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Abstract
Lithium ion batteries (LIBs) are an essential energy-storage device for a majority of advanced electronics used in our everyday 
lives, from cell phones and laptops, to medical devices and electric vehicles. Despite their continued widespread adoption, 
methods to recycle and reuse end-of-life (EOL) LIB materials are still under active development. In the first part of this 
two-part review on LIB recycling, we review current commercial scale processes in practice for recycling or reusing EOL 
LIB components. Future waste projections estimate 4 million tons of cumulative EOL EV battery modules by 2030, which 
is above the current global recycling capacity. All of the processes in use today utilize a combination of pyrometallurgical 
and hydrometallurgical or mechanical and hydrometallurgical processing to recover mainly cobalt and nickel and copper, 
while other components are disposed as waste unless further processed. In this review, we highlight the need for recycling 
LIB material components based on resource availability and the current processes in practice to recover and recycle LIBs.

Keywords  Lithium ion batteries · Recycling · Pyrometallurgy · Hydrometallurgy

Introduction

Lithium ion batteries (LIBs) are widely used for energy stor-
age in many technologies from portable devices to electric 
vehicles. Compared to other types of batteries, lithium ion 
batteries present superior electrical performance. Several 
investigators proposed the concept of a lithium battery in 
the 1970s [1]. Seminal contributions to the development of 
rechargeable LIBs can be attributed to the works of Good-
enough and coworkers [2]. One of the first reported pat-
ents of a rechargeable LIB is by Yoshino and coworkers 
[3, 4]. The chemistry of LIB involves a variety of materials 
including valuable metals, graphite, and organic compounds. 
Lithium is a crucial element to achieve high electrical per-
formance for a battery. Lithium has the lowest reduction 
potential among all elements, which allows lithium-based 
batteries to have the highest possible cell potential. Lithium 
is light in weight and has one of the smallest ionic radii of a 

single-charged ion. This enables a larger quantity of lithium 
ions to be inserted into the electrode material compared to 
ions with larger radii [5]. A LIB cell functions by the revers-
ible transportation of lithium ions and electrons between the 
anode and cathode. The anode and cathode are constructed 
by attaching a powder of active electrode materials on a 
current collector foil. For the anode and cathode powders, 
materials with a layered or tunnel structure, which allows 
fast and reversible lithium insertion, are used. Those materi-
als must have a stable crystallographic structure during the 
lithium insertion [6]. Due to resource availability, powders 
of transition metal (e.g., cobalt, nickel, manganese, and iron) 
oxides and flake graphite are most commonly used for the 
cathode and anode, respectively. Copper and aluminum are 
used for current collector foils. The anode and cathode are 
separated by a porous separator which are generally made 
of plastics (e.g., polypropylene and polyethylene) and filled 
with organic electrolyte containing additive salts (e.g., dime-
thyl and ethylene carbonates with LiPF6) [7].

One lithium ion battery can have an operating potential 
of around 3.6 V or more [8], and has high energy and power 
densities for its weight. The energy and power densities 
of the present LIB cell are reported to be 70–250 Wh/kg 
and 200–3000 W/kg, respectively, depending on the cell 
chemistry [9]. These energy and power densities are more 
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than double the values of other traditional batteries, e.g., 
lead–acid batteries have energy and power densities of up 
to 35 Wh/kg and 250 W/kg, and nickel–metal hydride bat-
teries have up to 85 Wh/kg and 250 W/kg [8]. Other advan-
tages of LIBs include minimal maintenance, no memory 
effect (loss of capacity after shallow–depth discharging), 
and low self-discharge in contrast to nickel-based batter-
ies [7]. Due to their excellent energy and power densities, 
LIBs have made a significant contribution to the advance-
ment of high-performance portable electronics such as cell 
phones, laptop computers, and medical devices. A list of 
major active cathode materials used for lithium ion batteries 
is shown in Table 1. Using LIBs as an energy-storage device 
for renewable energy sources has been promoted as a future 
solution for reducing anthropogenic global warming effects. 
The demands of LIBs for electric vehicles and stationary 
energy-storage systems are expected to increase rapidly in 
the future. Bloomberg New Energy Finance projected that 
electric vehicle sales would increase dramatically between 
2025 and 2030, and 33% of the global car fleet would 
become electric vehicles by 2040 [10]. They forecasted that 
annual demands for LIBs for new electric vehicles would 
increase from 123 GWh (2020) to 408 GWh in 2025, and to 
1293 GWh in 2030 [11]. They also expected that the station-
ary storage capacity would grow rapidly from 1 GWh (2017) 
to 81 GWh by 2024 [11]. In other market research, Avicenne 
Energy forecasted that the global LIB market would grow 
from 78 GWh in 2016 to 210 GWh in 2025 [12]. Herein, 
the LIB market share of electronic devices was estimated 
to grow from 31.2 GWh (40% share, 2016) to 54.6 GWh in 
2025 (26% share), while that of automobiles would grow 
from 33.5 GWh (43% share in 2016) to 105 GWh (50% 
share) in 2025. The share for industrial use and energy-stor-
age systems was estimated to grow from 4.7 GWh (6% share, 
2016) to 16.8 GWh (8% share) in 2025. The growth of other 
markets including medical device, power tools, and e-bikes 
would be also significant, 8.6 GWh (11% share in 2016) to 
33.6 GWh (16% share) in 2025 [12].

The production of LIBs has been increasing continuously 
especially due to presently growing demands for applica-
tions in electric vehicles and electronics. Major LIB man-
ufacturers, such as LG Chem, Panasonic, and BYD, have 
announced to construct more manufacturing plants in the 
near future [11]. The global LIB manufacturing capacity is 
expected to increase from 103 GWh (2017) to 273 GWh by 
2021 according to the research by Bloomberg New Energy 
Finance [11]. Along with increasing manufacturing capacity 
and technology improvements, the price of LIB packs for 
electric vehicles has been falling continuously; for example, 
it was $1000/kWh in 2010 and decreased to $273/kWh in 
2016 [11]. Bloomberg New Energy Finance predicted that 
this price would drop to around $73/kWh by 2030 [11]. With 
the increasing global production rate, LIB technology also Ta
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continues to improve in electrical performance, battery life, 
and safety in a wide range of performance characterizations 
for various energy-storage applications. Given the current 
LIB technology and projected growth, LIBs are expected to 
become only more commonplace.

