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A B S T R A C T   

Ramping up automotive lithium-ion battery (LIB) production volumes creates an imperative need for the 
establishment of end-of-life treatment chains for spent automotive traction battery packs. Life Cycle Assessment 
(LCA) is an essential tool in evaluating the environmental performance of such chains and options. This work 
synthesises publicly-available data to expand upon previously reported LCA studies for LIB recycling and ho-
listically model end-of-life treatment chains for spent automotive traction battery packs with lithium nickel 
cobalt manganese oxide positive electrodes. The study provides an in-depth analysis of unit process contributions 
to the environmental benefits and burdens of battery recycling options and integrates these with the battery 
production impacts to estimate the net environmental benefit achieved by the introduction of recycling in the 
value chain. The attributional LCA model accounts for the whole recycling chain, from the point of end-of-life LIB 
collection to the provision of secondary materials for battery manufacturing. Pyrometallurgical processing of 
spent automotive traction battery cells is predicted to have a larger Global Warming Potential (GWP), due to its 
higher energy intensity, while hydrometallurgical processing is shown to be more environmentally beneficial, 
due to the additional recovery of lithium as hydroxide. The majority of the environmental benefits arise from the 
recovery of aluminium and copper fractions of battery packs, with important contributions also arising from the 
recovery of nickel and cobalt from the battery cells. Overall, the LCA model presented estimates a net benefit in 
11 out of 13 environmental impact categories based on the ReCiPe characterisation method, as compared to 
battery production without recycling. An investigation of the effect of geographic specificity on the combined 
production and recycling indicates that it is as a key source of GWP impact variability and that the more climate 
burdening chains offer a significantly higher potential for GWP reductions through battery recycling. The 
sensitivity analysis carried out shows that impacts related to air quality are higher when recovering lower grade 
materials. This study provides a quantitative and replicable inventory model which highlights the significance of 
the environmental benefits achieved through the establishment of circular automotive battery value chains.   

1. Introduction 

Rapidly falling costs, a series of technological developments and the 
urgent need for decarbonisation have positioned electric vehicles (EVs) 
as the dominant choice for establishing widely accessible sustainable 
transport systems (Günther et al., 2015; Knobloch et al., 2020). Trans-
forming the transport system requires an unprecedented increase on 
battery production capacity, with demand for EV batteries projected to 
increase twenty-fold by 2030 (International Energy Agency, 2021). This 
growth trajectory of the battery market creates an imperative need for 
effective end-of-life (EoL) management of automotive lithium-ion 

batteries (LIBs) within the next decade. Battery recycling can divert 
batteries away from minor EoL treatment options, towards 
industrial-scale hydrometallurgical and pyrometallurgical processes, 
which are already being deployed around the world (Chen et al., 2019; 
Harper et al., 2019). Additionally, battery recycling offers a stream of 
raw materials, which is crucial in regions with limited availability of 
primary resources, such as Europe, and provides efficient means of 
handling production scrap from battery Gigafactories (Peel and Sand-
erson, 2020). 

The environmental impact reduction potential of recycling technol-
ogies is known to depend both on the specific processes used and the 
particulars of the value chain where recycling is implemented (Arshad 
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et al., 2022; Rajaeifar et al., 2022). This has triggered a growing interest 
in the scientific community of using Life Cycle Assessment (LCA) to 
investigate the environmental benefits that battery recycling can ach-
ieve in different settings. Pyrometallurgical and hydrometallurgical 
treatments of lithium nickel manganese cobalt oxide (NMC) and lithium 
iron phosphate (LFP) batteries are the most frequently assessed process 
options amongst LCA studies (Mohr et al., 2020). Such commercial 
processes have been discussed by recent reviews from Sommerville et al. 
(2021) and Neumann et al. (2022). As NMC is by far the most common 
positive electrode (hereby referred to as cathode) chemistry for auto-
motive applications (Kallitsis et al., 2022; World Economic Forum, 
2019), its materials recovery processes have attracted increased 
attention. 

Reported Global Warming Potentials (GWPs) of LCA studies focusing 
on NMC battery recycling, alongside the respective battery production 
GWP, are shown in Table 1. Cusenza et al. (2019) performed a 
cradle-to-grave assessment of a LIB pack for hybrid electric vehicles 
utilising a lithium manganese oxide (LMO)-NMC333 composite 
cathode material, demonstrating that utilising a pyrometallurgical- 
hydrometallurgical EoL treatment scheme reduces the production 
GWP by 5%. Ciez and Whitacre (2019) quantified, the net benefit of 
pyrometallurgical and hydrometallurgical recycling of NMC battery 
cells, amongst other battery chemistries, concluding that they do not 
reduce life cycle greenhouse-gas (GHG) emissions significantly. Dunn 
et al. (2015) calculated that producing a NMC battery with recycled 
material coming from pyrometallurgical processing, decreases its pro-
duction GHG emissions by 20%, compared to production with primary 
material. Hao et al. (2017) modelled an EV recycling chain in China and 
estimated that the most important source of environmental benefit from 

recycling an NMC battery comes from the recovery of cathode materials. 
Sun et al. (2020) performed a cradle-to-grave assessment of NMC333 
battery packs in China, calculating that the battery production footprint 
of 124.5 kg CO2-eq (kW h)− 1 can be reduced by 30.9 kg CO2-eq (kW h)− 1 

through the recovery of battery pack materials. More recently, Accardo 
et al. (2021) studied the production, use and recycling of an NMC333 
battery pack, reporting that the introduction of EoL treatment results on 
a net 4.5% decrease in the LIB production GWP. A recent cradle-to-grave 
LCA for NMC333 battery packs by Quan et al. (2022) showed that 
recycling resulted in a small reduction of the production GWP (likely less 
than 5% judging qualitatively based on graphical illustrations in this 
work). Another recent study by Du et al. (2022) provides valuable in-
sights on the regeneration of NMC cathode material with a focus on the 
active material level, which explains why it is not included in Table 1. 
Jiang et al. (2022) predicted a − 16.6 kg CO2-eq (kW h)− 1 net benefit 
from hydrometallurgical recycling of NMC333 battery cells. Rajaeifar 
et al. (2021) performed an LCA of pyrometallurgical cell recycling using 
a mass functional unit, which is excluded from Table 1 as this and the 
functional unit of other studies are not directly comparable. An earlier 
comprehensive review by Mohr et al. (2020) highlighted the varying 
system boundaries and functional units reported by different authors as 
a reason for the reported variability and the need for transparency 
amongst LCAs on LIB recycling. This study confirms this finding 
(Table 1). Only Ciez and Whitacre (2019) disclosed the unit process and 
background data used in their recycling inventory. While Quan et al. 
(2022) reported the foreground inventories used in their study in suf-
ficient detail, the background data used in their work are hard to trace. 

As evident from the information presented in Table 1, the reported 
achievable GWP reduction through battery recycling is highly variable 

Table of abbreviations 

BG Battery-grade 
BMS Battery Management System 
EC Ethylene Carbonate 
EoL End-of-life 
EV Electric Vehicle 
FDP Fossil Depletion Potential 
FEP Freshwater Eutrophication Potential 
FETP Freshwater Ecotoxicity Potential 
FPMFP Fine Particulate Matter Formation Potential 
GHG Greenhouse-gas 
Gr Graphite 
GWP Global Warming Potential 
HTP Human Toxicity Potential, cancer 
ISO International Organization for Standardization 
LCA Life Cycle Assessment 

LCI Life Cycle Inventory 
LFP Lithium Iron Phosphate (LiFePO4) 
LMO Lithium Manganese Oxide (LiMn2O4) 
LIB Lithium-ion Battery 
MDP Metal Depletion Potential 
MEP Marine Eutrophication Potential 
METP Marine Ecotoxicity Potential 
NMC Lithium nickel manganese cobalt oxide (LiNi1-x- 

yMnxCoyO2) 
OG Ore-grade 
POFP Photochemical Oxidant Formation Potential, human 

health 
SM Supplementary Material 
SODP Stratospheric Ozone Depletion Potential 
TAP Terrestrial Acidification Potential 
TETP Terrestrial Ecotoxicity Potential 
TMS Thermal Management System  

Table 1 
Reported GWP of NMC battery production and recycling across published studies.  

