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Abstract 

Reaching the end of their lifecycle, lithium-ion batteries contain significant amounts of 
lithium residues as well as valuable metals such as Co, Ni, and Mn, presenting both 
environmental risks and opportunities for resource recovery. Recent advances in 
hydrometallurgical, pyrometallurgical, and biotechnological methods enable the recovery 
of high-purity lithium compounds while also increasing their economic viability. This 
study analyzes the contribution of lithium recovery methods to sustainability criteria, 
their annual averages, and total data between 2008 and 2026, considering the number of 
academic references in the literature. The analysis compares the contributions of recycling 
methods to lithium and other metal recovery efficiency, process efficiency, energy 
consumption, environmental impact, economic impact, adaptation to technological 
developments, and integrated applications. LIB recycling methods showed higher overall 
and annual average sustainability contributions to the recovery efficiency of other metals 
and lithium compared to other criteria. Their contributions to process efficiency and the 
environment were also relatively high. However, their contributions to the economy, 
adaptation to technological developments, and integration of methods remain low. 
Furthermore, since the contribution to energy consumption is negative overall, further 
academic studies are needed to improve contributions, particularly in energy 
consumption and the other three criteria mentioned above. 
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1. Introduction 
Recycling of LIBs is increasingly recognized as a critical component of the circular 

economy, particularly in the context of sustainable resource management and 
environmental protection. As demand for EVs and portable electronic devices continues 
to grow, the volume of used LIBs is projected to increase significantly. By 2030, it is 
estimated that up to 11 million metric tons of LIBs will be produced globally [1–3]. This 
growing waste stream presents significant environmental challenges due to the 
hazardous substances contained in LIBs, including toxic metals and corrosive electrolytes. 
These substances, when disposed of improperly, can lead to soil and groundwater 
contamination [4,5]. Therefore, effective recycling processes are necessary not only for 
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resource recovery but also for reducing the EI associated with battery disposal (X-D+, Y-
D+). Recycling LIBs involves recovering valuable metals such as Li, Co, Ni, and Mn, which 
are necessary for the production of new batteries [6,7]. This recycling is also essential for 
EVs [3,8]. Current RM primarily encompasses hydrometallurgical and pyrometallurgical 
processes that facilitate the extraction of these metals from used batteries [9–12]. 
Hydrometallurgy, in particular, has gained importance due to its efficiency in recovering 
high-purity metals (Y-A+), (Y-B+) while minimizing environmental damage (Y-D+) 
[7,13,14]. Furthermore, the economic feasibility of LIB recycling is demonstrated by 
estimates suggesting that Li and Co recycling could yield an economic benefit of ~$22,000 
per ton. This feasibility is highlighted by its potential for significant financial returns 
[15,16]. This economic incentive is consistent with circular economy principles, where 
waste materials are reintroduced into the production cycle, thereby reducing the need for 
virgin resources and promoting sustainability [17–20]. 

In addition to resource recovery, the recycling of LIBs plays a crucial role in 
addressing future supply chain challenges posed by increasing demand for Li and other 
critical materials [21,22]. As the global transition towards renewable energy and electric 
mobility accelerates, reliance on primary resource extraction raises concerns about 
resource depletion and geopolitical risks associated with mineral supply chains [6,10,23–
26]. By establishing robust recycling frameworks, countries can increase their resource 
independence and contribute to a more sustainable and resilient economy [14,27,28]. 
Furthermore, advancements in recycling technologies, such as direct regeneration 
processes for electrode materials, are paving the way for more efficient and 
environmentally friendly recycling practices [2,29]. It is increasingly recognized that 
recycling LIBs is essential for sustainability. As LIB consumption increases, so does the e-
waste generated from used batteries. Effective recycling methods can recover valuable 
materials such as Li, Co, and Ni, which are crucial for new battery production. Traditional 
RM, such as pyrometallurgy and hydrometallurgy, pose environmental challenges (X-D−), 
(Y-D−), leading to increased interest in more environmentally friendly alternatives, such 
as bioleaching and direct recycling technologies that minimize waste and energy 
consumption (Z-D+), (Z-F+). Li recycling from LIBs is crucial for promoting a circular 
economy, reducing EI, and ensuring resource sustainability. By improving recycling 
technologies and infrastructure, material recovery rates can be increased, the 
environmental footprint associated with battery disposal can be reduced, and a 
sustainable supply chain can be ensured for critical materials used in modern technology 
[30–34]. Recycling LIBs makes a significant contribution to the circular economy, 
addressing not only waste management issues but also environmental, economic, and 
resource sustainability challenges. As the volume of used LIBs continues to increase, 
developing and implementing effective recycling strategies will become even more crucial 
for ensuring a sustainable future in energy storage and consumption. 

2. Differences of the Study from the Literature, Scope,  
and Methodology 

There is a need for comparisons that can consider the contributions of LIB RM to 
sustainability criteria from the perspective of recycling businesses. Studies that address 
this need and evaluate these RMs in terms of their contributions to sustainability criteria 
are noticeably insufficient in the literature. Considering this gap in the literature, this 
study evaluates the role of LIB recycling and the circular economy by comparing the 
sustainable contributions of RM. Unlike the existing literature, LIB RMs are compared in 
terms of sustainable criteria such as efficiency, cost, EI, energy consumption, inter-method 
integration, and adaptation to technological developments. Innovations in recycling 
technologies are also evaluated for each of these methods. The aim is for international 
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sustainable development organizations, policymakers, and businesses aiming to establish 
recycling facilities to consider the results of this study to increase the sustainable 
contributions of RM in a feasible way, considering developing technologies. Accordingly, 
the scope of the study and the details of the methodology are as follows: 

• Section 3 describes the recycling processes for LIBs (pyrometallurgical methods, 
hydrometallurgical methods, and biotechnological methods). Some literature studies 
to determine the sustainability criteria for each of these methods are summarized in 
the Tables. 

• Section 4 presents the findings of the study. The sustainability contributions of RM 
were determined based on sustainability criteria such as recovery efficiency of Li and 
other metals (Ni, Co, Mn, etc.), process efficiency, environmental and economic 
contributions, and adaptation to technological developments and integration 
between methods (Table 1). For this purpose, the codes in the in-text citations were 
considered in the scoring. In in-text citations, a “+” sign indicates a positive 
contribution of that method to the sustainability criterion, while a “−” sign indicates 
a negative contribution. (Some of the references may include an industrial-scale pilot 
study, while others encompass laboratory-scale experiments. Considering that 
identifying some references as having a higher or lower contribution could lead to 
controversial results in the findings, the contribution of each RM in the examined 
references was considered to be at an equal level as “+” or “−”. (A limitation of this 
study is that all references included in the scoring, regardless of whether they were 
laboratory or pilot scale, were given equal weight in the scoring.) Although only one 
code is used for multiple in-text references in a paragraph or sentence, the number of 
these code references in Table 5 is also added to other relevant references in the 
sentence or clause where they are found. However, to avoid confusion, it was 
preferred to leave only one code in the sentence. References whose relevant code was 
not examined in the study were not considered in the code count in Table 5.) Based 
on the LIB RM in the studies examined, the contributions of each sustainability 
criterion were summed and compared as positive and negative. 