Reasons to Recycle Spent Lithium Ion 
Batteries

Resource Scarcity

Considering the fast growth of global demands of LIBs, 
end-of-life (EOL) LIBs are most likely to become important 
secondary sources for various materials in the future. For 
example, a recent study estimates that various scrap met-
als will become the main sources for iron, aluminum, and 
copper within the next 30 years [14]. A summary of global 
availability of the main raw materials in advanced LIBs is 
given in Table 2. Among these elements, lithium, cobalt, and 
natural graphite are of the most concern based on geological 
availabilities, geopolitics, and/or market limitations.

Lithium is produced from either lithium-bearing ore (e.g., 
Spodumene) or brines [19, 27]. Due to the strong economic 
growth in rechargeable battery industries, the price and 
production of lithium have been increasing at a fast rate. 

The global mine production of lithium was 43,000 tons in 
2017, while the global reserves were estimated to be 16 mil-
lion tons. The majority of the world lithium production was 
accounted for by the productions from three Spodumene 
operations in Australia, and two brine operations each in 
Argentina and Chile [19]. To satisfy the increasing global 
lithium demands, new lithium mine operations and brine 
operations have been under development around the world, 
including Argentina, Australia, Bolivia, Canada, China, and 
the United States [27].

However, although high-quality lithium brines and almost 
half the total global lithium resources are located in South 
American countries, geopolitics in those countries may 
cause lithium supply scarcity (similar to rare earth elements 
in China). Environmental stakeholders highly criticize the 
brine lithium production activities, which involve intense 
evaporation processes. There are strong concerns of the 
adverse local environmental impacts such as groundwater 
pollution, dust and gas emissions, deteriorating ecosystems, 
and human sanity [27]. Technology advancement in mining 
activities is definitely required to mitigate these issues [28].

Among the main LIB raw materials, cobalt is subject to 
the highest risk of resource scarcity. The estimated global 
reserves of cobalt are only 7.1 million tons, while its demand 
has been increasing due to the strong growth in the recharge-
able battery and aerospace industries. The global production 

Table 2   Global availability of lithium ion battery raw materials

a This number is for terrestrial resource of cobalt. More than 120 million tons of resources were identified on the floor of Atlantic, Indian, and 
Pacific Oceans, which would have technical difficulty for extraction
b Three types of natural graphite (amorphous, flake, and lump or vein graphite) are included in this number

Element Top mine producer 2017 mine produc-
tion (1000 metric 
tons)

Reserves 
(1000 metric 
tons)

Top countries where 
reserves exist

Resources

Aluminum [15] Australia, China, Guinea 300,000 30,000,000 Guinea, Australia, 
Vietnam

55 billion to 75 billion tons

Cobalt [16] Congo, Russia Australia 110 7100 Congo, Australia, Cuba 25 million tonsa

Copper [17] Chile, Peru, China 19,700 790,000 Chile, Australia, Peru 2.1 billion tons
Iron [18] Australia, Brazil, China 2,400,000 170,000,000 Australia, Russia, Brazil  > 800 billion tons
Lithium [19] Australia, Chile, Argen-

tina
43 16,000 Chile, Australia, China  > 53 million tons

Manganese [20] South Africa, China, 
Australia

16,000 680,000 South Africa, Ukraine, 
Brazil

Abundant

Natural graphiteb [21] China, India, Brazil 1200 270,000 Turkey, Brazil, China  > 800 million tons
Nickel [22] Indonesia, Philippines, 

Canada
2100 74,000 Australia, Brazil, Russia  > 130 million tons

Phosphorus [23] China, United States, 
Morocco

263,000 70,000,000 Morocco, China, Algeria  > 300 billion tons

Silicon [24] China, Russia, United 
States

7400 Abundant Abundant

Tin [25] China, Indonesia, Burma 290 4800 China, Indonesia, Brazil Abundant
Titanium [26] South Africa, Australia, 

China
7100 930,000 Australia, China, India  > 2 billion tons
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was 110,000 tons in 2017. Cobalt is produced as a by-prod-
uct of copper or nickel, except for productions in Morocco 
and Congo [16] where half the global reserves of cobalt are 
estimated to be. Congo is the world’s largest cobalt pro-
ducer, which accounted for 58% of the global production in 
2017. However, Congo is a politically vulnerable country, 
and many locations where cobalt reserves exist are not under 
strict government regulation, attributing to price volatility. 
Besides, legally controversial mining activities including 
child labor are also a serious concern [29]. China is the 
world’s leading consumer of cobalt and 80% of its consump-
tion is used by the rechargeable battery industries [16]. The 
cobalt market is expected to be further limited in the near 
future due to limited resources and possible monopolization 
by a few countries.

Natural graphite differs in purity and morphology, and 
is categorized into three types: (1) low-quality amorphous, 
(2) natural flake graphite, and (3) high-quality but rarer 
lump graphite [8, 21, 30]. Among these types, natural flake 
graphite, which is a resource for battery-grade graphite, has 
become a recent concern for resource scarcity. China is the 
largest graphite producer, and without any new policy inter-
ventions, China’s graphite resources will be depleted within 
20 years [31]. Moreover, graphite mining activities have 
led to many environmental problems, such as groundwa-
ter and soil contaminations, air pollution, and mining solid 
wastes [31]. To be used as an anode in a LIB cell, natural 
graphite is purified by thermal or chemical treatment, and 
mechanically processed to generate battery-grade spheri-
cal graphite, which has a carbon purity of more than 99.9% 
and a desirable morphology allowing for high rate capacity 
[30, 32]. However, the yield of spherical graphite is only 
about one-third of the original natural flake graphite [30]. 
The other possible raw material, vein graphite, cannot be 
considered as a raw material for commercial LIBs, as it is 
expensive and has limited commercial availability. Annual 
commodity report of natural graphite by USGS reported 
that flake graphite was 30% of China’s total natural graph-
ite production. Other main producers of flake graphite are 
Canada, Brazil, and Madagascar, but their productions are 
much smaller than China’s flake graphite production [21]. 
In countries that do not have natural flake graphite resources 
(e.g., United States), synthetic graphite is also used as an 
anode raw material. However, the price of synthetic graph-
ite could be 1.5–3 times higher than natural graphite [30], 
which may hinder commercial production of large size LIB 
packs. Besides, the production of synthetic graphite from 
petroleum coke and coal tar pitch is energy intensive, which 
requires high-temperature treatment at 2500–3000 °C [32]. 
Due to its limited availability and the large amount of raw 
material required to produce battery-grade graphite, sustain-
able supply chain of natural flake graphite will be critical for 
the future LIB production.