Reference Region Cathode chemistry Energy density [kW h kg− 1] Focus GWP [kg CO2-eq (kW h)− 1] 

Production Recycling (net)1 

Hydromet. Pyromet. 

Cusenza et al. (2019) Europe LMO-NMC333 0.065 Pack level 312.4 − 15.4 (combination) 
Ciez and Whitacre (2019) USA NMC622 0.272 Cell level 36.3 − 1.3 6.4 

0.213 42.4 − 4.4 2.7 
Sun et al. (Sun et al., 2020) China NMC622 0.115 Pack level 124.5 − 30.9 n/a 
Mohr et al. (2020) n/a NMC333 0.174 Cell level 75.5 − 16.4 − 13.8 
Accardo et al. (2021) Europe NMC333 0.111 Pack level 1364 − 6.2 (combination) 
Quan et al. (2022) China NMC333 0.142 Pack level 87.1 n/a n/a 
Jiang et al. (2022) China NMC333 0.150 Cell level n/a − 16.6 n/a 

1Additional burden introduced for battery recycling inputs minus benefits through the displacement of primary material, 2pouch and 3cylindrical cells, 4battery 
production assumed to take place in China. 

E. Kallitsis et al.                                                                                                                                                                                                                                 



Journal of Cleaner Production 371 (2022) 133636

3

in published studies, which presents a difficulty for industry and deci-
sion makers; this can also be extended to other impact categories. Part of 
this variability can be attributed to differences in the system boundaries 
considered. Specifically, literature reports focusing on the recovery of 
the battery electrode materials (Ciez and Whitacre, 2019; Mohr et al., 
2020), which constitute less than half of a battery pack’s mass, neglect 
significant fractions of aluminium, copper and steel that could be 
recovered from the battery pack’s packaging, thermal management 
system (TMS) and battery management system (BMS). Therefore, an 
open question arises regarding the environmental benefit of a circular 
battery value chain when also accounting for the recovery of materials at 
pack level and for a series of processes involved including collection, 
transportation, sorting and dismantling, which are usually neglected. 
Additionally, part of the variability in the results shown in Table 1 can 
be attributed to the different geographic locations of focus, given that 
different local electrical energy and material footprints influence the 
environmental burden of recycling chains, but also its benefit, as dis-
placed material footprints differ significantly across locations (Kelly 
et al., 2019), with their relative differences remaining to be bench-
marked under the same model and assumptions. In addition, evaluating 
other environmental impacts and benefits associated with LIB recycling, 
in addition to GHG emissions, is crucial (Ciez and Whitacre, 2019; Dunn 
et al., 2015) as water pollution from leachate, solid waste such as 
metal-rich ash, and air pollution impacts (Winslow et al., 2018) need to 
be considered when comparing potential management strategies for EoL 
LIBs. The majority of non-energy-related environmental impacts in the 
life cycle of LIBs are linked with mining and materials processing op-
erations (Porzio and Scown, 2021). The mining and materials processing 
impacts can be avoided to a certain extent when recycling is imple-
mented, as suggested in recent studies aiming at extending the analysis 
beyond GHGs for a series of recycling processes (Jiang et al., 2022; Quan 
et al., 2022). 

The above confirm the need for a LCA study that combines trans-
parency, reproducibility of inventory, offers sufficient resolution to 
better understand the burdens and benefits of battery recycling options 
and evaluates a wide range of environmental categories. To this end, 
results from an attributional LCA model for materials recovery from 
spent automotive traction NMC battery packs are reported below, ac-
counting for all the necessary steps to recover secondary materials from 
the point of collection of EoL LIBs, to recovery, processing and 
displacement of primary material. The inventory developed in this study 
expands the system boundaries commonly used in battery recycling by 
compiling state-of-the art literature sources, original materials, and in-
formation sourced in the Ecoinvent database (Wernet et al., 2016). 
Dominant and mature hydrometallurgical and pyrometallurgical cell 
recycling schemes were modelled and complemented by pre-treatment 
and processing to recover the metal fractions of the battery pack in 
order to establish a realistic representation of the circularity in the LIB 
value chain that can be achieved through recycling. The direct recycling 
of LIBs, which aims at recovering active materials in the cathode and 
chemically upgrading these for new cathode manufacturing is also an 
important emerging opportunity (Gastol et al., 2022; Ji et al., 2021). 
However, the challenge of how to process different cathode chemistries 
together in direct recycling still needs to be solved and it is for this 
reason that direct recycling is not considered in this study. 

The environmental burdens and benefits of the hydrometallurgical 
and pyrometallurgical recycling schemes were aggregated with the 
battery’s production impact, to estimate the role recycling plays in 
reducing the overall environmental impact of the battery pack. The 
potential of battery recycling in reducing the GWP production impact 
was specifically explored for China, United States and Europe, enabling 
to account for the different electrical energy mixes and material pro-
duction footprints relevant for each region. Moreover, an open issue 
regarding the role of recovered materials’ quality on the overall envi-
ronmental performance of battery recycling was explored through a 
sensitivity analysis on the 13 environmental impact categories under 

study. Finally, an in-depth analysis of unit process contributions to the 
environmental benefits and burdens of battery recycling options is 
provided herein, which contributes towards better understanding the 
environmental aspects of EoL treatment chains for LIBs. 

2. Methods 

2.1. LCA methodology 

The LCA reporting guidelines according to the ISO 14040 standard 
series (International Organization for Standardization, 2014) were used 
in order to create a replicable, transparent and reliable inventory and 
results. The overarching objective was to develop a detailed Life Cycle 
Inventory (LCI) and assessment to assess the environmental burdens and 
benefits associated with recycling of spent automotive traction battery 
packs. The functional unit was chosen as 1 kW h of nominal battery pack 
capacity, which consists a standard across literature studies on LIB 
production (Dai et al., 2019a; Kallitsis et al., 2020) and recycling (Ciez 
and Whitacre, 2019; Mohr et al., 2020). The technology boundaries 
were defined based on the current industrial practice, including either 
hydrometallurgical or pyrometallurgical processes for battery cell 
recycling (Mohr et al., 2020) and well-established aluminium (The 
Aluminumn Association, 2013), steel (Burchart-Korol, 2013) and copper 
recycling processes (Wernet et al., 2016). The battery technology was 
focused on a typical 253 kg NMC333 battery pack for automotive ap-
plications utilising an anode made of graphite (Gr) with a storage ca-
pacity of 26.6 kW h, as this technology has been one of the first to be 
commercialised at scale, thus expected to constitute a large fraction of 
the first wave of EoL batteries (McKinsey&Company, 2018). Battery 
packs of similar type have been extensively studied in preceding liter-
ature studies on battery production (Ellingsen et al., 2014; Kallitsis et al., 
2020), use (Lander et al., 2021b) and recycling (Mohr et al., 2020). 
While other battery chemistries such as lithium iron phosphate (LFP) 
have been gaining increased attention for automotive traction applica-
tions, most commercial EVs currently include NMC formulations (Lima, 
2022) which are projected to dominate the automotive sector (Walton 
et al., 2021; Xu et al., 2020). Within the NMC family of chemistries, we 
chose to focus on NMC333 as it has been commercialised widely in EVs, 
and excluded higher nickel chemistries, such as NMC622, as they are 
currently being deployed at scale and their availability for recycling is 
expected in more than a decade’s time. 