Process efficiency includes “contribution to selective metal recovery,” “purity,” and 
“process robustness.” Environmental contribution encompasses all contributions, such as 
LCA, CO2 emission reduction, waste reduction, toxicity reduction, and environmental 
footprint reduction. “Contribution to the economy” refers to the contribution of RM to 
reducing the investment and operating costs of recycling operations. The “energy 
consumption” criterion considers “energy demand of the process.” Adaptation to 
technological developments and integration between methods considers issues such as 
“scalability,” “innovation potential,” and “compatibility with emerging technology.” 

Considering the number of academic references identified, the contribution numbers, 
annual averages, and total data of Li RM to sustainability criteria between 2008 and 2026 
were analyzed. In the analysis, the RM were compared by considering their contributions 
to each sustainability criterion, total and annual average contributions, contributions per 
academic reference, and annual changes. Only data from 2008, 2010, and 2013 were 
representatively selected from before 2015. Data for each year from 2015 onwards were 
added. (Since the data cover up to 30 June 2026, the data for 2026 were taken as 0.5 years 
in the annual average calculations.) In this study, the vast majority of references included 
in the analysis, particularly those with identified contribution scores, were selected from 
articles in the SCI expanded category. Searches were conducted in Scopus, ScienceDirect 
and Google Scholar using the following keywords for studies between 2008 and 2026: 
“Lithium”, “residue”, “lithium recovery”, “recycling techniques”, “hydrometallurgy, 
“pyrometalurgy”, “biotechnology”, “bioleaching”, “lithium” + “bioleaching”, “lithium” + 
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“hydrometallurgy”, “lithium” + “pyrometallurgy”, “lithium” + “pyrometallurgy”, 
“lithium” + “bioleaching”. 

• Section 5 compares these methods in terms of efficiency, cost, and EI. LIB RMs are 
compared with each other in terms of efficiency, cost, and EI. Following this 
comparison, the challenges in the development of LIB RM, innovations in recycling 
technologies, and future expectations are discussed. The codes used in the in-text 
citations in Section 5 are also reflected in the scoring given in Section 4. 

• The conclusions of the study are presented in Section 6. In addition, the theoretical 
and practical contributions of the study, its limitations, and suggestions for future 
research are presented. 

Table 1. Codes for LIBs that reflect the sustainability criteria of RM. 

Sustainability Criteria Pyrometallurgy (X) Hydrometallurgy (Y) Biotechnology (Z) 
(A) Li recovery efficiency (X-A+), (X-A−)  (Y-A+), (Y-A−) (Z-A+), (Z-A−) 

(B) Recovery efficiency of other metals (Ni, Co, Mn) (X-B+), (X-B−) (Y-B+), (Y-B−) (Z-B+), (Z-B−) 
(C) Process efficiency (X-C+), (X-C−) (Y-C+), (Y-C−) (Z-C+), (Z-C−) 

(D) Environmental contribution (X-D+), (X-D−) (Y-D+), (Y-D−) (Z-D+), (Z-D−) 
(E) Economic contribution (X-E+), (X-E−) (Y-E+), (Y-E−) (Z-E+), (Z-E−) 
(F) Energy consumption (X-F+), (X-F−) (Y-F+), (Y-F−) (Z-F+), (Z-F−) 

(G) Inter-method integration (X-G+), (X-G−) (Y-G+), (Y-G−) (Z-G+), (Z-G−) 
(H) Adaptation to technological advancements (X-H+), (X-H−) (Y-H+), (Y-H−) (Z-H+), (Z-H−) 

3. Recycling Processes and Extraction Mechanisms of LIBs 
The extraction of LIBs involves a complex interplay of electrochemical processes and 

advanced recycling techniques. During the processing of LIBs, Li ions are typically 
extracted reversibly from the anode, usually made of graphite, and deposited onto the 
cathode, which is usually composed of Li metal oxides [35]. This intercalation and 
deintercalation process not only facilitates energy storage but also prepares the ground 
for the recovery of Li during recycling. In the recycling of used LIBs, hydrometallurgical 
methods such as leaching, solvent extraction, and precipitation are primarily used to 
recover valuable metals such as Li, Co, and Ni [36–39]. For example, the use of tri-n-butyl 
phosphate (TBP) in combination with ionic liquids has been found to enhance the selective 
extraction of Li ions from leaching solutions obtained from used batteries (Y-A+) [40,41]. 
Furthermore, mechanical pretreatment is typically applied to disassemble battery 
components before the recovery process, followed by thermal treatments that can 
facilitate the removal of organic binders and improve the extraction efficiency of Li (Y-C+) 
[42,43]. The leaching process typically involves dissolving Li in an acidic medium [44], 
where parameters such as temperature and concentration significantly affect the 
extraction efficiency (Y-C+) [45]. 

3.1. Pyrometallurgical Methods 

Pyrometallurgical methods for recycling LIBs involve high-temperature processes 
that facilitate the recovery of valuable metals such as Co, Ni, and Li from used batteries. 
This approach typically involves a melting process where organic materials and 
electrolytes are burned, allowing the metals to be separated into alloys. This process is 
advantageous due to its ability to process large volumes of battery waste and its relatively 
simple operational requirements (X-C+) [46,47]. However, it is also associated with 
significant energy consumption (X-F−) and environmental concerns (X-D−), including 
harmful gas emissions (X-D−) and potential Li loss (X-A−) during processing [32,47]. The 
pyrometallurgical recovery process begins with preprocessing the batteries, which may 
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involve mechanical disassembly to separate components such as aluminum and copper 
before the melting stage [46,47]. The slag resulting from the high-temperature process 
contains Li in forms such as LiAl oxide, which can complicate subsequent recovery efforts 
(X-C−) [48,49]. However, recent LCA-based research has shown that modern 
pyrometallurgical methods involving Li evaporation and optimized pretreatment steps 
can significantly reduce the environmental burden and meet EU battery recovery targets 
for NMC batteries (X-D+), (X-E+) [50]. Pyrometallurgical recycling of LIBs involves several 
critical steps aimed at recovering valuable metals while minimizing EI (X-D+). The first 
step involves collecting used LIBs. These batteries are then pretreated. This step may 
include mechanical shredding to reduce the size of the batteries and facilitate subsequent 
heat treatment. During pretreatment, non-metallic components such as plastics and 
separators are typically removed to improve the efficiency of the pyrometallurgical 
process (X-C+) [51–53]. The shredding process also helps release cathode and anode 
materials, which are crucial for the recovery of valuable metals such as Co, Ni, and Li (X-
A+), (X-B+) [54]. Following pretreatment, the shredded battery materials are typically 
subjected to a high-temperature melting process above 1000 °C. This step is crucial 
because it converts the metal oxides present in the battery materials into a molten metal 
alloy. Organic components of the batteries, such as electrolytes and binders, are burned 
off during this process, helping to remove impurities (X-C+) [55]. The smelting process 
results in two distinct phases: a metal phase containing precious metals (e.g., Co, Ni, Cu) 
and a slag phase containing Li and other less precious metals [48]. The efficiency of metal 
recovery during smelting can be affected by factors such as temperature, time, and the 
composition of the battery materials (X-C+) [56]. After smelting, the next step involves 
separating the metal phase from the slag. The resulting metal alloy can be further 
processed to recover individual metals via hydrometallurgical methods or additional 
pyrometallurgical techniques (X-G+). For example, Co and Ni can be selectively leached 
from the alloy using acidic solutions, while Li usually remains in the slag and may require 
further processing for recovery [57,58]. Recovery rates for metals such as Co and Ni are 
generally higher in pyrometallurgical processes compared to Li (X-A−), (X-B+). This 
presents a challenge due to their tendency to remain in the slag [48]. The final stage 
involves refining the recovered metals to achieve the desired purity levels. This process 
may include electro-refining or further chemical processing to remove impurities and 
recover Li from the slag phase. The refining process is necessary to ensure that the 
recovered materials meet the required properties for reuse in new battery production or 
other applications [55]. The overall efficiency of the pyrometallurgical process can be 
affected by the complexity of battery chemistry and the presence of various contaminants 
(X-C−) [56]. A summary of the pyrometallurgical process flowchart for used LIBs is 
presented in Figure 1. 
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Figure 1. Pyrometallurgical process flowchart of spent LIBs [59]. 