Among the cathode types which contain cobalt, which 
is one of the most critical materials of LIBs, lithium cobalt 
oxide (LCO), lithium nickel–cobalt–aluminum oxide (NCA), 
and lithium nickel–manganese–cobalt oxide (NMC) will 
be popular cathode types for smart phone/tablets, power 
tools, and electric vehicles (EVs), respectively, in the future 
[12]. Especially, the market share of NMC is expected to 
grow dramatically in the next 10 years due to the increas-
ing demands of EVs. With regard to the demand by mass, 
NMC cathode will be the most dominant cathode type of 
LIBs in the world [12]. Considering the large mass, batter-
ies from EOL EVs will be a critical secondary metal source 
to secure LIB materials supply in the future. Recoverable 
masses of various metals from EOL EV batteries were esti-
mated based on the prediction of global EV sales evaluated 
by Bloomberg New Energy Finance [10]. In this estima-
tion, it was assumed that all recycled LIBs were NMC type 
(LiNi0.33Mn0.33Co0.33O2 cathode–graphite anode) and the 
battery weight was 540 kg (battery weight from Tesla Model 
S [33]). Fractions of battery components were referred from 
the study done by the ELIBAMA project [34]. Secondary 
metal sources were assumed to be the same amount as the 
metals required for the LIB production and available after 
10 years of EV battery life [35]. Recovered metals from 
spent LIBs were accumulated every year as the total mass of 
available sources. Figure 1 shows the total masses of second-
ary metal and graphite sources. Global reserves estimated in 
2017 by USGS are also shown for lithium and cobalt. The 
result of nickel was the same as cobalt as they have almost 
the same mass.

Fig. 1   Secondary metal and graphite sources from end-of-life electric 
vehicle batteries estimated based on the prediction of global electric 
vehicle sales estimated in 2017 by Bloomberg New Energy Finance 
[4] (LIB pack weight: 540  kg, LIB type: nickel–manganese–cobalt 
(NMC) cathode and graphite anode [34]). The y-axis is in millions of 
tons. (Color figure online)
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This estimation clearly indicates that recycling of 
cobalt from LIBs in EOL EVs is inevitable to satisfy 
future cobalt supply demands for LIB production. In the 
figure, the total secondary cobalt source from EV batter-
ies exceeds the current reserves by 2045. In other words, 
cobalt reserves will be depleted within the next 30 years 
unless cobalt consumption in LIBs is reduced substantially 
or cobalt is recycled with a high recovery rate for LIB 
production. As lithium reserves are more likely to increase 
in the future, lithium resource scarcity is not as severe as 
cobalt. However, lithium is lacking recycling technologies 
[28], and it is still possible to be a critical raw material 
for future batteries. For EV battery production, graphite 
consumption is also tremendous. Considering a low output 
of battery-grade spherical graphite from limited natural 
flake graphite, and lacking graphite recycling technologies 
[28], anode graphite supply will become severely tight in 
the next 50 years.

These estimations indicate that lithium, cobalt, and 
graphite from EOL EV batteries must be recycled to avoid 
resource scarcity. Other metals such as nickel, manganese, 
and copper have a risk of depletion within several decades 
considering their reserves and production rates. However, 
these metals do not have severe supply risks (i.e., regula-
tion risks, political risks, concentration in limited coun-
tries) compared to lithium, cobalt, and graphite. Neverthe-
less, recycling rates of these metals must be improved as 
metal consumption in production of EV LIBs is tremen-
dous (current recycling rates of nickel, manganese, and 
copper are 58%, 53%, and 53%, respectively) [28]. Lastly, 
it must be noted that this is a rough estimation, and is 
based only on the sales prediction of EVs by Bloomberg 
New Energy Finance, which projects a high production 
rate of EVs. For a more precise estimation, EOL LIBs 
from other uses must be included. Also, cobalt consump-
tion for NMC batteries in EVs is expected to decrease 
due to the high price of cobalt. In the next 10 years, the 
common composition of NMC cathode used in EVs will 
be Ni:Mn:Co of 5:3:2 or 6:2:2, which reduces cobalt con-
tent. The mixture of NMC and lithium manganese oxide 
(LiMn2O4) with the mass ratio of 75:25 will also be com-
mon for EV battery cathodes [12].

In addition to resource perspectives, recycling of EOL 
LIBs from EVs is reasonable due to the easier logistics to 
collect EOL EVs. Also, the large quantities of EV LIBs 
with the same manufacturing model enable operations of 
recycling processes, which are designed for specific mod-
els. Meanwhile, the value of LCO cathode materials, which 
come from EOL portable electronics, will also be signifi-
cant. Although the logistics will be more complicated, it 
is important to innovate recycling methods for small-size 
EOL LIBs from portable electronics such as cell phones 
and tablets.