The baseline geographical boundary was limited to China, with 
materials and energy inputs, production processes and other LCI pa-
rameters reflecting the Chinese industrial averages. The environmental 
burdens and benefits of North American and European recycling chains 
were also investigated by adjusting key background inventories for Al, 
Cu and electricity production. A detailed depiction of the studied 
product system is given in Fig. 1, which includes the (a) transportation 
of the spent battery pack from its end-user to the recycling facility, (b) 
dismantling of the battery pack to separate the battery modules from the 
TMS, BMS and packaging. The battery modules are then disassembled to 
battery cells, while the supporting structures, including the module and 
pack housing, which are considered part of the packaging, BMS and TMS 
are sent for further treatment. (c) Next, the battery cells are discharged 
and fed to the recycling process, including either hydrometallurgical or 
pyrometallurgical processing. The former includes a mechanical treat-
ment step (crushing), neutralisation and metallurgical processing, while 
the latter includes a mechanical treatment step to separate Al and Cu 
with consequent metallurgical processing. The supporting structures are 
sent to a metals recycling facility, where the mixed scrap is shredded and 
sorted, and sent to metal recovery processes. Hence, this work analyses 
hydrometallurgical and pyrometallurgical processing of the spent bat-
tery cells, referred to as the hydrometallurgical and pyrometallurgical 
cases, with the remaining unit processes unchanged. 

The EoL recycling approach was followed (Nordelöf et al., 2019), 
which considers that the recovered materials displace primary material 
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upstream in the product system. The EoL treatment burden and benefit 
was calculated and then added to the production burden to yield the 
total environmental impact of production and recycling, which was then 
compared to the battery production impact to calculate the net envi-
ronmental benefit or burden achieved through the introduction of LIB 
recycling across all impact categories of interest. The impact assessment 
was performed based on the ReCiPe 2016 Midpoint characterisation 
method (Huijbregts et al., 2017), given that it consists of one of the most 
widely used methods in battery production and recycling LCA studies 
(Ellingsen et al., 2014; Kallitsis et al., 2020; Oliveira et al., 2015; Sun 
et al., 2020). The environmental scores for GWP, Fossil Depletion Po-
tential (FDP), Stratospheric Ozone Depletion Potential (SODP), Photo-
chemical Oxidant Formation Potential, human health (POFP), Fine 
Particulate Matter Formation Potential (FPMFP), Terrestrial Acidifica-
tion Potential (TAP), Freshwater Eutrophication Potential (FEP), Marine 
Eutrophication Potential (MEP), Freshwater Ecotoxicity Potential 
(FETP), Marine Ecotoxicity Potential (METP), Terrestrial Ecotoxicity 
Potential (TETP), Human Toxicity Potential, cancer (HTP) and Metal 
Depletion Potential (MDP) were calculated. The LCA modelling was 
performed using the GaBi software with the background processes 
mainly being retrieved from the Ecoinvent version 3.5 database (Wernet 
et al., 2016). 

2.2. Inventory analysis 

For the collection and sorting inventory, it was assumed that the 
battery pack is transported by first by freight rail and then by freight 
lorry to the sorting facility for 688 km and 174 km respectively, based on 
China’s average transport distances (Jiang et al., 2022). Energy inputs 

associated with the sorting process were taken into account for powering 
a forklift and conveyor belt based on Fuc et al. (2016) and Fisher et al. 
(2006); the detailed calculation procedure is described in the supple-
mentary material (SM). The dismantling process was modelled based on 
the studies of Choux et al. (2021) and Baazouzi et al. (2021). Specif-
ically, we modelled the power consumption of the robotic disassembly 
machinery used by Choux et al. (2021) based on the task planner of 
Choux et al. (2021); the detailed calculation procedure is described in 
the SM. Facility inputs associated with the collection and sorting, and 
dismantling processes were assumed to be insignificant due to their long 
lifetime. The LCI for the discharging process was inspired by Yao et al. 
(2020), who presented a quick discharge device based on the immersion 
of the battery in FeSO4 solution. Salt-water discharge processes consist 
the currently dominant option across industrial operations with a series 
of reagent options being reported across literature studies (Neumann 
et al., 2022; Shaw-Stewart et al., 2019; Zhong et al., 2020). The dis-
charged battery cells are fed to cell recycling by hydrometallurgical or 
pyrometallurgical processes. The chemistry-specific foreground LCIs for 
those processes were taken from Mohr et al. (2020), who modified the 
corresponding Ecoinvent inventories in order to accurately account for 
the metal constituents included in the cathode material and the cell 
housing of NMC battery cells. The LCI for the hydrometallurgical process 
can be traced back to data from the company Recupyl and for the py-
rometallurgical process to the company Batrec. Both processes are 
currently commercial and have been further discussed by Sommerville 
et al. (2021) and Neumann et al. (2022). The shredding and sorting of 
the mixed metal waste of the packaging, BMS and TMS was modelled 
through an Ecoinvent inventory. Consequently, the aluminium, copper 
and steel fractions are sent to materials recovery operations, while 

Fig. 1. EoL recycling product system studied for the recovery of valuable metals from a spent automotive traction battery pack (collection of spent battery packs to 
generation of secondary materials). 
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plastics, electronics, the electrolyte and the coolant are modelled as 
waste for further treatment. The pre-treatment of aluminium scrap was 
modelled using an Ecoinvent inventory, while the melting and casting 
LCI was based on the Aluminium Association’s LCA report (The Alu-
minumn Association, 2013). Steel scrap is sorted and pressed and then 
fed to an electric arc furnace, with the latter being modelled based on the 
LCI of Burchart-Korol (2013). Copper scrap is treated by electrolytic 
refining, based on the corresponding Ecoinvent LCI. The main data 
sources, assumptions and inventory tables of the LCI are presented and 
further discussed in the SM. 

2.3. Materials recovery and crediting 

The 253 kg NMC333-Gr battery pack is broken down to its material 
composition in Fig. 2a, which is in line with a series of preceding liter-
ature reports (Cusenza et al., 2019; Ellingsen et al., 2014; Kallitsis et al., 
2020). The EoL treatment chain shown in Fig. 1 recovers Al, steel and Cu 
from the battery’s supporting structures, LiI (as hydroxide), CoII, NiII and 
MnII (all as sulfates) from the battery electrodes and elemental Cu, Al 
from the current collectors, with the recovery for the electrode materials 
being set to 93.6% and for Al, Cu to 93.8% for the hydrometallurgical 
process (Mohr et al., 2020). Similarly, the pyrometallurgical process 
recoveries were set to 93.6% for all materials (Mohr et al., 2020). Similar 
recovery rates for the electrode materials are considered realistic and 
have been adopted by a series of preceding studies, with the EverBatt 
model, for example, including recovery efficiencies of 98% for the key 
cathode materials (Dai et al., 2019b). Additionally, the recoveries for Al, 
steel and Cu from the Packaging, BMS and TMS were set to 95.5%, 
86.8% and 76.3%, respectively. The recovered Al and Cu from the 
battery cells was fed to the corresponding melting and casting, and 
electrolytic refining processes in order to yield secondary materials with 
high purity. Materials available for recycling comprised 59.5% of the 
battery pack’s mass (Fig. 2a), with the remaining share modelled as 
waste for further treatment. Fig. 2b presents the recovery of materials 

from hydrometallurgical recycling of the battery cells, with the com-
bined recovery for each material resulting in the recovery of 52% of the 
battery pack’s mass. Of those, 13.5% comprise cathode materials (CoII, 
NiII, MnII, LiI), while the highest share comes from the recovery of Al, 
steel and Cu, which are used widely in the packaging, BMS, TMS and the 
current collectors. For the utilisation of a pyrometallurgical processing 
scheme, the recovery of Al and Cu from the current collectors are 
reduced by absolute 0.2%, having a negligible effect on the overall re-
covery for those metals, and LiI is not recovered. The amounts of 
recovered materials for both cases are shown in Table A13 of the SM. 
The displaced materials shown in Fig. 2c were modelled through cor-
responding Ecoinvent 3.5 datasets, with the exception of cobalt sulfate, 
which was modelled through the more recent Ecoinvent 3.8 dataset. 

Table c in Fig. 2 illustrates the displaced primary material from the 
recovery of metal fractions from the battery pack. For Al, Cu and steel, 
their recovery is followed by melting and casting or electrolytic refining 
as shown in Fig. 1, which transform scrap to secondary material of 
sufficient quality to displace primary material. For battery electrode 
materials, recovered material quality might not meet the requirements 
for battery production. This issue was addressed by assuming that 
recovered electrode materials are battery-grade as a baseline, in line 
with literature studies (Mohr et al., 2020), and further exploring the 
effect of recovered materials quality within a sensitivity analysis. 

