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Introduction

Lithium-ion batteries (LIBs) have become ubiquitous in our 
modern world, since their discovery in 1991by Sony Inc., further-
more powering everything from smartphones to electric vehicles. 
The market is experiencing a swift rise in demand for LIBs, the un-
predictable upswing in raw material prices presents an inevitable 
hurdle for future large-scale production. According to reports, lith-
ium prices have almost tripled over the past decade. Future manu-
facturing may encounter challenges also due to a global scarcity of 
essential elements (Li, Co, and Ni) [1-4]. While these batteries offer 
impressive energy density, low self-discharge rate, light weight and 
efficiency, their widespread use raises concerns about environ-
mental impact and resource depletion [5,6]. In this mini review, we 
explore the importance of recycling lithium batteries to mitigate 
issues and promote a sustainable future. Hydrometallurgy and py-
rometallurgy are two main approaches used to recycle spent LIBs. 
We introduce one of the mentioned approaches of recycling spent 
lithium batteries, concretely pyrometallurgy process, in more de-
tail.

 
The Importance of Recycling of Spent Lithium-Ion 
Batteries

The generation of 1 kWh of electricity demands 0.26 kWh of 
fossil energy and leads to greenhouse gas emissions of 74 g, exclu-
sively attributed to the battery’s production. The aggregate average 
greenhouse gas emissions linked to producing 1 Wh of storage ca-
pacity are determined to be 110 g of CO2 [7]. Also, the process of 
extracting Li, Ni, Co, and Al from raw materials demands a substan-
tial energy input and results in the emission of significant green-
house gases. Further, supplies of raw materials for the production 
of LIBs are being depleted at a rapid rate. Roughly half of the glob-
ally produced cobalt is predominantly employed in LIBs. Moreover, 
cobalt plays a crucial role not only in batteries, but in others range 
of applications for its unique catalytic properties. Another signifi-
cant component is metal lithium. Still, it remains a finite resource 
and its supplies are running out fast. There has been a more than 
twofold increase in lithium usage (65 % in battery production). [8] 
Lithium is generally obtained from hard rock spodumene minerals 
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Abstract 
As the global demand for lithium batteries continues to surge, driven by the rapid proliferation of electric vehicles, renewable energy storage 

systems, and portable electronic devices, the responsible management of end-of-life batteries becomes imperative. This review underscores the 
significance of recycling lithium batteries and is aimed specifically at one technological approach-pyrometallurgy.
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and lithium salts are retrieved from seawater and liquid brine res-
ervoirs. Most of these are situated in China and/or South America. 
The separation and further processing methods and very diverse 
and revolve around source materials [9].

To generate 1 ton of lithium through traditional means of pri-
mary production, either 250 tons of spodumene or 750 tons of 
mineral-rich brine need to be extracted. This process significantly 
depletes ground water resources, requiring 1 ton of lithium to be 
extracted with 1,900 tons of water [10]. LIB recycling contributes 
positively to energy conservation and environmental protection 
by mitigating these impacts. Recycling batteries has the capacity to 
slash greenhouse gas emissions by 81%–98% and completely elim-
inate SOx emissions in the manufacturing of cathode materials [11]. 
Recycling is important process that allows recovery of end-of-life 
products, and it has become accepted practice in energy manufac-
turing, where some of more developed industries are able to have 
up to 60% recycling rates [12]. Recycling of LIBs is more desirable 
than straight disposal of end-of-life batteries. Not only due to in-
volvement of toxic and hazardous elements that can pollute the en-
vironment, but also because of tapering off the supply of lithium 
and other crucial metals which is growing ever more limited [12]. 

Minimization of extraction of raw materials is another signifi-
cant reason for effective and efficient recycling process. The scar-
city of critical metals along with far reaching mining processes 
affecting the climate and habitats rank among the most pressing 
environmental issues. In theory, metals can be considered endlessly 
recyclable as their physical properties are permanent. However, the 
reality is more complex. The structure of LIB also plays crucial role 
in its recyclability and is deemed as quite difficult because of cell 
design as well as rather complicated cell chemistry [13]. 