Environmental Hazards in Landfill

Spent LIBs, which are not sent to a recycling process, are 
often disposed of in landfills. Direct disposal of large quanti-
ties of spent LIBs induces various environmental problems 
such as toxic substance release and fire/explosion hazards. 
Although a LIB itself is safe under normal operating condi-
tions, causing physical damage or placing cells under harsh 
conditions readily triggers unwanted chemical reactions. 
Generally, a LIB cell contains heavy metals, conductive salts 
with fluoride, and organic solvents. Many of these elements 
do not degrade, and are often recognized as toxic pollutants 
to soil, water, plants, and the food chain [36]. Especially, 
leaching of heavy metals, such as copper, cobalt, and nickel 
can have adverse impacts on both human health and local 
ecotoxicity [37]. Stacking LIBs in landfills can result in 
mechanical abuse, which may lead to short-circuiting of bat-
tery cells. If batteries still have remaining energy/charge, this 
may increase the temperature inside the battery and cause 
exothermal reactions with the organic electrolyte, resulting 
in fire and/or explosion [38]. A high temperature in the cell 
causes the decomposition of fluoride compounds, such as 
a polyvinylidene fluoride (PVDF) binder and lithium hex-
afluorophosphate (LiPF6) under the moist air. This can result 
in the release of various toxic gases, especially hydrogen 
fluoride [39].

Energy Consumption and Greenhouse Gas Emissions 
During Battery Production

Life-cycle-analysis (LCA) has been extensively carried 
out on the production of LIBs to investigate the energy 
consumption, carbon dioxide (CO2) emissions, and other 
environmental impacts. Despite the numerous LCA stud-
ies on primary production of LIBs, only a few LCA studies 
on detailed recycling processes are available in literature 
(e.g., LCA study by Dunn et al. [40]). With regard to LCA 
for LIB production, IVL research group investigated past 
LCA’s of LIB manufacturing processes [41]. The LCA study 
conducted by IVL research group concluded that the most 
adequate range of estimated energy consumption and CO2 
emissions during LIB manufacturing were 350–650 MJ/
kWh-battery and 150–200 kg of CO2/kWh-battery, respec-
tively. Also, they estimated that the production of battery-
grade materials accounted for 60–70 kg/kWh-battery of CO2 
emissions where 30–50% of this was from battery-grade 
cathode and anode productions. In the same analysis, the 
CO2 emissions from battery manufacturing (shaping and 
assembling battery-grade materials, and testing of battery 
function) were estimated to be 70–110 kg CO2/kWh [41]. 
Amarakoon et al. estimated that 33% of LIB production 
energy usage was from cathode paste production, 8.6% from 
anode paste production, 13% from electrolyte production, 
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and 32% from pack manufacturing [41]. Notter et al. per-
formed a LCA of LIB production with LiMn2O4 cathode. 
They concluded that both anode and cathode productions 
have large impacts on the energy consumption, global warm-
ing potential, abiotic depletion potential, and environmental 
burden of battery production [42]. Dewulf et al. performed a 
LCA of LiNixMnyCozO2 cathode production and compared 
two scenarios; (1) cobalt and nickel in the cell would be 
recycled by pyrometallurgical process to be reused and (2) 
cobalt and nickel extracted from mines would be used in LIB 
production. They concluded that 51% of the cathode produc-
tion energy would be saved if cobalt and nickel were recy-
cled from EOL LIBs to reproduce the cathode material [43].

Among production stages in the battery manufacturing 
process (shaping of battery materials, materials assembling, 
and testing of battery function), the dry room process con-
sumes the largest amount of energy [40]. However, this pro-
cess is inevitable during assembling to minimize contamina-
tions as much as possible. Therefore, it is more reasonable 
to reduce the energy and CO2 emissions in raw and battery-
grade materials production rather than the manufacturing 
process.

Lastly, it must be noted that the estimations of energy 
consumptions and CO2 emissions are quite different depend-
ing on LCAs; battery materials, production methods, defini-
tion of each production stage, boundaries, and nomenclature 
are different from LCA study to LCA study. Thus, it is quite 
difficult to directly compare all LCA results. Nevertheless, 
the overall conclusion from these studies indicates that recy-
cling EOL LIB components has the potential to reduce pro-
duction energy consumption and CO2 emissions.

Current Lithium Ion Battery Industrial 
Recycling Processes

Currently, there are few policy regulations for LIB recycling 
established in North America (e.g., States of California, 
Minnesota, Puerto Rico, and New York have LIB recycling 
policies). Heelan et al. estimated the LIB recycling rate in 
North America based on recycling rates of e-wastes, which 
were equipped with LIBs. They concluded that the actual 
annual recycling rate of LIBs in North America was only 
3% [44]. They also concluded that laptop batteries were esti-
mated to be recycled with higher frequency, compared to 
smaller-size cell phone batteries. Gu et al. investigated the 
current status regarding collecting and recycling LIBs from 
consumer electronics in China. They concluded that the cur-
rently estimated LIB collecting and recycling rate could be 
even less than 5%, although some of major LIB recycling 
companies (i.e., GEM High-Tech Co., Brunp Co.) set up 
their own waste-collecting network [45]. European countries 
have developed more strict regulations for battery recycling. 

Having begun in 2016, each EU member is required to meet 
the waste electrical/electronic equipment collection rate of 
45 wt% and at a recycling efficiency of 50 wt% for non-
lead–acid and non-nickel–cadmium batteries [46].

Industrial scale battery recycling operations which are 
capable of recycling LIBs are located in European, North 
American, and Asian countries [44, 47, 48]. LIB recycling 
companies include Umicore (Belgium, 7000 tons/year and 
China, 5000 tons/year, Pyrometallurgy), Retrieve (Canada, 
United States, 4500 tons/year, Hydrometallurgy), Glencore 
(Xstrata Nickel) (Canada, Norway, 7000 tons/year, Pyromet-
allurgy), GEM High-Tech Co. (China, 25,000–30,000 tons/
year, Hydrometallurgy), Brunp Co. (China, 10,000 tons/
year, Hydrometallurgy), Batrec (Switzerland, 1000 tons/
year, Pyrometallurgy), Accurec (Germany, 6000 tons/year, 
Pyrometallurgy), Recupyl (France, 110 tons/year, Hydro-
metallurgy), Valdi (France, 20,000 tons/year, Pyrometal-
lurgy), Akkuser Ltd. (Finland, 4000 tons/year, Mechanical), 
Inmetco (United States, 6000 tons/year, Pyrometallurgy), 
and JX Nippon Mining and Metals (Japan, 5000 tons/year, 
Pyrometallurgy) [45, 48, 49]. It should be noted that for the 
data collected, it is not clear whether the plant capacities 
cited here are for EOL LIBs only or include other types 
of spent batteries, mineral ores, and metal-manufacturing 
scraps. As well as these companies, companies such as Sun-
gEel HiTech (Korea), Taisen Recycling (Korea), 4R Energy 
Corp (Japan), and Onto Technology (United States), have 
been investing to expand their recycling capacities [50]. 
According to Shmuel De-Leon Energy Ltd., the estimated 
present global LIB recycling rate is 5–7% [50]. This is far 
below the recycling rate which will be required to recycle 
future EOL LIBs, especially generated from EOL EV battery 
modules which could reach 4 million tons by 2030 alone 
(based on the estimation in Fig. 1).