While pyrometallurgy is effective in the recovery of certain metals, it is generally 
insufficient for Li recovery (X-A−), leading to increased interest in complementary 
methods such as hydrometallurgy, which can achieve higher recovery rates for Li and 
other metals (X-G+) [60–62]. Especially with the expansion of EV markets and the 
continued increase in demand for lithium, a combination of these methods could provide 
a more sustainable and economically viable solution for the recycling of LIBs [60,63]. 
Pyrometallurgical methods offer a robust framework for the recovery of precious metals 
from used LIBs. On the other hand, EI and efficiencies in Li recovery necessitate the 
investigation of integrated recycling approaches (X-G+) that combine both 
pyrometallurgical and hydrometallurgical techniques [47,61,62]. Some previous studies 
on the recovery of LIBs using pyrometallurgical methods are presented in Table 2. These 
studies demonstrate the progress in the mentioned areas. 

Table 2. Various studies on the recycling of LIBs using pyrometallurgical methods. 

Studies Author(s) Focus Sustainability Contributions 
Pyrometallurgical recycling of end-of-

life LIBs 
Lee et al. 2024 

[64] 
Investigation of pyrometallurgical 
processes and their optimization 

(X-A−), (X-B+), (X-C±), (X-D−) (X-
E+), (X-F−) 

Pyrometallurgical options for recycling 
spent LIBs 

Makuza et al. 
2021 [65] 

An overview of current 
pyrometallurgical methods 

(X-B+), (X-C+), (X-G+) 

Pyrometallurgical Technology in the 
Recycling of a Spent LIB: Evolution and 

the Challenge 

Zhou et al. 2021 
[52] 

The evolution and challenges of 
pyrometallurgical technologies 

(X-C±), (X-E±), (X-H+) 

Recovery of valuable metals from spent 
LIBs by smelting reduction 

Tao et al. 2017 
[66] 

Metal recovery through melting and 
reduction process 

(X-B+), (X-C+) 

Oxidizing Roasting Behavior and 
Leaching Performance 

Jie et al. 2020 [67] 
Recovery through roasting and leaching 

methods 
(X-A−), (X-C+), (X-D−) 

Pyrometallurgical recycling with organic 
wastes 

Pan & Shen, 2023 
[68] 

Innovative method with pyrolysis + 
organic waste 

(X-A+), (X-B+), (X-C+), (X-D−), 
(X-E+), (X-F±)  

Pyrometallurgical recycling of different 
LIB cell systems 

Reinhart et al. 
2023 [69] 

Economic and technical analysis 
(X-C±), (X-D±), (X-E+), (X-F+), (X-

H+) 
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Evaluating the possibilities and 
limitations of the pyrometallurgical 

recycling of waste LIBs using simulation 
and LCA 

Rinne et al. 2025 
[50] 

LCA, energy consumption, Li volatility, 
EU targets. 

(X-D−), (X-F−), (X-G+), (X-H+)  

3.2. Hydrometallurgical Methods 

The hydrometallurgy of used batteries has emerged as a critical area of research and 
development due to the increasing volume of used batteries and the need for sustainable 
recycling methods. Hydrometallurgical processes are particularly advantageous for 
minimizing EI (Y-D+) and recovering valuable metals such as Li, Co, and Ni from used 
batteries (Y-A+), (Y-B+), which are necessary for the production of new batteries. 
Hydrometallurgical recycling typically involves several basic steps, including leaching, 
solvent extraction, and precipitation. Acid leaching is one of the most common methods 
used to dissolve metals from battery materials. For example, sulfuric acid (H2SO4) is often 
used to extract Li and Co from cathode materials such as LiCoO2. This results in significant 
recovery rates (Y-A+), (Y-B+) [7,36,70,71]. The efficiency of these processes can be affected 
by various factors such as leaching concentration, temperature, and solid–liquid ratios, 
which have been extensively studied to optimize recovery yields (Y-C+) [70,72]. 
Furthermore, the integration of hydrometallurgical processes with other RMs, such as 
pyrometallurgy, has been investigated to increase overall recovery rates and reduce EI (Y-
G+). While certain metals can be effectively recovered through pyrometallurgy, this 
method often leads to the loss of valuable materials and the generation of harmful 
emissions (Y-B−), (Y-D−) [73,74]. In contrast, hydrometallurgy is seen as a more 
environmentally friendly alternative, capable of recovering a wider range of materials, 
including plastics and electrolytes typically lost in pyrometallurgical processes (Y-B+), (Y-
D+) EI [58,75]. Recent advances in hydrometallurgical techniques have also focused on the 
use of DESes and other innovative leaching solvents (Y-C+), (Y-H+) that can operate at 
lower temperatures and with smaller environmental footprints [74,76–78]. These methods 
not only increase the efficiency of metal recovery (Y-A+), (Y-B+) but also address the 
challenges associated with the toxicity of conventional solvents used in battery recycling 
(Y-D+) [79,80]. Furthermore, the increasing emphasis on circular economy principles has 
led researchers to develop processes that regenerate battery materials not only for 
recycling but also for reuse. For example, studies have shown that LiFePO4 can be 
regenerated from used batteries using hydrometallurgical methods, thus closing the cycle 
in the battery material lifecycle (Y-E+), (Y-G+) [29,81]. 