3. Results and analysis 

3.1. Environmental impact of recycling 

The environmental impact of battery recycling is presented in Fig. 3 
for the pyrometallurgical and hydrometallurgical cases and broken 
down to the key contributing processes. Hydrometallurgical processing 
of the battery cells contributed 51% towards the GWP with an important 
contribution also arising from the electrolytic refining of copper (19%). 
Similarly, 55% and 18% of the FDP arose from cell recycling and 

Fig. 2. (a) Mass composition of the 253 kg NMC333-Gr automotive traction battery pack, (b) recoverable fractions and waste occurring from the hydrometallurgical 
case and (c) displaced primary materials from the recovered metal fractions of the battery pack; stoichiometric elemental contributions are displayed for the 
cathode materials. 
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electrolytic refining of copper, respectively. The SODP was also domi-
nated by the cell recycling (63%) and electrolytic refining of copper 
(23%) processes. Similarly, cell recycling and electrolytic refining of 
copper constituted the dominant contributions towards POFP, FPMFP, 
TAP and FEP. In the pyrometallurgical case, the GWP, FDP and POFP 
were increased by 25%, 21% and 30%, respectively, mainly attributed to 
the almost six times higher electrical energy consumption compared to 
the hydrometallurgical case; with the remaining impact categories 
variating by less than 5%. 

The FEP was dominated by the electrolytic refining of copper, which 
contributed more than 75% in both cases. The MEP was built up from 
the shredding and sorting, aluminium melting and casting, and the cell 
recycling processes. More than 96% of the FETP and the METP arose 
from the preparation of aluminium scrap in both cases. The electrolytic 
refining of copper comprised the primary contribution towards TETP 
and MDP, while the steel melting and casting process dominated the 
HTP. 

3.2. Environmental benefit of recycling 

The recycling chain modelled in this study recovers Al, Cu and steel 
from the battery pack’s supporting structures and Al, Cu, NiII, CoII, MnII 

and LiI from the battery cells, with the latter being recovered only in the 
case of hydrometallurgical processing. Specifically, the hydrometallur-
gical case recovered 26.1 kg of NiSO4, 26.3 kg of CoSO4, 25.5 kg of 
MnSO4 and 12.4 kg of LiOH from the battery cells. Additionally, 44.5 kg 
of Al, 29 kg of steel and 26.2 kg of Cu were recovered from the 253 kg 
battery pack’s supporting structures and the current collectors. The 
fraction of materials recovered in the pyrometallurgical case were very 
similar, as presented in section 2.3, excluding LiOH, which was not 
recovered. More information on the background datasets used to model 
materials displacement is provided in the SM. 

The environmental benefit arising from the recovery of the battery 
pack’s materials is illustrated in Fig. 4. The hydrometallurgical case 
resulted in a larger benefit by a maximum of 3% across all impact 

Fig. 3. Environmental impacts of an NMC333-Gr battery pack recycling in China, disaggregated to key contributing processes. Battery cells are treated with either 
hydrometallurgical or pyrometallurgical processing in the two cases. 
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categories, with the exception of MEP (9%) and MDP (8%), due to the 
additional recovery of lithium as hydroxide. For both cases, approxi-
mately half of the GWP benefit was due to the recovery of aluminium, 
with the next most important contribution coming from the recovery of 
CoII. Similarly, approximately half of the FDP benefit was due to the 
recovery of cobalt, with the next most important contribution coming 
from aluminium. Recovered copper, CoII and aluminium provided the 
dominant contributions towards the POFP and SODP benefits. Recov-
ered NiII provided the primary contribution towards the FPMFP and TAP 
benefits. The eutrophication and ecotoxicity impact categories were 
dominated by the recovery of copper and CoII, with 9% of the MEP 
benefit arising from the recovery of LiI in the hydrometallurgical case. 
The MDP benefit was dominated by the recovery of CoII, with NiII, 
copper and LiI having also important contributions. The percentage 
contribution of lithium recovery in MDP and MEP explains the larger 
benefit achieved in the hydrometallurgical case. 

4. Discussion 

4.1. Reducing the environmental impact of battery production 

The net benefit of battery recycling is commonly accounted together 
with the environmental burden of LIB production to investigate to what 
extent the use of recycled material in the battery value chain reduces the 
production burden. The LIB production model of Kallitsis et al. (2020) 
was used here to calculate the environmental burden of battery pro-
duction across the 13 impact categories of interest; the inventory model 
was modified to describe a giga-scale battery production plant (Kallitsis, 
2022), to account only for primary material inputs and update the cobalt 
production inventory based on Ecoinvent 3.8. The combined production 
and recycling burden is shown in Table A17 of the SM, including all the 
individual contributions. For both cases, accounting for battery pack 
recycling resulted in a net environmental benefit across 11 impact cat-
egories, with the exception of FETP and METP. The treatment of Al scrap 
introduced a significant burden to the latter two impact categories, 
resulting in a net increase of 61% and 35%. For the hydrometallurgical 
case, the GWP, FDP, SODP, POFP, FPMFP and TAP were reduced by 
39%, 41%, 55%, 48%, 70% and 74%, respectively. As these impact 

Fig. 4. Environmental benefits of an automotive NMC333-Gr battery pack recycling in China, disaggregated to key contributing processes. Environmental benefits 
arose from the displacement of primary material based on the EoL recycling approach. 
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categories had their most important contributions from the cell recy-
cling process, the benefits were of slightly lower magnitude in the py-
rometallurgical case, due to the increased energy consumption and the 
loss of LiI. Benefits of more than 50% were achieved for FEP and TETP, 
with hydrometallurgical and pyrometallurgical cases resulting in 
quantitatively similar improvements. The MEP benefit of the hydro-
metallurgical case was 52%, absolute 7% higher than the pyrometal-
lurgical case, with the variation in the former attributed solely to the 
recovery of LiI, which also caused a higher MDP benefit of 84%, 
compared to 77% in the pyrometallurgical case. Finally, the HTP was 
approximately halved in both cases, with a slightly larger benefit pre-
dicted in the hydrometallurgical case, due to the additional recovery of 
lithium(I). 

NMC battery packs have been shown to have significant GWP foot-
prints, resulting from processing of energy intensive materials and the 
high energy demand of cathode preparation and cell manufacturing (Dai 
et al., 2019a; Ellingsen et al., 2014; Kallitsis, 2022; Kelly et al., 2019; 
Majeau-Bettez et al., 2011). This work has shown that establishing a 
circular battery value chain can reduce LIBs’ production GWP footprint 
by more than 35%, with this benefit mostly due to the recovery of 
aluminium, which comes from recycling the battery packaging, as its 
energy intensive primary production in China comes with a high GWP. 
Nickel and copper production have been identified as hotspots for sulfur 
dioxide emissions (Kallitsis et al., 2022; Kelly et al., 2019) resulting from 
the battery production chain; the recovery of those materials was pre-
dicted to reduce the TAP by more than 70%. While earlier studies have 
raised concerns for the increased HTP occurring from the production of 
battery packs (Brennan and Barder, 2016; Hawkins et al., 2013), HTP 
was shown here to reduce by approximately 50% when including bat-
tery recycling, compared to Kallitsis et al.’s (2020) battery production 
model. LIB recycling was also shown to significantly avoid depletion of 
valuable metals, with the MDP reducing by 84% and 77% in the hy-
drometallurgical and pyrometallurgical case, respectively. Overall, EoL 
treatment of spent automotive traction battery packs was shown to 
mitigate the environmental impact across the majority of environmental 
categories. It is noted that although a few of the impact categories dis-
cussed are not as accurate as GWP, a full assessment on the accuracy of 
environmental scores is not necessary for comparative evaluations. 
Specifically, most of the background system used is retrieved from the 
Ecoinvent database, thus inventories fit the necessary accuracy and 
completeness criteria to assess the full range of environmental scores. 
Moreover, the foreground system was established to accurately describe 
resource flows within the EoL treatment chain, with the majority of 
environmental impacts arising from the background inventories linked 
to those flows. 