In the following sections, we will review present indus-
trial processes for recovery and eventual recycling LIB com-
ponents. However, this article only reviews processes for 
which detailed information was available.

Umicore Process

Umicore’s pyrometallurgical–hydrometallurgical process 
can take both lithium ion and nickel metal hydride batter-
ies. The pyrometallurgical part of this process produces 
nickel–cobalt–copper–iron alloy, and subsequent hydromet-
allurgical processes further refine the metals [51]. A sche-
matic diagram of the Umicore process is shown in Fig. 2.

Spent batteries are directly fed with metallurgical coke, 
slag formers, and some metal oxides into a shaft furnace. 
The shaft furnace is divided into three sections from 
the top: pre-heating zone ( < 300  °C), plastic pyrolyz-
ing zone ( < 700 °C), and metal smelting/reducing zone 
(1200–1450 °C) [52]. Oxygen-enriched air is injected via 
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tuyeres from the bottom of the furnace. In the pre-heating 
zone, the electrolyte is evaporated by slowly increasing the 
temperature, which reduces the risk of explosion. In the plas-
tic pyrolyzing zone, plastics in the battery packs melt, oxi-
dize, and provide energy to the offgas. In the melting zone, 
carbon and aluminum from the battery case are oxidized, 
and reduces cobalt and nickel. The metal oxide and the air 
are controlled so that the proper redox potential is obtained. 
The slag composition has at least a ratio of SiO2/CaO = 1 
for sufficiently low viscosity and adequate melting point 
[52]. The product alloy contains nickel, cobalt, copper, and 
iron, where 35% of its weight is from cobalt and nickel. The 
slag contains aluminum, lithium, silica, calcium, and some 
iron [52]. The offgas from the furnace is heated by a plasma 
torch to above 1150 °C and sent to a post-combustion cham-
ber, where halogens are captured by injection of calcium 
or sodium-based products or zinc oxide. Then the offgas is 
quickly cooled down by water vapor to avoid recombination 
of organic compounds with halogen or formation of dioxins 
and furans [52].

The nickel–cobalt–copper–iron alloy is treated by acid-
leaching processes to remove copper, iron, zinc, and man-
ganese prior to the solvent extraction process. The solvent 
extraction process with sulfuric acid separates nickel from 
cobalt with a high purity. Both nickel and cobalt may be 
recycled to reproduce a cathode precursor [51].

This process is relatively simple and has a big advantage; 
it does not require sorting or mechanical treatment of batter-
ies and also utilizes organic components as an energy source. 
However, the bottleneck is that the economic feasibility of 
this process is strongly driven by the prices of cobalt and 

nickel [53]. The process will not be economical if cobalt and 
nickel-bearing batteries are less than 30% of the feed [52]. 
Besides, this process is energy intensive; Sonoc et al. esti-
mated that this process requires around 5 GJ for the smelting 
and gas clean-up systems to process 1 ton of batteries [54]. 
Also, this process does not recover other valuable metals 
such as lithium. Recovery of metals from the slag is energy 
intensive and not economical, and thus the slag is generally 
disposed or sold as construction material.

Inmetco Process and Glencore (Xstrata Nickel) 
Process

Inmetco (International Metals Reclamation Company) oper-
ates a pyrometallurgical facility, which treats metal wastes as 
well as EOL batteries. A schematic diagram of the Inmetco 
process is shown in Fig. 3. The main purpose of this process 
is to recover cobalt, nickel, and iron for the production of 
iron-based alloys. Similar to the Umicore process, lithium 
and aluminum are slagged, and organic materials and car-
bons are utilized as an energy source and reducing agent 
[55].

This process was initially designed to treat wastes from 
stainless steel manufactures such as flue dust, mill scale, and 
swarf. Currently, the process can accept spent batteries as a 
secondary feed [48]. The main feed, which is composed of 
stainless steel wastes, is milled and screened. The screened 
wastes are then blended and pelletized with reductant car-
bon and liquid waste containing nickel and cadmium. Spent 
batteries as a secondary feed are opened, and plastic mate-
rials and electrolyte are removed. The remaining parts are 

Fig. 2   Schematic diagram of the Umicore process
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calcined to evaporate and distil cadmium. Then the batteries 
are shredded, and fed with the main feed and organic materi-
als to the reduction stage in a rotatory hearth furnace. The 
reduction stage is operated at 1260 °C [48]. The offgas from 
the rotary hearth furnace is scrubbed, and the scrub solution 
is sent to a wastewater treatment facility to recovery cad-
mium, zinc, and lead. The reduced metals are further melted 
in an electric arc furnace where iron–cobalt–nickel alloy 
and slag containing lithium and aluminum are produced. 
The offgas from the electric arc furnace containing zinc is 
treated in baghouses to recover zinc and small amounts of 
other metals [48].

Glencore (Xstrata Nickel) process, which is one of the 
major pyrometallurgical LIB recycling processes, is also not 
fully dedicated to LIBs. In the Glencore process, cobalt and 
nickel-bearing battery scraps are fed as a secondary feed to 
their conventional pyrometallurgical process, which extracts 
nickel, cobalt, and copper from ores. Herein, only nickel, 
cobalt, and copper are of interest for metal recovery from 
LIBs, and other battery components are slagged or used as 
an energy source or reducing agents [55].