Hydrometallurgical recycling of LIBs involves several critical steps aimed at 
efficiently recovering valuable metals while minimizing EI. These steps typically 
encompass pretreatment, leaching, solvent extraction, and precipitation processes, each 
playing a vital role in the overall recycling process (Y-C+). The first step in the 
hydrometallurgical recycling process is the pretreatment of used batteries. This involves 
discharging the batteries to ensure safety and then mechanically processing them to 
produce a “black mass” containing active materials such as Li, Co, and Ni. Mechanical 
processes may include crushing and magnetic separation to isolate the cathode materials 
from other components. This step is crucial as it prepares the materials for subsequent 
chemical processes. Following pretreatment, the next step is the leaching process, where 
the black mass is treated with appropriate solvents to dissolve the metals of interest. 
Common leaching solvents include H2SO4 and citric acid (C6H8O7), which effectively 
recover Li, Co, and Ni from cathode materials (Y-A+), (Y-B+), (Y-C+) [82]. The efficiency of 
the leaching process can be affected by factors such as temperature, solvent concentration, 
and solid–liquid ratio (Y-C±) [37]. Studies have shown that optimizing these parameters 
can significantly increase metal recovery rates (Y-C+) [33]. The solution obtained after the 
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leaching process contains dissolved metals that need to be separated. Solvent extraction 
is used to selectively recover specific metals from the leaching liquid. This process 
involves the use of organic solvents that preferentially bind to the target metals and allow 
their separation from impurities. Solvent selection and the conditions under which 
extraction takes place are critical to maximizing recovery efficiency and the purity of the 
extracted metals (Y-C+) [57,83]. The final step in the hydrometallurgical process is 
precipitation, where the recovered metals are converted back to solid form from their 
dissolved state. This is typically achieved by adjusting the pH of the solution or by adding 
specific reagents that promote the formation of insoluble metal compounds [84]. For 
example, Li can be precipitated as Li carbonate or Li hydroxide, which can then be 
processed or sold as raw materials for new battery production (Y-E+) [29,85–87]. A 
summary of the hydrometallurgical process flowchart for used LIBs is presented in Figure 
2. Hydrometallurgy offers a promising avenue for the sustainable recycling of LIBs. It 
facilitates the recovery of precious metals while minimizing EI (Y-B+), and (Y-D+). Ongoing 
research is needed to refine these processes, increase recovery efficiency, and integrate 
them into broader recycling frameworks that support the circular economy (Y-G+). Some 
studies on the recovery of LIBs by hydrometallurgical methods are presented in Table 3. 

 

Figure 2. (a,b) Flowchart of hydrometallurgical process for recycling of spent LIBs [59]. 

Table 3. Various studies on the recycling of LIBs using hydrometallurgical methods. 

Studies Author(s) Focus 
Sustainability 
Contributions 

Recent advancements in 
hydrometallurgical recycling 
technologies of spent LIB cathode 
materials 

Wu et al. 
2023 [88] 

Recent advances in 
hydrometallurgy; improving 
recovery rates 

(Y-A+), (Y-B+), (Y-C+), (Y-D+), 
(Y-E+) 

Electrodialysis of Lithium Sulfate 
Solutions 

Zhu et al. 
2023 [89] 

Closed-loop recovery of Li sulfate 
solutions by electrodialysis 

(Y-A+), (Y-C+), (Y-D+), (Y-E+), 
(Y-F–) 
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Comparative EI of different 
hydrometallurgical recycling and 
remanufacturing technologies 

Chen et al. 
[24] 

Comparison of EI of 
hydrometallurgical methods (Y-C±), (Y-D+), (Y-F–) 

Towards Sustainable LIB 
Recycling: Advancements in 
Circular Hydrometallurgy 

Cerrillo-
Gonzalez 
et al. 2024 
[90] 

Sustainable recycling through 
electrodialysis integration 

(Y-A+), (Y-B+), (Y-C+), (Y-D+), 
(Y-F–), (Y-G+) 

Deep Eutectic Solvent etc. 
inorganic acid leaching 

Li et al. 
2022 [91] 

DES vs. inorganic acid; 
environmentally safer solvents 

(Y-A+), (Y-B+), (Y-C+), (Y-D+), 
(Y-H+) 

Direct Recycling via Redox 
Mediator Chemistry 

Kirwa et 
al. 2023 
[92] 

Direct recycling and 
relithiumization 

(Y-A+), (Y-C+), (Y-D+), (Y-E+), 
(Y-G+) 

New insights in leaching kinetics 
(acidic chloride media) 

Xuan et al. 
2021 [93] New findings on leaching kinetics (Y-A+), (Y-C+), (Y-H+)  

Recovery of spent LiCoO2 via 
pyrolysis & hydrometallurgical 
leaching 

Ren et al. 
2022 [94] 

Selective Li recovery via pyrolysis 
and hydrometallurgy 

(Y-A+), (Y-B+), (Y-C+), (Y-D+), 
(Y-E+) 

Hydrometallurgy Review Part 2 Lim et al. 
2025 [39] 

SX, precipitation, electrochemical 
recovery, cost analysis 

(Y-A+), (Y-B+), (Y-D+), (Y-E+), 
(Y-H+) 

Eco-Friendly Hydrometallurgical 
Recycling of End-of-Life LIBs for 
High Purity Lithium Carbonate 
Recovery. 

Hasan et 
al. 2026 
[87] 

Selective Li recovery and high-
purity Li2CO3 production via eco-
friendly hydrometallurgical process 

(Y-A+), (Y-D+), (Y-E+), (Y-G+), 
(Y-H+) 

3.3. Biotechnological Methods 

Various biotechnological methods are promising approaches for the efficient 
recovery of metals from used LIBs by leveraging biological processes to improve metal 
extraction and minimize EI. One of the key biotechnological methods is the biological 
leaching process, which uses microorganisms to dissolve metals from battery materials. 
For example, studies have shown that fungi such as Aspergillus niger (A. niger) can 
produce organic acids that effectively extract metals such as Li, Co, and Mn from used 
battery batteries (Z-A+), (Z-B+) [95]. This method not only offers a cost-effective alternative 
to conventional chemical leaching processes (Z-E+) but also reduces the environmental 
footprint associated with metal recovery (Z-D+). Bioleaching is a desirable alternative to 
traditional acid leaching due to its lower cost, environmental friendliness, and reduced 
investment in industrial applications (Z-D+), (Z-E+). Biological leaching is advantageous 
because it operates under moderate conditions, leading to lower energy consumption 
compared to traditional methods (Z-F+). However, low recovery rates, long leaching times, 
and low S/L ratios are some disadvantages (Z-A−), (Z-B−), (Z-C−) [95,96]. The bioleaching 
process flowchart of used LIBs is presented in Figure 3. 
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Figure 3. Flowchart of bioleaching process for recycling of spent LIBs [97]. IOB: Iron-oxidizing 
bacteria, SOB: Sulfur-oxidizing bacteria. 

Another innovative approach is the use of biometallurgy, which integrates biological 
processes with traditional recycling techniques. This method can increase the recovery 
rates of valuable metals while reducing the generation of hazardous waste. For example, 
combining biotechnological methods with hydrometallurgical processes has increased the 
efficiency of metal recovery from used LIBs, achieving recovery rates of up to 99% for 
some metals (Z-A+), (Z-B+), (Z-G+) [98]. The integration of biological methods can also 
optimize the recycling process by facilitating the selective extraction of specific metals (Z-
G+). Furthermore, the development of recycling-oriented battery designs is crucial for 
increasing the recyclability of LIBs. Recent developments have focused on creating 
cathode materials more suitable for biological RM, thus aligning with circular economy 
principles. For example, researchers have proposed the use of highly soluble LiFe 
phosphate (LiFePO4) with water-soluble binders (Z-C+), which simplifies the recycling 
process and increases overall recovery efficiency [99]. This design thinking not only aids 
the recycling process but also contributes to the sustainability of battery production by 
reducing reliance on virgin materials (Z-D+). In addition to these methods, the economic 
and environmental aspects of LIB recycling are increasingly being addressed through 
LCA. Such assessments help evaluate the overall impact of different recycling 
technologies, guiding the selection of the most sustainable practices [100]. The economic 
feasibility of biotechnological methods (Z-E+), combined with their lower EI (Z-D+), 
positions them as a viable option within the broader context of LIB recycling strategies. 
Biotechnological methods for LIB recycling offer a promising avenue for sustainable 
resource recovery. These methods, which utilize biological processes, not only increase 
metal recovery rates but are also consistent with environmental sustainability goals. As 
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research continues to advance, the integration of biotechnology into the recycling of LIBs 
will play a significant role in addressing the challenges posed by battery waste and 
resource scarcity (Z-G+). Some studies on the biotechnological recovery of LIBs are 
presented in Table 4. 