4.2. Sensitivity analyses 

The geographic specificity of the battery value chain is an important 
factor when estimating the environmental benefit and burden of battery 
recycling, as it affects emissions at local level, depends on a varying 
intensity of embodied emissions from local energy use, and also dictates 
the effective footprint adjustment required for the displaced material. 
Moreover, the effect of recovered materials quality on the overall 
environmental benefit of battery pack recycling remains to be charac-
terised. Here, two sensitivity analyses were performed concerning (a) 
the effect of geographic specificity on the combined production and 
recycling GWP and (b) the effect of recovered material’s quality on all 
environmental impact categories studied. For the geographic specificity, 
GWP was chosen for the analysis as it reflects clearly the energy mix 
related benefits and impacts, which vary substantially across geographic 
locations. 

The LIB production impact was combined with the recycling burden 
and benefit of this study to estimate the combined GWP of LIBs in China, 
North America and Europe, excluding the use phase. In order to calcu-
late the LIB production impact, representative Ecoinvent inventories for 

each location were selected for electricity, aluminium and copper pro-
duction, which are shown in the SM. The burden and benefit of battery 
recycling was calculated for each case by modifying the input electricity 
and the displaced primary material sourcing for Al and Cu, with the 
remaining materials being modelled through global Ecoinvent in-
ventories across all scenarios. Al and Cu are considered specifically as 
their footprints vary highly across locations and they contribute sub-
stantially to the GWP. By modifying the background datasets for Al and 
Cu it is possible to provide a realistic comparison, as more than 55% of 
the GWP benefit arose from their recovery (see Fig. 4). Remaining bat-
tery cell materials were produced through globally-distributed supply 
chains. This is appropriate as active material mining and processing 
(NiSO4 and CoSO4) is geographically concentrated in only a few coun-
tries around the world; therefore, capturing any differences from 
sourcing of the active materials used in the US, China and Europe would 
only be due to transportation distance impacts, which are much smaller 
and also less variable than the footprint of production of the active 
materials. On the production side, approximately 60% of the NMC LIB 
production GWP was due to the energy requirement, Cu and Al inputs, 
based on the modified model of Kallitsis et al. (2020). This analysis as-
sumes that only input materials and energy vary across locations, with 
the manufacturing and recycling technologies being practically the 
same. This assumption also allows to explore the effect of establishing 
regionalised battery production and recycling chains, considering that 
secondary material displaces the equivalent amount of primary material 
in the same region. The modifications for each scenario are described in 
detail in Table A14 of the SM. 

Fig. 5 illustrates the GWP of battery production compared to the 
combined GWP of production and EoL recycling in China, North 
America and Europe. Including recycling resulted in a net benefit of 39% 
and 35% for the hydrometallurgical and pyrometallurgical cases in 
China, which was reduced to 34% and 30% for North America, and 30% 
and 27% for Europe, respectively. Evidently, larger GWPs of battery 
production offer a bigger opportunity for improvement, with a battery 
produced in Europe shown here to come with a 27% lower GWP 
compared to a battery produced in China, with the relative difference 
reduced to approximately 16% when recycling is considered. This 
demonstrates how regions with high battery production emissions such 
as China can utilise battery recycling as a method to catch up on the race 
to reduce the GWP of battery production. 

The effect of recovered materials quality on the environmental 
benefit of LIB recycling was explored by displacing the equivalent 
amount of ore-grade (OG) materials instead of battery-grade (BG) for 
NiII, CoII, Mn and LiI. The percentages of each metal included in the 
concentrated OG form was taken into account in order to convert the 
recovered materials in elemental form into ore grade materials as shown 
in Table A15 of the SM. Fig. 6 presents the hydrometallurgical case, with 
the pyrometallurgical case not recovering lithium but being quantita-
tively similar for the recovery of the remaining materials. 

The POFP, FEP and HTP benefits were reduced by less than 15% 
when accounting for the recovery of OG material, due to the fact that the 
majority of the environmental benefit in those impact categories arose 
from the recovery of Al and/or Cu from the battery pack. The benefit in 
the ecotoxicity impact categories, SODP and GWP was reduced by 20%– 
40%, which is reasonable given that electrode materials contribute to 
these impact categories significantly but are not the primary contribu-
tors. However, for those impact categories dominated by the recovery of 
cobalt and nickel (namely FDP, FPMFP, TAP, MEP and MDP) the benefit 
in the OG case was decreased by 40%–60%. Specifically, the FPMFP and 
TAP benefits were reduced by 52% and 58%, respectively, in the OG 
case mainly due to the recovery of nickel of ore-grade quality, as the 
further processing of nickel ore is known to have a detrimental effect in 
those environmental impact categories (Norgate et al., 2007; Paulikas 
et al., 2020). Similarly, cobalt refining is known to cause detrimental 
eutrophication impacts and consume fossil energy, which explains the 
large variability between the FDP and MEP benefits of the OG and BG 
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cases (Paulikas et al., 2020). A recent study by Rajaeifar et al. (2021) 
employed such multi-functionality approach in quantifying the impact 
of recovering OG materials versus BG materials. However, their system 
boundary was limited to pyrometallurgical cell recycling and only 
quantified implications associated with the GWP. Their findings showed 
that the GWP benefit reduces more than 50% when recovering lower 
grade materials in comparison to 28% decrease reported here. The dif-
ference can be attributed to the narrower system boundary of Rajaeifar 
et al. (2021); our study showed that recovering cell materials is only a 
fraction of the benefit of recycling a battery pack. This work has also 
shown that the effect of recovering lower grade materials is much more 
evident in impact categories such as FDP, FPMFP, TAP, MEP and MDP, 
which was not captured by Rajaeifar et al. (2021). Overall, this sensi-
tivity analysis has shown that the positive impact of recycling is more 
significant when considering the effective displacement of BG quality 
materials in the value chain, especially in the FDP, FPMFP, TAP, MEP 
and MDP impact categories, thus supporting strongly the case for inte-
gration of regionalised battery production and recycling facilities. The 
quantitative evidence provided here offers a valuable methodological 
resource for LCA practitioners and supports decision making for re-
cyclers and policy-makers interested in establishing sustainable battery 
recycling operations. 

4.3. LIB recycling environmental performance and comparison with 
preceding studies 

Two key observations are made based on the findings of this study, 
which help explain the variability on preceding literature studies that 
consider recycling, as shown in Table 1. Firstly, the majority of the 
environmental benefits of battery recycling arise from the recovery of Al 
and Cu fractions of the battery pack (Fig. 4), with important contribu-
tions also arising from the recovery of nickel and cobalt from the elec-
trodes. Therefore, studies focusing on the cell level only are expected to 
report lower benefits, as compared to those focusing on pack level re-
covery. Secondly, geographic specificity plays an important role on the 
calculated net benefit of battery recycling, with more environmentally 
burdening chains expected to come with higher net benefits when 
recycling is introduced (Fig. 5). Ciez and Whitacre (2019) reported 
insignificant GWP intensity reductions achieved through hydrometal-
lurgical and pyrometallurgical processing of NMC battery cells; the 
latter resulted in a net increase. More recently, Mohr et al. (2020) re-
ported a − 13.8 and − 16.4 kg CO2-eq (kW h)− 1 net benefit achieved 
through hydrometallurgical and pyrometallurgical processing of NMC 
battery cells. These observations are reasonable, given that these studies 
focused on cell level and modelled less environmentally burdening 