Pyrometallurgy

Pyrometallurgy is a promising method for recycling lithium 
batteries, offering an efficient and environmentally sustainable 
approach to recover valuable materials. This process involves the 
use of high temperatures to extract and separate metals from bat-
tery components. It allows for the recovery of valuable metals like 
lithium, cobalt, nickel, and other elements present in the battery. 

These metals can be reused in the production of new batteries [14]. 
In a standard pyrometallurgical process, organic materials under-
go high-temperature combustion, followed by the reduction and 
smelting of metal/oxides, and ultimately, the refinement and sep-
aration of cobalt post-leaching [15]. 

The pyrometallurgical approach to recycle valuable metals in-
volves oxidizing or melting the targeted metals, whereas is easily 
and quickness. Resulting of this quickly process is an alloy (tran-
sition metals) and a slag [16]. One of the main advantages of pyro-
metallurgical technology is its suitability for large-scale industrial 
application [17]. Also, as mentioned before, it is highly adaptable 
for variety of raw materials [18] (Li, Co, Ni and more) and last but 
not least, it is acid and alkali free. Pyrometallurgical process also 
does not produce much waste, however it does have quite high en-
ergy consumption and is rather expensive [14].

Notwithstanding these merits, the pyrometallurgical meth-
odology employed for the recycling of utilized lithium batteries 
is perpetually undergoing refinement, adaptation, and frequently 
integration or supplementation with alternative recycling modali-
ties, notably the hydrometallurgical recycling methodology. Wind-
isch-Kern et al. [19] introduced the InduRed reactor concept, which 
holds promise as a novel approach for the efficient recovery of lith-
ium. In the course of the InduMelt experiments utilizing lithium 
nickel cobalt aluminum oxide (NCA) and lithium nickel manganese 
cobalt oxide (NMC) cathode materials, the removal of initial lithi-
um from the reactor exceeded 90% and 75%, respectively. The ab-
sence of lithium accumulation in either the slag or the metal phase 
underscores the significant potential of this technology in paving 
the way for innovative approaches to lithium recovery from the 
waste of lithium-ion batteries [19]. Holzer et al. [20] investigated 
two distinct reactor configurations within a novel pyrometallurgi-
cal recycling process aimed at recovering lithium and phosphorus. 
The study involved the utilization of two distinct crucible types, re-
sulting in divergent lithium yields. Furthermore, the fundamental 
efficacy of the proposed concept in treating LFP (lithium iron phos-
phate) was explored, revealing a phosphorus removal rate of 64% 
concomitant with a lithium removal rate of 68% [20].

Table 1: Environmental impact of battery components.

PIECE MATERIAL IMPACT

Anode GRAPHITE, CARBON, EARTH; WATER

Cathode

lithium manganese 
oxide (LMO), lithium iron phosphate (LFP), lithium nickel manganese cobalt oxide 

(NMC), lithium nickel 
cobalt aluminum oxide (NCA)

earth; water; atmosphere

Binder Polyvinylidene fluoride (PVDF) atmosphere

Electrolyte LiPF6; ethylene carbonate 
and dimethyl carbonate water; atmosphere; earth

Conclusion

LIBs are ever more desirable in our way of more ecological 
approach to energy, thus the need for proper disposal and with it 

closely related recyclability is growing. Limited amounts of raw 
materials used in LIBs are pushing towards advancements in re-
cycling processes to make them more accessible and economical. 
Many leading producing companies are investing in new and/or 
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improved approaches, which is showing the necessity of properly 
tuned, finely working recycling process [21]. More in depth anal-
ysis and extensive research is needed to provide comprehensive 
understanding of various processes in battery recycling and their 
individual challenges that need to be properly addressed in order 
to achieve its full potential.
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