Table 4. Various studies on the recycling of LIBs using biotechnological methods. 

Studies Author(s) Focus Sustainability 
Contributions 

Design of Profitable Supply Chains for 
LIB Recycling in the US 

Alipanah et al. 
2024 [101] 

Economic feasibility of bioleaching 
technology in the supply chain 
model 

(Z-D+), (Z-E+), (Z-
G+) 

Bioleaching of metals from spent LIBs 
using Acidithiobacillus (A.) ferrooxidans 

Mishra et al. 
2008 [102] 

Metal recovery from LiCoO2-
containing LIBs via bioleaching 

(Z-A+), (Z-B+), (Z-
C–), (Z-D+)  

Sustainable bioleaching of LIBs for 
critical materials recovery 

Alipanah et al. 
2023 [103] 

Economic and environmentally 
sustainable bioleaching under 
industrial conditions 

(Z-A+), (Z-B+), (Z-
C+), (Z-D+), (Z-E+), 
(Z-H+) 

Closed-Loop Graphite Recycling via 
Bioleaching 

Roy et al. 2023 
[104] 

Closed-loop graphite recovery 
using sustainable methods 

(Z-C+), (Z-D+), (Z-
G+), (Z-H+)  

A review on LIB recycling by 
bioleaching 

Roy et al. 2021 
[105] 

The effectiveness of various 
microbial agents in metal recovery 

(Z-A±), (Z-B+), (Z-
C–), (Z-D+)  

Advanced Recycling with Bioleaching 
(A. ferrooxidans) 

Alhaqie et al. 
2023 [106] 

High Co recovery (99.9%), 
increased purity 

(Z-B+), (Z-C+), (Z-
D+), (Z-E+)  

Enhanced bioleaching with ultrasonic 
treatment 

Nazerian et al. 
2023 [107] 

Increasing metal recovery rates 
through ultrasonic treatment 

(Z-A+), (Z-B+), (Z-
C+), (Z-D+), (Z-H+) 

4. Results 
Based on academic reference numbers, the contribution numbers, annual averages, 

and total data of Li RM to sustainability criteria between 2008 and 2026 are presented in 
Table 5. The findings in different categories are as follows: 

• The total contribution of Li RM to the sustainability criteria between 2008 and 2026 
is as follows: Y1: +166 −31 (135) > Z1: +59 −20 (39) > X1: +67 −53 (14). The results show 
that the hydrometallurgy method has the highest contribution compared to other 
methods. (The total contribution of the hydrometallurgy method is more than twice 
the total contribution of other methods.) Biotechnology and pyrometallurgy methods 
follow. In each method, especially these two, the number of positive findings 
outweighs the number of negative findings. These findings show that the 
hydrometallurgy method has a higher sustainable contribution than other methods 
and plays an important role in integrated methods. In addition, the biotechnology 
method shows higher sustainable contributions compared to the pyrometallurgy 
method, especially in terms of environmental and Li recovery efficiency. 

• Similar to the comparison above, the ranking of the ratios of the number of 
contributions of Li RM to the sustainability criteria to the number of contributing 
references is as follows: Y3: +2.08 > Z3: +1.86 > X3: +0.36. (The ratio of the total number 
of sustainability contributions of all methods to the number of contributing 
references is 1.46.) While consistent with the ranking above, the fact that the result of 
the biotechnology method approaches that of the hydrometallurgy method 
encourages those who will work in this field. The low contribution of the 
pyrometallurgy method indicates that research in this method carries a slightly 
higher risk in terms of contribution compared to other methods. 
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• The fact that negative results outnumbered positive results in Li recovery efficiency 
using the pyrometallurgy method indicates the need for technological improvement 
and integration in this area. In the pyrometallurgy method, positive results outweigh 
negative results in process efficiency, economic contribution, and energy 
consumption. However, the high number of negative results compared to positive 
results in environmental contribution and energy consumption suggests the need for 
increased research in this area. Hydrometallurgy methods have been shown to 
significantly improve the recovery efficiency of Li and other metals, as well as process 
efficiency and environmental benefits. In the hydrometallurgy method, positive 
results were obtained in all sustainability criteria except energy consumption. In 
energy consumption, negative results were close to positive results. Thanks to its low 
energy consumption, the biotechnology method is the best among the available RMs. 
In the biotechnology method, although positive results in the recovery efficiency of 
Li and other metals, process efficiency, and economic contribution were twice as high 
as negative results, the presence of negative results indicates the need for further 
development in these areas. 

• The total number of sustainable contributions of all methods in one year is +290 −119 
(171). The total number of sustainable contributions of all methods is an average of 
11.40 per year. The average number of contributions to sustainable criteria among 
methods is as follows: Y: 9.13/year > Z: 2.60/year > X: 0.97/year. These results show 
that the hydrometallurgy method provides more than twice the total of other 
methods in terms of sustainable contribution on an average annual basis. It is 
noteworthy that the selected references in the study could not be found to have a 
positive contribution to adaptation to technological developments until 2020, and 
almost no positive contributions to the economy and energy consumption were 
found until 2017. (On the other hand, it should be accepted that contributions were 
also made in the years before these years in the literature.) 

• According to Table 5, the total number of contributions to the sustainability criteria 
between 2008 and 2026 are as follows: B: +53 −8 (45) > A: +55 −22 (33) > C: +54 −27 (27) 
> D: +43 −19 (24) > E: +34 −11 (23) > G: +21 −3 (18) > H: +19 −4 (15) > F: +14 −17 (−3). In 
the same ranking, the annual average data of the number of contributions to each 
sustainability criterion are as follows: A: 4.13 > B: 3.10 > C: 1.73 > D: 1.67 > E: 1.53 > G: 
1.20 > H: 1.07 > F: −0.20. As seen, RM contributed the most to the recovery efficiency 
of other metals and Li, both in total and on an annual average basis. This was 
followed by contributions to process efficiency, environment, and the economy. 
Contributions to technological adaptation and inter-method integration were found 
to be similar. The contribution to energy consumption, however, was negative 
overall. This result indicates the need for more academic research to improve the 
positive contribution of Li RM to energy consumption. 