Accurec Process

Accurec developed a facility, which can recycle a majority 
of components from LIBs, as outlined by the schematic dia-
gram in Fig. 4. The LIBs are first disassembled to separate 
steel components, electronic parts, copper cables, and plastic 
components. The remaining cells are sent to an autothermal 

pyrolysis process, which operates at 250 °C. The electrolyte 
is safely evaporated and collected in a downstream con-
denser [55]. The multi-step subsequent mechanical treat-
ments separate ferromagnetic steel, aluminum cases, and 
aluminum and copper foils from active electrode materi-
als. Then active electrode materials are sent to the vacuum 
pyrolysis process to recover lithium. Lithium is recovered 
in pure metallic form by direct evaporation and distillation 
or recovered as lithium oxide by selective entraining gas 
evaporation of lithium. The remaining metal oxides in active 
electrode materials are further refined via existing industrial 
processes [56].

Retriev Process

Retriev Inc. (previously, Toxco) operates a facility, which 
recycles primary lithium batteries and secondary LIBs by a 
hydrometallurgical processing route. This process focuses 
on recycling of lithium as well as other components. A sche-
matic diagram of the Retriev process is shown in Fig. 5.

Lithium-based batteries are first cooled cryogenically 
with liquid nitrogen to around − 200 °C, with liquid nitro-
gen being refurnished constantly. The batteries are cooled 
for several hours to deactivate. By the cryogenic process, 
the reactivity of lithium is decreased by 5 or 6 orders of 
magnitude compared to the reactivity at room temperature 
[57]. After which, the batteries are crushed in a shredder 
or hammer mill and screened. Large size fractions such as 
mixed plastics, steel cases, and copper and aluminum foils 

Fig. 3   Schematic diagram of the Inmetco process
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are separated from small-size fractions containing active 
electrode materials [54]. The active electrode materials 
are immersed in a solution containing lithium hydroxide 
(LiOH), which is used to dissolve lithium salts. The pH of 
the solution is maintained at 10 to prevent the formation of 
hydrogen sulfide (H2S). Hydrogen generated by the reaction 
is burned off on the surface of the solution by the limited 
amount of oxygen [57]. Undissolved metal oxides and graph-
ite are separated from the solution via a carbon filter press 
and recovered [54]. The filtrate is sent to the evaporator and 

storage tank array, where lithium salts in the filtrate, such 
as lithium chloride (LiCl), lithium carbonate (Li2CO3), and 
lithium sulfate (Li2SO4), are precipitated when their produc-
tion exceeds the solubility. Lithium salts are pumped and 
filtered by a filter press. Then, the lithium-containing filter 
cake is put in the hybrid electrolytic cell, which contains 
diluted sulfuric acid to separate lithium ions from anions and 
anionic compounds. Lithium passes through a membrane 
and reacts with base to form LiOH. The formed LiOH is 
either directly dewatered or converted to Li2CO3 with carbon 

Fig. 4   Schematic diagram of the 
Accurec process

Fig. 5   Schematic diagram of the Retriev process
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dioxide [57]. Also, soda ash may be added to form Li2CO3 
prior to the filtration stage. Instead of the hybrid electrolytic 
cell, Li2CO3 which was formed by the reaction with soda ash 
may directly be filtered by a filter press [54].

Although this process does not involve a high-temperature 
processing, cryogenic process itself is energy intensive and 
hazardous. Sonoc et al. estimated that the energy require-
ment would be 219 MJ for cooling batteries to − 200 °C 
and 565 MJ for the shredding process to process one ton of 
batteries [54].

Batrec Process

The Batrec process treats lithium-based batteries and is 
characterized by a mechanical processing step under carbon 
dioxide (CO2) environment [58]. A schematic diagram of 
the Batrec process is shown in Fig. 6. Batteries are crushed 
under a CO2 atmosphere within a tightly closed chamber. 
The oxygen level is strictly controlled to avoid exothermic 
reactions. Also, under CO2 atmosphere, lithium metal forms 
a passivation layer on its surface, which prevents further 
reaction of lithium with oxygen. The shredder or hammer 
mills are placed in an atmospheric chamber of CO2. Shred-
ded batteries are neutralized by moist air and collected at 
the bottom of the chamber, where a bed of dry ice is placed 
under air-conditioned environment [58]. These shredded 
batteries are discharged from the chamber and sent to the 
pyrolyzing process to detach active electrode materials from 
foils and binder. It is then screened to separate fine active 
electrode materials from cases and foils. The fine electrode 

materials are further refined by hydrometallurgical processes 
such as leaching and solvent extraction [58].

Recupyl Process

The Recupyl process is similar to the Batrec process regard-
ing the mechanical processing under inert environment and 
subsequent hydrometallurgical processes [36]. A schematic 
diagram of the Recupyl process is shown in Fig. 7.

Batteries are sorted and crushed in an inert atmosphere 
containing a mixture of CO2 and argon inside a tightly 
enclosed chamber. Crushing is performed in two steps; the 
first crushing is accomplished with a rotary mill at less than 
11 RPM, and the second crushing is done with an impact 
mill at less than 90 RPM [36]. As well as in the Batrec pro-
cess, a CO2 atmosphere during crushing initiates passivation 
of metallic lithium on the electrode surface. Meanwhile, the 
offgas from the crushing process is neutralized with water 
and soda. The mill discharge is then screened to separate 
fine active electrode materials from large size fractions such 
as steel cases, paper, plastics, and foils. A high induction 
magnetic separator separates steel components in the large 
fractions. Other non-magnetic materials are separated based 
on difference of densities by densimetric tables [36].

