typical that the more long-term measure gives relative more weight to copper, 

not perceived as very critical today, compared to cobalt, nickel and lithium, perceived as 

critical today. Note that recycling of aluminium gives quite a large resource depletion 

impact, both in the long term and in the short term. This is because aluminium is very 

abundant, saving the resource aluminium gives less avoidance (negative impact) then 

the electricity used for remelting gives positive impact. However, from a climate impact 

point of view, it is very good to recycle aluminium, see Figure 15. 
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Figure 19 Abiotic depletion of end-of-life recycling of lithium ion cells according to Scope-lib, 
base case conditions. Calculated with CML-IA non-baseline, version 3.04, Economic reserve base. 
2.24% cut-off 

4.1.4 Optimized pyro- and hydropmetallurgical lithium 

recovery of dry black mass 

As described above, the optimized pyrometallurgical lithium recovery is achieved by first 

separating graphite from the black mass followed by vacuum roasting, and then smelting 

furnace followed by hydrometallurgical treatment, see Figure 10. The result is 

approximately 2 kg more climate impact avoidance. A large part of the improvement 

compared to the non-optimized pyro recovery in Figure 17, is due to that most of the 

graphite is recovered instead of being burnt and forming CO2. The resource depletion is 

hardly affected at all by the graphite recovery, compare Figure 21 with Figure 18. 
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Figure 20 Climate impact of end-of-life recycling with optimized pyrometallurgical lithium 
recovery of dry black mass from cylindrical NMC333 cells according to Scope-lib, Cut-off 4,3% 

 

Figure 21 Abiotic depletion of end-of-life recycling of lithium ion cells according to Scope-lib, 
improved pyro. Calculated with CML-IA baseline, version 3.07, Ultimate reserve base. Cut-off 
0.28%. 
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4.2 Comparing with other studies 

The results are compared with the model and data from the previous ReLion project 

(Zackrisson 2019) which also included a model based on the information given in Annex 

4 of the PEFCR-guide (RECHARGE 2018). The ReLion and PEFCR models were 

recalculated 2023, see Figure 22. Compared to the original values in the report from 

2019, the climate avoidance has increased substantially, mainly due to changed 

background data for cobalt production. 

It should be emphasized that the PEFCR only consider LIB cells while Scope-lib consider 

LIB packs. Thus, the avoided 3.67 kg CO2-eq burdens associated with copper and 

aluminium recycling from the pack is not included in the PEFCR model. So it could be 

more relevant to compare the PEFCR avoided 1.95 kg CO2-eq/kg cell burden with the 

cell/pyro part of the Scope-lib and ReLion processes, i.e., that is 2.7 kg CO2-eq/kg cell 

climate impact avoidance for the ReLion process, and 4.19 and 5.25 kg CO2-eq/kg cell for 

the Scope-lib processes respectively, see Figure 22. There is, in other words, a good 

consistency between the three studies in terms of climate impact avoidance. 

 

Figure 22 Climate impact of end-of-life recycling of lithium ion cells. Scope-lib processes (left) 
compared with PEFCR data and ReLion process (right), European electricity mix 

Also regarding resource depletion there is a good consistency between the three studies 

at the cell level, see Figure 23. Savings are around 0.001 kg Sb/kg cell for all processes, 

at the cell level. 
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Figure 23 Abiotic depletion of end-of-life recycling of lithium ion cells. Scope-lib processes 
compared with PEFCR data and ReLion process (left), European electricity mix 

 

4.3 Sensitivity to electricity mix and cobalt 

production 

The climate impact is only slightly affected by the choice of electricity. See Table 3. The 

less carbon-intensive Swedish average mix gives slightly more climate impact avoidance, 

The resource depletion is not affected at all by the choice of electricity mix. 

Table 3 Sensitivity to electricity mix. Climate impact in kg CO2-eq/kg battery cell of end-of-life 
recycling of LIBs 

Process Swedish average electricity European average electricity 

Normal pyro and hydro -8.6 -7.88 

Improved pyro and hydro with 

graphite recovery 
-9.68 -8.94 

ReLion process -6.33 -5.83 

PEFCR -2.132 -1.952 

 

Another parameter of importance is the cobalt production. In the dataset Cobalt {GLO} 

production U, two standard deviations for each datapoint were equal to 1.05. When 

calculating the climate impact, this translates to 95% likelihood that the true value is 

between 35.1 and 41.9. Recalculating Table 3 values with these lower and higher values 

for cobalt production yields the result spans shown in Table 4. 

 
2 Not considering recycling of rest-of-pack, only cells 
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Table 4 Sensitivity to electricity mix and cobalt production. Climate impact of end-of-life 
recycling of LIBs 

Process Swedish average electricity European average electricity 

Normal pyro and hydro 8.6+-0.4 -7.9+-0.4 

Improved pyro and hydro 

with graphite recovery 
-9.7+-0.4 -8.9+-0.4 

 

5 Qualitative results 

5.1 Life cycle-based risk mapping (LCbRM) of 

PFAS substances in LIB recycling. 

A review of Zackrisson and Schellenberger (2020) concluded that fluorine containing 

chemicals (including PFAS) are widely used as LIB materials due to their unusual 

properties (e.g. electrochemical chemical stability) e.g. as conducting salts (LiPF6), 

binders (polyvinylidene fluoride (PVDF)) or as various fluorinated organic additives in 

the electrolyte. The LCbRM identified risks for the emission of hazardous 

fluorochemicals in all LIB life cycle phases, e.g. during production of the PVDF binder 

(since PFAS based processing aids are used for manufacturing) or in accident situations 

(e.g. a car crash) which might cause thermal runaways of LIBs cells accompanied by fire 

and explosions, which has a high risk to result in the transformation and release of 

hazardous organic fluorochemicals.  