chains outside of China. Cusenza et al. (2019) reported a − 15.4 kg 
CO2-eq (kW h)− 1 net benefit for pack level recycling of a LMO-NMC333, 
while Sun et al. (2020) reported a − 30.9 kg CO2-eq (kW h)− 1 net benefit 
for hydrometallurgical recovery of NMC622. While both studies focused 
on pack level, the former modelled a European and the latter a Chinese 
recycling chain, so partly explaining the large variability together with 
the different chemistries modelled in each study. Additionally, 
Cusenza et al. (2019) modelled a combined hydrometallurgical- 
pyrometallurgical recycling scheme, which was also modelled by Zhou 
et al. (2021), and was more environmentally burdening. A similar 
scheme was modelled by Accardo et al. (2021), reporting recycling to 
come with a net benefit of − 6.2 kg CO2-eq (kW h)− 1 in Europe. This 
study’s net benefit for pyrometallurgical recovery through a European 
recycling chain was − 34.1 kg CO2-eq (kW h)− 1, with the difference 
attributed to the more environmentally burdening hydrome 
tallurgical-pyrometallurgical recycling scheme modelled by Accardo 
et al. (2021). Moreover, in this study the displaced cobalt sulfate (based 
on the latest Ecoinvent 3.8database) was shown to comprise the second 
most important contribution towards GWP reductions. The net recycling 
benefit for the hydrometallurgical case in China was − 65.1 kg CO2-eq 
(kW h)− 1 here, while Sun et al. (2020) reported a net benefit of − 30.9 kg 
CO2-eq (kW h)− 1 for similar parameters. Although the contributions of 
the recycling burden and benefit to the net benefit in Sun et al. (2020) 
were not reported, the difference can be mainly attributed to the 
updated cobalt sulfate inventory utilised herein, which was found to 
contribute 30% towards the GWP benefit. Another key source of vari-
ability is associated with varying NMC compositions resulting in 
different energy densities. This becomes more evident when looking at 
the sensitivity analysis performed by Mohr et al. (2020), who reported 
that increasing the energy density reduces the combined production and 
recycling burden given that under the same mass a higher capacity is 
achieved when shifting to higher nickel chemistries primarily affecting 
the kW h functional unit. 

4.4. Recovered materials value 

This study highlighted the need to recover the total set of battery 
pack materials in order to achieve maximum environmental benefits 
from LIB recycling. From an environmental perspective, benefits arise 
primarily from the recovery of Al and Cu from the battery pack. Here, 
the economic value for each recovered material in the hydrometallur-
gical and pyrometallurgical cases is calculated as shown in Fig. 7. 
Elemental prices were extracted from United States Geological Survey 
(2020) for 2019 and multiplied by the amount of each recovered ma-
terial to estimate the economic benefit achieved from the recovery of 

Fig. 5. GWP of LIB production compared to production with EoL recycling for the hydrometallurgical and pyrometallurgical cases in China, North America 
and Europe. 
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each battery material. As currently recovered materials may not be of 
sufficient quality to displace primary material of the same price, Fig. 7 
should be seen as an indication of what is possible, when recycled ma-
terial quality issues are resolved. The details of the calculation proced-
ure implemented are shown in the SI. 

It should be noted that price volatility is typical in raw materials and 
is affected by many short- and longer-term geopolitical factors, thus the 
analysis of recovered materials value presented here should be taken as 

indicative snapshot in time, for the purpose of comparing the hydro-
metallurgical and pyrometallurgical options. 

The value of recovered material in the hydrometallurgical case was 
USD 1 079, 32% higher than in the pyrometallurgical case. This is 
connected directly to the additional recovery of LiI through hydromet-
allurgical processing of the battery cells, which accounted for a quarter 
of the total (Fig. 7a). The recovery of NiII, CoII, Mn (as sulfates) and LiI 

(as hydroxide) accounted for three quarters of the total economic value 

Fig. 6. Environmental benefit for battery-grade (BG) vs ore-grade (OG) material recovery in the case of hydrometallurgical treatment.  
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of recovered materials in the hydrometallurgical case (Fig. 7a) and the 
recovery of NiII, CoII and MnII (sulfates) accounted for 67.8% of the total 
in the pyrometallurgical case (Fig. 7b). While the recovery of lithium 
(hydroxide) contributed less than 6% in 11 out of 13 environmental 
impact categories studied (Fig. 4), it increased the economic value of 
recovered materials by 32% in the hydrometallurgical case. The two 
cases have different capital and operational cost patterns, which were 
not examined in this study, but the recovery of Li (hydroxide) is indeed 
an important factor on the economic viability of recycling operations. 
Finally, while environmental benefits primarily arose from the recovery 
of Al and Cu, economic benefits primarily arose from the recovery of cell 
materials, NiII, CoII (sulfates) and LiI (hydroxide), which highlights the 
need to target circularity at a pack level to unlock both the environ-
mental and economic benefits of battery recycling. 

4.5. Data gaps, limitations and future perspectives 

This study aimed to expand the description of the EoL treatment of 
automotive LIBs, from the point of collection to displacement of primary 
material, and to fill data gaps by combining a series of publicly available 
data sources. However, a series of improvements in the LCI could be 
made through the collection of process specific data. This study utilised 
Chinese average transport distances to model the collection of spent LIB 
packs and showed that its contribution to the overall environmental 
burden of battery recycling is insignificant, in line with Jiang et al. 
(2022). However, the collection process has been reported to be sig-
nificant from an economic and safety perspective (Lander et al., 2021a; 
Slattery et al., 2021). As automotive LIB recycling is under development, 
average transportation distances could be confirmed through a more 
thorough investigation of EoL LIB collection and transportation net-
works. A first attempt to compile an inventory robotic disassembly was 
made in this study by calculating the energy inputs for robotic 
dismantling. As robotic dismantling is under development, with manual 
dismantling being the currently dominant practice (Sommerville et al., 
2021) more complete inventories should be compiled as the technology 
matures. The dismantling process was found here have to have an 
insignificant contribution to the overall environmental burden of bat-
tery recycling. Rajaeifar et al. (2022) also indicate that the significance 
of dismantling is most evident with regard to the cost and safety per-
spectives. The discharging inventory was inspired from the quick 
discharge device presented by Yao et al. (2020). Different physical and 
chemical discharging techniques are being developed, which might 
dominate in the future and come with a different environmental profile. 
The battery cell recycling inventory was inspired from Mohr et al. 

(2020), with the original data traced back to the Ecoinvent database. 
Currently, there is a lack of primary data regarding hydrometallurgical 
and pyrometallurgical cell recycling techniques which could be 
improved as more LIB recycling plants reach commercial scale. Also, the 
fate of the anode material in cell recycling operations is still uncertain, 
which explains why it has been treated as waste in this work. Current 
pyrometallurgical process usually burn graphite for energy, together 
with plastics and the electrolyte, while little is known regarding the fate 
of graphite in hydrometallurgical processes (Sommerville et al., 2021). 
More advanced options, which include the recovery of graphite and 
have been shown to be favourable from an environmental perspective 
have been discussed in recent studies (Mohr et al., 2020; Rey et al., 
2021), however, whether these can be sustained at scale is unclear and 
would depend on the economics. Graphite has been recognised as a 
valuable waste stream from recycling processes (Rinne et al., 2021) but 
its recovery usually requires further process steps, which is indeed worth 
of further investigation as it consists a large contribution to the overall 
mass of the battery pack (Porzio and Scown, 2021). Also, the quality of 
recycled material is important, as it determines whether recovered cell 
materials can be recirculated to LIB production in a closed-loop system. 
Regarding the LIB pack’s packaging, TMS and BMS, the process chains to 
recover Al, Cu and steel from them are well-established. The Ecoinvent 
inventory was used here to model shredding of this mixed metal waste, 
which is notably different from shredding of complete LIB modules 
(Rajaeifar et al., 2021). The different environmental profile achieved 
through the displacement of ore-grade materials was explored in the 
sensitivity analysis of section 4.2. The examination of locality effects on 
the environmental burdens and benefits of LIB recycling was found to be 
an important source of variability, mainly due to different footprints of 
displaced materials. As upstream battery material production chains 
emerge outside of China, the environmental benefit of battery recycling 
is expected to come with even higher variability across different 
locations. 