• On the other hand, the ranking of the ratio of the number of contributions to each 
sustainability criterion to the number of contributing references is as follows: B: +0.94 
> G: +0.75 > H: +0.65 > E: +0.64 > A: +0.54 > D: +0.47 > C: +0.43 > F: −0.12. Similar to the 
results above, the contribution per reference to the recovery of other metals is highest. 
Unlike the results above, the second highest contribution per reference from the 
academic studies was found to be to adaptation to technological advancements, and 
the third highest contribution to integration. Similarly, unlike the overall 
contribution ranking, the contribution to Li recovery efficiency and process efficiency 
is lower. These results are encouraging for studies on sustainability criteria that show 
high contribution levels. However, similar to the results in the paragraph above, the 
contribution to energy consumption per academic study is last. This indicates that 
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studies on contributions to these criteria carry high risks and require specific 
incentives from the government and industry. 

• The ranking of the annual average number of references contributing to 
sustainability criteria is as follows: C2: 4.27 > A2: 4.13 > D2: 3.47 > B2: 3.31 > E2: 2.53 > 
F2: 1.73 = G2: 1.73 > H2: 1.60. Compared to other criteria, the average annual number 
of studies on process efficiency and Li recovery efficiency is the highest. Furthermore, 
the number of studies on the environmental impact and recovery efficiency of other 
metals is relatively high on average. The number of references contributing to the 
economy is moderate. Contributions to energy consumption and adaptation to 
technological developments are relatively low, while the average number of 
references contributing to inter-method integration is the lowest. These results 
demonstrate that despite providing the highest contribution per reference, the 
number of studies on inter-method integration remains weak. Considering their high 
contribution, it would be beneficial to increase the number of studies in this area. 
Additionally, the low number of references despite high contributions per reference 
to adaptation to technological developments encourages an increase in studies in this 
area. The ranking of the average annual number of references for methods 
contributing to sustainability criteria is as follows: Y2: 4.47 > X2: 2.69 > Z2: 1.45. The 
annual average of the total contributions to all criteria is 7.93. It is noteworthy that 
the number of studies conducted in each of the reference numbers and methods 
contributing to sustainability criteria has increased in the last 5–6 years, between 2008 
and 2026 compared to the first years (Table 5).



Minerals 2026, 16, 790 14 of 30 
 

https://doi.org/10.3390/min16080790 

Table 5. Number of contributions of methods to sustainability criteria and their ratio to the number of contributing references. 

Reference and 
Contribution 
Numbers of 

Methods/Year 

2008 2010 2013 2015 2016 2017 2018 2019 2020 2021 2022 2023 2024 2025 2026 (Until 30 June 
2026) T4 T5 

A1 +1 +1 +2 −1 
+3  
−1 

+1  
−1 

+6  
−1 

+1  
−1 

+5  
−2 

+5  
−3 

+7  
−2 

+9 +7 −10 +6 +1 
+55  
−22 

2.27 

A2 1 1 2 1 3 1 7 2 5 5 6 9 13 6 1 61 4.13 
A3 +1 +1 +1 −1 +0.67 0 +0.71 0 +0.6 +0.4 +0.83 +1 −0.23 +1 +1 +0.54 - 

B1 +1 +1 +2 +1 +2 −1 +2 −1 +7 
+1  
−1 

+5  
−1 

+4 
+8  
−1 

+7 
+9  
−3 

+3 0 
+53  
−8 

3.10 

B2 1 1 2 1 2 2 6 2 4 3 6 7 8 3 0 48 3.31 
B3 +1 +1 +1 +1 +0.5 0.5 +1.17 0 +1 +1.33 +1.17 +1 +0.75 +1 0 +0.94 - 

C1 +1 +1 +1 +1 −2 +3 −1 
+4  
−4  

+2 
+4  
−2 

+6  
−2 

+4  
−3 

+12  
−3 

+10  
−7 

+5  
−2 

−1 
+54  
−27 

1.73 

C2 1 1 1 1 1 2 6  2 6 7 5 12 12 5 1 63 4.27 
C3 +1 +1 +1 +1 −2 1 0 +1 +0.33 +0.57 +0.4 +0.75 +0.25 +0.6 −1 +0.43 - 

D1 +1 0 +2 +1 +2 +1 +4 
+1  
−1 

+2  
−3 

+2  
−1 

+5  
−1 

+9  
−5 

+6  
−5 

+6  
−3 

+1 
+43  
−19  

1.67 

D2 1 0 2 1 1 1 4 2 4 2 4 12 8 8 1 51 3.47 
D3 1 0 1 1 2 1 1 0 −0.25 0.5 1 0.33 0.13 0.38 +1 +0.47 - 

E1 0 0 0 0 0 +1 +4 0 0 
+1  
−2 

+2 
+10  
−1 

+8  
−5 

+7  
−2 

+1  
−1 

+34  
−11  

1.53 

E2 0 0 0 0 0 1 4 0 0 2 2 9 8 8 2 36 2.53 
E3 0 0 0 0 0 +1 +1 0 0 −0.5 +1 +1 +0.38 +0.63 0 +0.64 - 

F1 0 0 0 0 +1 +1 +4 0 −2 −3 +1 
+2  
−3 

+2  
−8 

+3  
−1 

0 
+14  
−17 

−0.20 

F2 0 0 0 0 1 1 4 0 1 2 2 4 7 4 0 26 1.73 
F3 0 0 0 0 +1 +1 +1 0 −1 −1.5 +0.5 +0.25 −0.86 0.5 0 −0.12 - 

G1 0 0 0 +1 0 +1 +2 +1 +2 +2 0 +3 
+4  
−2 

+4 
+1  
−1 

+21  
−3 

1.2 

G2 0 0 0 1 0 1 2 2 2 1 0 3 6 4 2 24 1.73 
G3 0 0 0 +1 0 +1 +1 +0.5 +1 +2 0 +1 +0.33 +1 0 +0.75 - 

H1 0 0 0 0 0 +1 0 0 
+1  
−1 

+3 +1 +5 +1 
+6  
−3 

+1 
+19  
−4 

1.07 

H2 0 0 0 0 0 1 0 0 2 3 1 5 1 9 1 23 1.60 
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H3 0 0 0 0 0 +1 0 0 0 +1 +1 +1 +1 +0.33 +1 +0.65 - 

X1 0 0 +2 +1 −1 +2 +3 
+6  
−2 

0 
+5  
−6 

+10  
−8 

+5  
−4 

+11  
−4 

+16  
−25 

+6  
−3 

0 
+67  
−53 

0.97 

X2 0 0 1 2 1 2 2 2 4 6 2 3 10 4 0 39 2.69 
X3 0 0 +2 0 +2 +1.5 +2 0 −0.25 +0.33 +0.5 +2.33 −0.9 +0.75 0 +0.36 - 

Y1 0 +3 +5 +3 +3 +1 
+24  
−3 

+4 
+15  
−4 

+6 
+19  
−3 

+21  
−4 

+22  
−6 

+35  
−8 

+5  
−3 

+166  
−31 

9.13 

Y2 0 1 2 2 2 1 9  3 7 4 6 7 8 11 2 65 4.47 
Y3 0 +3 +2.5 +1.5 +1.5 +1 +2.33 +1.33 +1.57 +1.5 +2.67 +2.43 +2 +2.45 +1 +2.08 - 