Separated active electrode materials are leached in 
heavily stirred water under a turbulent atmosphere with 
low oxygen levels. This type of atmosphere prevents the 
explosion of hydrogen released by the reactions and the 
formation of hydrogen fluoride gas. After soluble lithium 
is dissolved in the water, the remaining solid is filtered to 

Fig. 6   Schematic diagram of the Batrec process
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separate the solution. The lithium dissolved in this solution 
is precipitated as Li2CO3 or Li3PO4 with an addition of CO2 
or phosphoric acid. The filtered solid containing the remain-
ing electrode materials is sent to a leaching process with 
2 N sulfuric acid at 80 °C to recover cobalt. The solution is 
cooled down to 60 °C and any undissolved carbon is filtered. 
The solution is further purified by copper cementation and 
iron precipitation at pH 2–2.85 and pH 3.85, respectively. 
After purification, the solution is neutralized to pH 5.8, and 
cobalt is recovered by electrolysis at 55 °C with a current 
density of 400–600 A/m2 using a stainless steel cathode and 
antimony–lead alloy anode. In this process, manganese is 
also precipitated as oxyhydroxide or dioxide form. In case 
that cobalt is rich in the purified solution, the purified solu-
tion is oxidized with sodium hypochlorite at pH 2.3–2.8 to 
precipitate cobalt oxide(III). The remaining solution con-
taining some lithium is neutralized to pH 8.5 and sent to 
lithium salt precipitation process described previously in 
this section [36].

EcoBat Process

The EcoBat process invented by Sloop et al. at Onto Tech-
nology LLC, is categorized as a “direct LIB recycling” 
process [40]. This process is designed to recover battery 
components without decomposing or converting into differ-
ent compositions so that the recovered materials are directly 
reinserted into the battery supply chain with little additional 
processing [59]. A schematic diagram of the EcoBat process 
is shown in Fig. 8.

First, collected batteries are discharged and sorted manu-
ally by chemistry and functional potential. Labels, any dirt, 
oil, or moisture are also removed and batteries are cleaned 
with alcohol. Electronic circuits for over-discharging protec-
tion are also removed for reuse in refurbished batteries. The 
batteries are then placed in an enclosed electrolyte extraction 
container with liquid CO2 at − 56 to − 20 °C, and additives 
such as solubility enhancers and Lewis bases are added to 
prevent the formation of hydrogen fluoride gas [59]. The 
pressure and temperature are increased above 2000 psi and 
31.1 °C to achieve supercritical condition of CO2. The bat-
tery cell cases inside the extraction container are breached 
at above 800 psi. At this point, the reaction of lithium in the 
anode with CO2 to produce passivating Li2CO3 and carbon 
monoxide (CO) may occur if the battery is still charged. 
Small quantities of dry air or oxygen may be added to form 
CO2 and prevent CO gas release. Supercritical CO2 can con-
tact and soak in sub-micron size pores due to low surface 
tension. This allows supercritical CO2 to extract the elec-
trolyte and chemicals composing the solid-electrolyte inter-
phase on the anode, such as oligoether and oligocarbonate 
[59]. Extraction may either be a dynamic or static process; 
CO2 may be constantly pumped through the system or a 
fixed amount of CO2 is used for a period of time. The CO2 
with extracted electrolyte is pumped out of the container 
and sent to the electrolyte precipitation process. The CO2 
is evaporated and recycled for extraction, and electrolyte 
and interphase wastes are recovered by precipitation. The 
extraction process continues until quantitative extraction of 
electrolyte is achieved.

Fig. 7   Schematic diagram of the Recupyl process
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After the electrolyte extraction process, the batteries, 
composed of cases and remaining cell components, are dis-
charged from the extraction container. Those batteries are 
reviewed to determine whether they are suitable for refur-
bishing based on the presence of physical damages or short-
circuits in the cell [59]. The batteries, which are determined 
to be refurbished, are filled with new electrolyte and cell 
cases are repaired. If refurbished batteries do not satisfy 
80% of original capacity, they are sent to a full recycling 
route along with cells that are determined to be unsuitable 
for refurbishing. These batteries are shredded under nitro-
gen environment to prevent contamination, and go through 
mechanical processes such as density and electronic conduc-
tivity separations, cyclone, fluidized bed, and decantation, 
to sort the various battery components [59].

Review of Commercial Lithium Ion Battery Recycling 
Processes

Currently, the main commercial LIB recycling routes are 
pyrometallurgical or mechanical processes followed by 
hydrometallurgical metal separation and refining processes. 
In this section, the advantages and disadvantages of pyro-
metallurgical, hydrometallurgical, and direct recycling pro-
cesses are discussed.

Pyrometallurgical Process

The main purpose through pyrometallurgical routes is to 
produce cobalt or nickel-bearing alloys. The advantage 

of pyrometallurgical processes is that they can effectively 
process LIBs with ores or other types of batteries and 
industrial wastes simultaneously. In some processes, no 
pretreatment of LIB packs is required (e.g., Umicore), 
and charged batteries can directly be fed in the reac-
tor. However, it still requires further processes to refine 
cobalt, nickel, and copper separately, which is generally 
performed by leaching and solvent extraction. The furnace 
requires offgas treatment to prevent toxic gas emissions 
(e.g., dioxins and furans). Volatile metals such as zinc 
and cadmium should be recovered by distillation. Most 
of lithium and aluminum are slagged and generally not 
recovered. It is possible to recover lithium in the flue dust 
and slag as lithium carbonate by leaching and precipita-
tion after grinding to small particles (e.g., 100 µm) [51]. 
However, an extra lithium recovery process is not reason-
able unless the price of lithium is high enough to compen-
sate the operating cost. All organic components, graphite 
and aluminum, are used as an energy source or reductant 
during a smelting process. The slag composition must be 
modified depending on the feed materials to minimize the 
loss of target metals and maintain adequate slag viscos-
ity [51]. The economic feasibility of pyrometallurgical 
process highly relies on the recovery yield and the prices 
of cobalt, nickel, and copper. Recently, LIB chemistry 
has been developing towards the reduction of cobalt and 
nickel, which might jeopardize this process as a primary 
LIB recycling technology. Still, LIBs can be effectively 
recycled by pyrometallurgical process as a secondary feed 
along with other industrial metals.