5. Conclusions 

Establishing a circular battery value chain was shown to mitigate the 
environmental impacts significantly across the majority of environ-
mental impact categories considered. Specifically, employing hydro-
metallurgical or pyrometallurgical battery cell recycling schemes, 
together with the recovery of metal fractions from battery packs’ sup-
porting structures was shown to reduce the environmental burden of 
battery production by more than 35% across 11 out of 13 environmental 
impact categories considered. Pyrometallurgical processing of battery 

Fig. 7. Economic value of recovered material for one battery pack using the (a) Hydrometallurgical (total: USD 1 079) and (b) Pyrometallurgical (total: USD 
816) processes. 
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cells was associated with a greater GWP burden, so a slightly smaller 
benefit, mainly due to the almost six times higher electrical energy 
consumption. The hydrometallurgical case resulted in a larger benefit by 
a maximum of 9% for the MEP, due to the additional recovery of lithium 
hydroxide. The majority of the environmental burdens in the toxicity 
and ecotoxicity categories arose from the recovery chains for 
aluminium, copper and steel. Half of the GWP benefits were achieved 
from the recovery of aluminium, mainly included in the battery pack’s 
packaging. Across the 13 impact categories considered, the recovery of 
Al and Cu provided more than half of the environmental benefit in 7 of 
them, highlighting their significance in reducing the total environmental 
impact of a battery pack. However, the recovery of battery cathode 
materials, especially nickel and cobalt, was shown to make an important 
contribution to the air quality, toxicity and resource depletion cate-
gories. These results highlight the importance of targeting circularity at 
the pack level to establish sustainable LIB recycling chains. The com-
bination with the LIB production burden revealed that LIB recycling 
approximately mitigates the TAP by 74%, MDP by 77%, HTP by 50% 
and GWP by 35%. The investigation of geographic specificity effects on 
the combined production and recycling GWP revealed that more envi-
ronmentally burdening chains offer a significantly higher potential for 
GWP reductions through battery recycling and that geographic speci-
ficity accounts for significant variability amongst LCA studies on LIB 
recycling. As a significant fraction of the environmental benefits arose 
from the recovery of Al and Cu from the battery pack, together with 
geographic specificity were found to constitute key sources of variability 
amongst literature studies reporting results for varying system bound-
aries and locations of focus. 

Decision makers and other stakeholders concerned about the envi-
ronmental impacts of the LIB value chain can take steps towards their 
reduction. Firstly, they should target circularity on a pack level, which 
was shown to unlock the environmental benefits potential of battery 
recycling, as compared to the cell level. Starting a process of collecting, 
sorting and separating battery pack components and feeding the frac-
tions in battery cell recycling and well-established metals recovery 
processes is a hugely important strategy towards the realisation of the 
environmental benefits of battery recycling; such business models are 
currently being explored (Berger et al., 2021; Wrålsen et al., 2021). The 
recovery of Al and Cu from the battery pack, together with the recovery 
of valuable battery cell materials NiII, CoII (sulfates) and LiI (hydroxide) 
can lead to economically beneficial and sustainable battery recycling. 
However, as recycling can be beneficial only upstream of the value 
chain, these efforts should be combined with sustainable battery pro-
duction practices, the utilisation of renewable energy during battery 
production and the target to ensure longevity of battery systems. These, 
together with developments in battery technology, could lead to sub-
stantial reduction of the cradle-to-grave environmental footprint of LIBs 
in the near future. 
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Nordelöf, A., Poulikidou, S., Chordia, M., de Oliveira, F.B., Tivander, J., Arvidsson, R., 
2019. Methodological approaches to end-of-life modelling in life cycle assessments 
of lithium-ion batteries. Batteries 5. https://doi.org/10.3390/batteries5030051. 

Norgate, T.E., Jahanshahi, S., Rankin, W.J., 2007. Assessing the environmental impact of 
metal production processes. J. Clean. Prod. 15, 838–848. https://doi.org/10.1016/j. 
jclepro.2006.06.018. 

Oliveira, L., Messagie, M., Mertens, J., Laget, H., Coosemans, T., Van Mierlo, J., 2015. 
Environmental performance of electricity storage systems for grid applications, a life 
cycle approach. Energy Convers. Manag. 101, 326–335. https://doi.org/10.1016/j. 
enconman.2015.05.063. 

Paulikas, D., Katona, S., Ilves, E., Ali, S.H., 2020. Life cycle climate change impacts of 
producing battery metals from land ores versus deep-sea polymetallic nodules. 
J. Clean. Prod. 275, 123822 https://doi.org/10.1016/j.jclepro.2020.123822. 

Peel, M., Sanderson, H., 2020. EU Sounds Alarm on Critical Raw Materials Shortages. 
Financ. Times. 

Porzio, J., Scown, C.D., 2021. Life-cycle assessment considerations for batteries and 
battery materials. Adv. Energy Mater. 11, 2100771. 

Quan, J., Zhao, S., Song, D., Wang, T., He, W., Li, G., 2022. Comparative life cycle 
assessment of LFP and NCM batteries including the secondary use and different 
recycling technologies. Sci. Total Environ. 819, 153105 https://doi.org/10.1016/j. 
scitotenv.2022.153105. 

Rajaeifar, M.A., Ghadimi, P., Raugei, M., Wu, Y., Heidrich, O., 2022. Challenges and 
recent developments in supply and value chains of electric vehicle batteries: a 
sustainability perspective. Resour. Conserv. Recycl. 180, 106144 https://doi.org/ 
10.1016/j.resconrec.2021.106144. 

Rajaeifar, M.A., Raugei, M., Steubing, B., Hartwell, A., Anderson, P.A., Heidrich, O., 
2021. Life cycle assessment of lithium-ion battery recycling using pyrometallurgical 
technologies. J. Ind. Ecol. 1–12. https://doi.org/10.1111/jiec.13157. 

Rey, I., Vallejo, C., Santiago, G., Iturrondobeitia, M., Lizundia, E., 2021. Environmental 
impacts of graphite recycling from spent lithium-ion batteries based on life cycle 
assessment. ACS Sustain. Chem. Eng. 9, 14488–14501. https://doi.org/10.1021/ 
acssuschemeng.1c04938. 

Rinne, M., Elomaa, H., Porvali, A., Lundström, M., 2021. Simulation-based life cycle 
assessment for hydrometallurgical recycling of mixed LIB and NiMH waste. Resour. 
Conserv. Recycl. 170 https://doi.org/10.1016/j.resconrec.2021.105586. 

Shaw-Stewart, J., Alvarez-Reguera, A., Greszta, A., Marco, J., Masood, M., 
Sommerville, R., Kendrick, E., 2019. Aqueous solution discharge of cylindrical 
lithium-ion cells. Sustain. Mater. Technol. 22, e00110 https://doi.org/10.1016/j. 
susmat.2019.e00110. 

Slattery, M., Dunn, J., Kendall, A., 2021. Transportation of electric vehicle lithium-ion 
batteries at end-of-life: a literature review. Resour. Conserv. Recycl. 174, 105755 
https://doi.org/10.1016/j.resconrec.2021.105755. 

Sommerville, R., Zhu, P., Rajaeifar, M.A., Heidrich, O., Goodship, V., Kendrick, E., 2021. 
A qualitative assessment of lithium ion battery recycling processes. Resour. Conserv. 
Recycl. 165, 105219 https://doi.org/10.1016/j.resconrec.2020.105219. 

Sun, X., Luo, X., Zhang, Z., Meng, F., Yang, J., 2020. Life cycle assessment of lithium 
nickel cobalt manganese oxide (NCM) batteries for electric passenger vehicles. 
J. Clean. Prod. 273, 123006 https://doi.org/10.1016/j.jclepro.2020.123006. 

The Aluminumn Association, 2013. The Environmental Footprint of Semi- Finished 
Aluminum Products in North America. The Aluminum Association. 

United States Geological Survey (USGS), 2020. Mineral Commodity Summaries 2020. U. 
S Department of the Interior, U.S Geological Survey. 