However, the following section will focus on the recycling as emissions source. The 

technology review conducted by Rensmo (2022) within the Scope-lib project concluded 

that state of the art recycling processes for LIBs used today use harsh conditions of 

physical (e.g. crushing) and chemical (e.g. acid leaching) and heat treatment (up to 

1600°C) which can cause emissions of hazardous chemicals including persistent and 

potentially toxic fluorinated substances. To confirm this LCbRM outcome a new 

analytical approach was developed to capture the broadest range of organic and 

inorganic fluorine species in liquid and solid samples taken in different stages of the 

Scope-lib recycling process. This method was based on a sequential extraction procedure 

using different solvents, followed by combustion ion chromatography to quantify the 

potential emission of fluorine-containing chemicals of different polarities (Rensmo et al 

2022).  

The results show that organofluorine compounds are formed during recycling, 

particularly for the cathodes, indicating that PFAS are likely to be present. Moreover, gas 

phase samples from battery recycling pre-treatment were also analysed within Scope-lib 

(Hu et.al. 2022) using ion-molecule reaction mass spectrometry. During this analysis the 

highly persistent fluorinated PFAS tetrafluoromethane (CF4) was detected at 

temperatures above 200°C (beside other fluorinated species). Tetrafluoromethane has 

global warming potential 6630 times higher than CO2 and an atmospheric lifetime of 50 

000 years and might impact the LCA results (CO2 savings) if considered. These first 
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studies highlight the necessity to further investigate the emissions related to fluorinated 

materials during LIB recycling and indicates that post-treatments or changes in 

conditions might be necessary to avoid the formation and emission of PFAS. Some 

recycling methods as pyrometallurgy at high temperatures might have the advantage to 

completely degrade PFAS substances. Other recycling methods at lower temperatures 

such as hydrometallurgy might need additional post-treatment methods to avoid PFAS 

emissions. 

6 Discussion and conclusions 

6.1 Comparison with the whole life cycle 

What does between 7.5-10 kg of CO2-eq/kg cell mean in the life cycle of a traction battery? 

In the figure below, the production and use phase climate impacts for a 24 kWh NMC333 

traction battery used in Nissan LEAF is shown (Mats Zackrisson 2018) together with 

recycling according to an earlier estimation (blue) and recycling according to the Scope-

lib process orange. 

 

Figure 24 Production, use and recycling phases climate impacts for a NMC333 traction battery 
used in Nissan LEAF (Zackrisson 2018) (blue) together with recycling impacts according to the 
Scope-lib processes 

In Zackrisson (2018), the recycling phase was estimated based on the assumption that 

80% of metal content could be recycled at an environmental cost equal to half the avoided 

burden of the recycled materials. Recycling climate impact avoidance thus estimated 

amount to 9.5% of production phase impacts, see Figure 24. The Scope-lib recycling 

process avoids 48% of the production phase impacts as modelled in Zackrisson (2018). 

The ReLion recycling process was earlier calculated to avoid 12% of production phase 

burdens (Zackrisson 2018). With the new data used in this report, the Relion recycling 
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process avoids 32% of production phase climate impacts. In particular, the changed 

background data for cobalt production (which is four times higher than in the 

calculations 2018) influence and makes the interpretation of the results difficult. Figure 

24 does not give a correct picture of the life cycle climate impacts of an NMC333 battery 

at present, but maybe reasonably correct for an NMC battery produced 5-10 years ago 

and soon to be recycled. It certainly highlights the fact that cobalt is scarce, expensive 

and carries a lot of climate impact. 

6.2 Ethylene carbonate 

Recovery of ethylene carbonate shows only small climate benefits, which in reality would 

be even smaller, since purification of it was not included.  

6.3 Electricity mix 

Using average European electricity mix instead of Swedish electricity mix only decrease 

the climate impact avoidance with less than 1 kg CO2-eq/kg cell or less than 10%. This 

shows that the Scope-lib processes are not very dependent on carbon-lean electricity. 

6.4 Abiotic depletion 

The abiotic depletion gains of the Scope-lib process follow the same trend as the climate 

impact gains, with the exception of aluminium which has a small resource depletion 

impact. 

6.5 Conclusions 

The results indicate that the Scope-lib process: 

• replicated in full scale, can potentially recover almost half of the climate impacts 
of producing an NMC traction battery, the currently most common traction 
battery chemistry. The main reason is that the climate impact (data) of cobalt 
production has four folded since 2018. It emphasizes the importance of 
recycling scarce battery materials. 

• is not dependant on carbon-lean electricity to achieve a lot of climate impact 
avoidance. Using average European electricity mix instead of Swedish electricity 
mix only decrease the climate impact avoidance with less than 1 kg CO2-eq/kg 
cell or less than 10%. 

Another observation from the study of the Scope-lib recycling process is that recovery 

and recycling of ethylene carbonate shows much smaller potential climate benefits than 

recovery and recycling of the metals. Lastly, the resource depletion gains of the Scope-

lib process follow the same trend as the climate impact gains, with the exception of 

aluminium. 
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