Z1 +3 −1 0 0 0 +1 +7 −3 +1 0 0 +2 
+6  
−3 

+27  
−3 

+12  
−10 

0 0 
+59  
−20 

2.60 

Z2 1 0 0 0 1 1 1 0 0 4 2 6 5 0 0 +1.86 1.45 

Z3 +2 0 0 0 +1 +4 +1 0 0 +0.5 +1.5 +4 +0.4 0 0 
+290  
−119 

- 

T1 +3 −1 +3 +7 +4 −1 +8 −4 
+11  
−3 

+31  
−5 

+7  
−3 

+20  
−10 

+22  
−12 

+30  
−10 

+59  
−11 

+50  
−41 

+30  
−15 

+5  
−3 

117 11.40 

T2 1 1 3 4 4 3 12 5 11 14 10 16 17 14 2 +1.46 7.93 
T3 +2 +3 +2.33 +0.75 +1.5 +2.33 +2.17 +0.8 +0.91 +0.71 +2 +3 +0.39 +1.07 +1 +1.86 - 

A1: Number of contributions to A, A2: Number of references contributing to A, A3: The ratio of the number of contributions to A to the number of contributing 
references, B1: Number of contributions to B, B2: Number of references contributing to B, B3: The ratio of the number of contributions to B to the number of 
contributing references, C1: Number of contributions to C, C2: Number of references contributing to C, C3: The ratio of the number of contributions to C to the 
number of contributing references, D1: Number of contributions to D, D2: Number of references contributing to D, D3: The ratio of the number of contributions to 
D to the number of contributing references, E1: Number of contributions to E, E2: Number of references contributing to E, E3: The ratio of the number of 
contributions to E to the number of contributing references, F1: Number of contributions to F, F2: Number of references contributing to F, F3: The ratio of the 
number of contributions to F to the number of contributing references, G1: Number of contributions to G, G2: Number of references contributing to G, G3: The 
ratio of the number of contributions to G to the number of contributing references, H1: Number of contributions to H, H2: Number of references contributing to H, 
H3: The ratio of the number of contributions to H to the number of contributing references, X1: Number of contributions of X to sustainability criteria, X2: Number 
of references contributing to sustainability criteria for X, X3: The ratio of the number of contributions of X to the number of contributing references, Y1: Number of 
contributions of Y to sustainability criteria, Y2: Number of references contributing to sustainability criteria for Y, Y3: The ratio of the number of contributions of Y 
to the number of contributing references, Z1: Number of contributions of Z to sustainability criteria, Z2: Number of references contributing to sustainability criteria 
for Z, Z3: The ratio of the number of contributions of Z to the number of contributing references, T1: The total sustainability contribution of all methods in one year, 
T2: Total number of contributing references, T3: The ratio of the total number of sustainable contributions of all methods to the number of contributing references, 
T4: Total data for all years, T5: Averages of data from all years. 



Minerals 2026, 16, 790 16 of 30 
 

https://doi.org/10.3390/min16080790 

5. Discussion 
5.1. Comparison of Methods in Terms of Efficiency, Cost, and EI 

The three main methods for the recycling of LIBs are pyrometallurgical, 
hydrometallurgical, and biotechnological approaches. Each method has different 
advantages and disadvantages in terms of efficiency, cost, and EI. When comparing these 
methods in terms of efficiency, pyrometallurgical methods are quite effective in 
recovering high-value metals (X-B+). However, pyrometallurgical methods struggle with 
Li recovery and present environmental challenges (X-A−), (X-D−). Hydrometallurgical 
methods offer high recovery rates and are more environmentally sustainable (Y-A+), (Y-
B+), (Y-D+). These findings are also consistent with the findings of our study. However, 
these methods involve complex processes that can affect operational efficiency (Y-C−). 
Biotechnological methods currently have lower recovery rates (Z-A−), (Z-B−), (Z-C−). 
However, due to their lower energy consumption (Z-F+) and environmentally friendly 
nature (Z-D+), they are a promising alternative in the long term. First and foremost, the 
choice of RM depends on the specific objectives of the recycling operation, including the 
metals to be recovered, economic considerations, and EI [7,46,52,108–110]. 

Recycling LIBs is a complex process involving various methods that interact with 
complex multiphase flow and reactive phenomena such as hydrometallurgy, 
pyrometallurgy, direct recycling, and unconventional processes. Many of these methods 
have been adapted from the metal industry and subsequently adjusted to suit the complex 
chemistry of LIBs. Pyrometallurgy is a leading candidate for recycling LIBs due to its fluid 
scalability, typically allowing all types of LIBs to be processed as a single input with fewer 
separation steps, thus reducing the overall plant carbon footprint (X-C+). However, 
pyrometallurgical processes produce greenhouse gases and hazardous gases, making EI 
management challenging (X-D−). The high adaptability of pyrometallurgical processes at 
an industrial scale and their ability to melt large volumes of waste batteries without the 
need for pretreatment stands out as the strongest aspect of this method (X-G+) [111]. 
However, these operations, conducted at high temperatures (1000 °C and above), lead to 
the release of fluorine-based toxic gases as well as CO2 emissions, severely limiting the 
environmental sustainability of the process (X-D−) [50]. More importantly, during 
pyrometallurgical melting, Li largely passes into the slag phase (especially in the form of 
Li-aluminate complexes) due to its thermodynamic tendencies [65]. While valuable metals 
such as Co and Ni can be recovered with high yield in the matte phase (X-B+), the 
entrapment of Li in the slag and the fact that this post-leaching residue remains as 
secondary waste (X-A−) contradict the closed-loop material recovery principles of the 
circular economy [65,111]. Techniques such as microwave-assisted roasting or 
carbothermic reduction, recently proposed in the literature to overcome this limitation, 
have the potential to reduce the future environmental burden of pyrometallurgy by 
converting Li into water-soluble forms (such as Li2CO3) (X-H+) [112]. In contrast, 
hydrometallurgical techniques exhibit higher recovery rates and purities (Y-A+), (Y-B+), 
making them the preferred processes for next-generation scaling (Y-E+). However, these 
techniques can produce toxic liquid and solid waste, posing risks in terms of human and 
environmental toxicity (Y-D−) [113]. Furthermore, hydrometallurgical methods generally 
offer a more cost-effective solution for the recycling of used LIBs due to lower energy 
requirements (Y-F+) and higher recovery efficiencies for Li (Y-A+) (Y-E+). Pyrometallurgical 
methods, while effective for certain metals, lead to higher operating and investment costs, 
particularly due to energy consumption (X-F−) and emission management (X-D−). 
Biotechnological methods, despite being environmentally friendly (Z-D+), currently 
struggle with economic viability due to slower process times (Z-C−) and lower recovery 
rates (Z-A−), (Z-B−) (Z-E−). The choice of RM will depend on specific operational objectives, 
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including the metals to be recovered, economic considerations, and EI [7,46,58,114–118]. 
Hydrometallurgical processes are the most dominant route in the literature, especially for 
the selective and high-purity (over 95%) recovery of Li (Y-A+) [119]. However, strong 
mineral acids such as H2SO4 or HCl used in conventional hydrometallurgy, while offering 
high metal recovery rates, necessitate neutralization at the end of the process and produce 
enormous amounts of toxic liquid waste (Y-D−) [120]. This situation leads to a negative 
evaluation of hydro-processes under the heading of “environmental contribution” 
[120,121]. In the pursuit of sustainable metallurgy, DESes, such as organic acids like citric, 
malic, or oxalic acid, which replace mineral acids, both maintain leaching efficiency (Y-C+) 
and minimize secondary waste load (Y-D+) thanks to their biodegradable structure 
[121,122]. However, the high viscosity and slow mass transfer kinetics of green solvents 
(especially DES) reduce process efficiency at room temperature (Y-C−) [112,122]. The main 
bottleneck to be discussed is the operational and financial cost constraints in translating 
the high selectivity success of green solvents at the laboratory scale into industrial 
flowcharts (Y-E−), (Y-G−) [112,119]. 