Walton, A., Anderson, P., Harper, G., Mann, V., Beddington, J., Abbott, A., 
Bloodworth, A., OudeNijeweme, D., Schofield, E., Wall, F., 2021. Securing 
Technology-Critical Metals for Britain. 

Wernet, G., Bauer, C., Steubing, B., Reinhard, J., Moreno-Ruiz, E., Weidema, B., 2016. 
The ecoinvent database version 3 (part I): overview and methodology. Int. J. Life 
Cycle Assess. 21, 1218–1230. https://doi.org/10.1007/s11367-016-1087-8. 

Winslow, K.M., Laux, S.J., Townsend, T.G., 2018. A review on the growing concern and 
potential management strategies of waste lithium-ion batteries. Resour. Conserv. 
Recycl. 129, 263–277. 

World Economic Forum, 2019. A Vision for a Sustainable Battery Value Chain in 2030 
Unlocking the Full Potential to Power Sustainable Development and Climate Change 
Mitigation. 

Wrålsen, B., Prieto-Sandoval, V., Mejia-Villa, A., O’Born, R., Hellström, M., Faessler, B., 
2021. Circular business models for lithium-ion batteries - stakeholders, barriers, and 
drivers. J. Clean. Prod. 317 https://doi.org/10.1016/j.jclepro.2021.128393. 

Xu, C., Dai, Q., Gaines, L., Hu, M., Tukker, A., Steubing, B., 2020. Future material 
demand for automotive lithium-based batteries. Commun. Mater. 1 https://doi.org/ 
10.1038/s43246-020-00095-x. 

Yao, L.P., Zeng, Q., Qi, T., Li, J., 2020. An environmentally friendly discharge technology 
to pretreat spent lithium-ion batteries. J. Clean. Prod. 245, 118820 https://doi.org/ 
10.1016/J.JCLEPRO.2019.118820. 

Zhong, X., Liu, W., Han, J., Jiao, F., Qin, W., Liu, T., 2020. Pretreatment for the recovery 
of spent lithium ion batteries: theoretical and practical aspects. J. Clean. Prod. 263, 
121439 https://doi.org/10.1016/j.jclepro.2020.121439. 

Zhou, Z., Lai, Y., Peng, Q., Li, J., 2021. Comparative life cycle assessment of merging 
recycling methods for spent lithium ion batteries. Energies 14, 1–18. https://doi. 
org/10.3390/en14196263. 

E. Kallitsis et al.                                                                                                                                                                                                                                 

https://doi.org/10.1111/j.1530-9290.2012.00532.x
https://doi.org/10.1007/s11367-016-1246-y
http://refhub.elsevier.com/S0959-6526(22)03214-0/sref24
http://refhub.elsevier.com/S0959-6526(22)03214-0/sref24
http://refhub.elsevier.com/S0959-6526(22)03214-0/sref25
http://refhub.elsevier.com/S0959-6526(22)03214-0/sref25
http://refhub.elsevier.com/S0959-6526(22)03214-0/sref25
http://refhub.elsevier.com/S0959-6526(22)03214-0/sref26
http://refhub.elsevier.com/S0959-6526(22)03214-0/sref26
https://doi.org/10.1016/j.scitotenv.2021.152224
https://doi.org/10.1016/j.scitotenv.2021.152224
https://doi.org/10.1016/j.jclepro.2022.132573
https://doi.org/10.1016/j.jclepro.2020.120067
https://doi.org/10.25561/95548
https://doi.org/10.25561/95548
https://doi.org/10.1007/s11027-019-09869-2
https://doi.org/10.1038/s41893-020-0488-7
https://doi.org/10.1038/s41893-020-0488-7
https://doi.org/10.1016/j.isci.2021.102787
https://doi.org/10.1016/j.isci.2021.102787
https://doi.org/10.1016/j.apenergy.2021.116737
https://doi.org/10.1016/j.apenergy.2021.116737
https://pushevs.com/2020/04/04/comparison-of-different-ev-batteries-in-2020/
https://pushevs.com/2020/04/04/comparison-of-different-ev-batteries-in-2020/
https://doi.org/10.1021/es103607c
https://doi.org/10.1021/es103607c
http://refhub.elsevier.com/S0959-6526(22)03214-0/sref37
http://refhub.elsevier.com/S0959-6526(22)03214-0/sref37
https://doi.org/10.1111/jiec.13021
https://doi.org/10.1002/aenm.202102917
https://doi.org/10.1002/aenm.202102917
https://doi.org/10.3390/batteries5030051
https://doi.org/10.1016/j.jclepro.2006.06.018
https://doi.org/10.1016/j.jclepro.2006.06.018
https://doi.org/10.1016/j.enconman.2015.05.063
https://doi.org/10.1016/j.enconman.2015.05.063
https://doi.org/10.1016/j.jclepro.2020.123822
http://refhub.elsevier.com/S0959-6526(22)03214-0/sref44
http://refhub.elsevier.com/S0959-6526(22)03214-0/sref44
http://refhub.elsevier.com/S0959-6526(22)03214-0/sref45
http://refhub.elsevier.com/S0959-6526(22)03214-0/sref45
https://doi.org/10.1016/j.scitotenv.2022.153105
https://doi.org/10.1016/j.scitotenv.2022.153105
https://doi.org/10.1016/j.resconrec.2021.106144
https://doi.org/10.1016/j.resconrec.2021.106144
https://doi.org/10.1111/jiec.13157
https://doi.org/10.1021/acssuschemeng.1c04938
https://doi.org/10.1021/acssuschemeng.1c04938
https://doi.org/10.1016/j.resconrec.2021.105586
https://doi.org/10.1016/j.susmat.2019.e00110
https://doi.org/10.1016/j.susmat.2019.e00110
https://doi.org/10.1016/j.resconrec.2021.105755
https://doi.org/10.1016/j.resconrec.2020.105219
https://doi.org/10.1016/j.jclepro.2020.123006
http://refhub.elsevier.com/S0959-6526(22)03214-0/sref55
http://refhub.elsevier.com/S0959-6526(22)03214-0/sref55
http://refhub.elsevier.com/S0959-6526(22)03214-0/sref56
http://refhub.elsevier.com/S0959-6526(22)03214-0/sref56
http://refhub.elsevier.com/S0959-6526(22)03214-0/sref57
http://refhub.elsevier.com/S0959-6526(22)03214-0/sref57
http://refhub.elsevier.com/S0959-6526(22)03214-0/sref57
https://doi.org/10.1007/s11367-016-1087-8
http://refhub.elsevier.com/S0959-6526(22)03214-0/sref59
http://refhub.elsevier.com/S0959-6526(22)03214-0/sref59
http://refhub.elsevier.com/S0959-6526(22)03214-0/sref59
http://refhub.elsevier.com/S0959-6526(22)03214-0/sref60
http://refhub.elsevier.com/S0959-6526(22)03214-0/sref60
http://refhub.elsevier.com/S0959-6526(22)03214-0/sref60
https://doi.org/10.1016/j.jclepro.2021.128393
https://doi.org/10.1038/s43246-020-00095-x
https://doi.org/10.1038/s43246-020-00095-x
https://doi.org/10.1016/J.JCLEPRO.2019.118820
https://doi.org/10.1016/J.JCLEPRO.2019.118820
https://doi.org/10.1016/j.jclepro.2020.121439
https://doi.org/10.3390/en14196263
https://doi.org/10.3390/en14196263

	Life cycle assessment of recycling options for automotive Li-ion battery packs
	1 Introduction
	2 Methods
	2.1 LCA methodology
	2.2 Inventory analysis
	2.3 Materials recovery and crediting

	3 Results and analysis
	3.1 Environmental impact of recycling
	3.2 Environmental benefit of recycling

	4 Discussion
	4.1 Reducing the environmental impact of battery production
	4.2 Sensitivity analyses
	4.3 LIB recycling environmental performance and comparison with preceding studies
	4.4 Recovered materials value
	4.5 Data gaps, limitations and future perspectives

	5 Conclusions
	CRediT authorship contribution statement
	Declaration of competing interest
	Data availability
	Acknowledgements
	Appendix A Supplementary data
	References