Fig. 8   Schematic diagram of the EcoBat process
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Hydrometallurgical Process

Hydrometallurgical processes accompanied with mechanical 
pretreatment can process lithium-based batteries and recover 
lithium and valuable metals as well as other battery com-
ponents (e.g., graphite, aluminum). China currently has the 
two biggest LIB recycling companies (i.e., GEM High-Tech 
Co. and Brunp Co.) and applies a closed-loop hydrometal-
lurgical process, which reproduces cathode materials. In the 
mechanical processing part, the waste batteries are shredded, 
sieved, and treated by physical processes to separate different 
components. As charged LIBs are explosive and flammable, 
deactivation of LIBs (i.e., discharging, cryogenic treatment) 
or strict inert environment during mechanical treatment is 
required. Cryogenic treatment of LIBs and maintaining 
flow of inert gas (e.g., CO2, argon) might consume signifi-
cant amount of electrical energy. The yield of valuable fine 
electrode materials after mechanical treatment may not be 
sufficient (i.e., 75% according to laboratory experiment by 
Diekmann et al. [60]). The recovered fine electrode materials 
(i.e., cathode materials) are treated via a leaching process. 
The fine electrode materials are immersed in lithium brine 
to dissolve lithium and separate metal oxides and graph-
ite (e.g., Retriev or Recupyl), or leached in an acidic solu-
tion to dissolve both lithium and other metals (e.g., GEM 
High-Tech, Brunp, Batrec). The amount of fine electrode 
materials, which can be processed, is limited by the kinetics 
of leaching and the solubility of metal compounds. A low 
solid–liquid ratio in the leaching process leads to a large vol-
ume of waste solution. Eventually, the metals are recovered 
as metal compounds or pure metal through precipitation, sol-
vent extraction, and electrolysis. Especially for closed-loop 
cathode production, separated metals require extremely high 
purity. The complexity of LIBs and a large range of mate-
rial selection make it extremely difficult to separate battery 
components completely. Therefore, the economics of those 
processes largely depend on the yields of cobalt and nickel 
in the product to compensate the product quality. Otherwise, 
the recovered materials hardly pay for the operating cost of 
the recycling process as most of LIB materials have a lower 
market value. Still, the development of a hydrometallurgical 
process to effectively recover all LIB components will be 
the key challenge in sustainable LIB production. Research 
development opportunities in hydrometallurgical process are 
further described in the second part of this review.

Direct Recycling Process

Direct recycling process, which recovers battery materials 
without changing their chemistry, is an attractive recycling 
process to achieve a low operating cost and have less envi-
ronmental impact. This method would also contribute to 
achieve the LIB recycling efficiency target of 50 wt% in 

EU countries by recovering the electrolyte [46]. The energy 
consumption for LIB production would be reduced sig-
nificantly (e.g., 40% energy saving for LiCoO2 cathode) 
by recycling components if the direct recycling process is 
successfully applied [61]. So far, this process is still in a 
pilot-scale development stage. The key challenge in this pro-
cess is the quality of refurbished battery materials. It was 
reported that anode graphite after supercritical CO2 treat-
ment exhibited comparably poor performance, which indi-
cated that the high pressure caused exfoliation of graphite 
[30]. Meanwhile, flow-through liquid CO2 was proved to 
be effective to electrolyte extraction as well as improving 
anode performance [30]. However, the cathode may not fully 
recover to its original electrical performance due to partial 
decomposition of the cathode [62]. Besides, the condition of 
binder in anode and cathode would be unclear in refurbished 
batteries. This requires mechanical and hydrometallurgical 
processes to recycle the batteries, which is unsuitable for 
refurbishment. In such a case, energy consumption for LIB 
production would not be reduced as much. Investigation of 
spent LIB conditions and sorting before supercritical CO2 
treatment may help assuring the quality of refurbished bat-
teries. However, it would be labor-intensive and increase 
operating cost.

Concluding Remarks

Lithium ion batteries (LIBs) have become an essential 
energy-storage device for today’s high-performance elec-
tronics such as cell phone, tablet, and medical devices due 
to their superior electrical performance and long cycle life. 
As a solution for reducing anthropogenic global warming 
effects, the application of LIBs in electric vehicles (EVs) 
and energy-storage systems have been dramatically increas-
ing. Due to the large mass application of LIBs for EVs and 
energy-storage systems, production of LIBs is expected to 
soar in the next 10 years with the reduction of LIB price. 
With rapidly increasing demands of LIBs, resource scarcity 
of valuable materials, especially lithium, cobalt, and natural 
graphite, will be of great concern. Recycling of end-of-life 
(EOL) LIBs is inevitable to secure the stability of LIB mate-
rial supply chains. Especially, EOL LIBs from EVs will be 
a crucial secondary source due to the large mass of valu-
able materials contained (i.e., lithium nickel cobalt manga-
nese oxide cathode) and reasonable logistics to collect EOL 
LIBs. Recycling of LIBs is also beneficial for environmental 
perspectives. It will eliminate the fire/explosion hazard and 
soil and water pollution issues caused by leaching of haz-
ardous materials from disposed LIBs in landfills. Recycling 
of anode and cathode materials, especially, would save a 
significant amount of energy and reduce greenhouse gas 
emissions as productions of anode and cathode can account 
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for one-fourth of total energy consumption during LIB pro-
duction. However, the present global LIB recycling rate is 
estimated to be only 5–7%, which is far below the capacity, 
which is required for sustainable LIB production.

Considering the possible resource scarcity with the rapid 
increase of global LIB demands, recycling of lithium and 
graphite as well as cobalt will be crucial for sustainable LIB 
production. Therefore, the mechanical–hydrometallurgical 
and direct recycling routes are more attractive solution as 
primary LIB recycling, although pyrometallurgical routes 
are still effective to be used along with other industrial prod-
ucts. However, due to the complexity of LIBs and safety con-
cerns, achieving high yield and quality of recycled product 
through these routes is complicated and costly with current 
technologies. Reducing the operating cost with achieving 
high product yield and quality will be a key challenge for 
LIB recycling processes as the price of LIBs will further 
decrease in the future.
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