Bioleaching, being conducted at ambient temperature and pressure, is the alternative 
with the lowest energy consumption and therefore the cleanest carbon footprint (Z-D+) 
[97,123]. Organic acids and metabolites secreted by microorganisms such as A. niger or A. 
ferrooxidans can slowly but steadily dissolve Li in a solid matrix (Z-A+) [97]. However, 
there are two very clear structural obstacles to the industrial-scale commercialization of 
the bioleaching method: low solid-liquid (S/L) ratios and extremely slow reaction kinetics 
(Z-E−) [32,97]. The toxic effect of heavy metals in waste batteries on microorganisms 
(biomaterial poisoning) disrupts the stability of the process (Z-D−). It has been shown that 
dissolved metal ions, especially at high pulp densities, cause oxidative stress on 
microorganisms and reduce bioleaching efficiency (Z-C−) [97]. Therefore, biotechnology 
alone is far from meeting current industrial speed and volume expectations (Z-E−). 
However, it should be considered as a secondary route supporting hydrometallurgy as a 
pretreatment or in the cleaning of waste/residue after leaching (Z-H+) [97,123]. 

5.2. Challenges in the Development of LIB RM 

Traditional methods based on thermal pyrometallurgical routes, along with 
hydrometallurgical leaching, have been widely studied and used for the recovery of 
metals from Spent-LIBs. However, hydrometallurgical approaches have an advantage 
over their counterparts due to their easy industrial applicability and environmentally 
friendly nature (Y-D+), (Y-H+). Based on state-of-the-art recycling processes, the aim is to 
design and implement a new and environmentally friendly recycling approach for LIBs 
with a maximum recovery rate and minimum operating costs. In general, the 
hydrometallurgical method guarantees high recovery rates (Y-A+), (Y-B+), and does not 
require additional equipment. This makes it quite popular in the laboratory, and this 
method is the closest to an industrial application. However, this method requires high 
acid and base reagent consumption proportional to the LIB for leaching, which can lead 
to additional chemical costs. In addition, the back-end costs of disposing of the used 
solutions can be high (Y-E−) [110]. Furthermore, difficulties in accessing adequate 
financing and insufficient investment in recycling infrastructure emerge as significant 
obstacles (X-E−), (Y-E−) [124]. Currently, pyrometallurgical and hydrometallurgical 
methods used for industrial-scale S-LIB recovery consume a lot of energy while only 
managing to recover valuable metal components (X-A+), (Y-A+), (X-B+), (Y-B+), (X-F−), (Y-
F−) [118]. However, it would be beneficial to examine state-of-the-art LIB recycling at the 
plant scale to compare the feasibility of different methods [125]. 
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5.3. Innovations in Recycling Technologies for LIBs 

Innovations in LIB recycling technologies are examined under four headings. The 
first of these is pyrometallurgical innovations. Recent innovations in pyrometallurgical 
recycling include the development of more efficient furnace designs and the integration 
of advanced emission control technologies to reduce EI (X-C+), (X-D+), (X-G+). For example, 
new furnace technologies can optimize the recovery of metals such as Co and Ni while 
minimizing energy consumption (X-B+), (X-F+) [37]. Furthermore, research has focused on 
improving the recovery of Li, which has traditionally posed a challenge in 
pyrometallurgical processes. Innovations such as the use of special slag compositions can 
increase Li recovery rates, making this method more economically viable (X-E+) [46]. 

Despite these advances, lithium entrapped in the slag phase remains one of the major 
technical and economic challenges of pyrometallurgical recycling (X-A−), (X-E−). Although 
Li-containing slags have traditionally been considered secondary waste, recent studies 
suggest that they should be regarded as valuable secondary resources instead. The 
economic viability of recovering Li from these slags depends on factors such as slag 
mineralogy, Li concentration, downstream processing requirements and market 
conditions. Conventional slags typically necessitate additional crushing, beneficiation and 
hydrometallurgical processing, thereby escalating capital and operational costs. 
Consequently, in many industrial applications, Li-rich slags are insufficiently utilized, 
which limits the circularity of pyrometallurgical recycling. To address this issue, recent 
thermodynamic slag engineering approaches have centered on altering slag chemistry to 
encourage the development of recoverable Li-containing phases, such as γ-LiAlO2, to 
facilitate downstream processing and enhance the overall efficiency of Li recovery (X-C+). 
These developments suggest that pyrometallurgical slags are evolving from waste 
products into potential secondary Li resources. However, further techno-economic 
validation on an industrial scale is required [126–128]. 

Hydrometallurgical methods have made significant progress aimed at increasing 
efficiency and reducing costs (Y-C+), (Y-E+). Innovations include the development of novel 
leaching solvents and processes that increase the solubility of Li and other metals from 
battery materials (Y-A+), (Y-B+). For example, the use of DESes (Y-A+), (Y-B+), (Y-D+) has 
emerged as a promising alternative to conventional acids, offering lower toxicity and 
improved recovery rates [129]. Furthermore, the integration of continuous process 
systems has been proposed to streamline operations and reduce overall process time, 
thereby lowering costs (Y-C+), (Y-E+), (Y-G+) [80]. Research is also ongoing into optimizing 
the purification stages of hydrometallurgical processes with the aim of minimizing waste 
(Y-D+) and improving the economic feasibility of Li recovery (Y-A+), (Y-E+) [110,130]. 

Despite their remarkable performance at laboratory scale, the industrial 
implementation of organic acids and DESes remains challenging due to high viscosity, 
limited mass transfer and slower leaching kinetics (Y-C−). Closing this gap requires an 
integrated approach to process engineering rather than improvements in solvent 
chemistry alone. Several promising strategies have recently been proposed, including 
intensified reactor designs with enhanced mixing, ultrasound- and microwave-assisted 
leaching to improve mass transfer, continuous-flow reactor systems, operation at elevated 
temperatures, and hybrid solvent systems that combine biodegradable organic acids with 
small amounts of conventional mineral acids (Y-H+). Additionally, process modeling, 
techno-economic analysis and LCA should be incorporated into the development of pilot-
scale processes to identify economically feasible operating parameters before full-scale 
industrial implementation. These integrated engineering approaches could enable green 
solvents to retain their environmental benefits while achieving the necessary productivity 
and throughput for large-scale LIB recycling (Y-C+), (Y-D+), (Y-E+) [39,90,91,131]. 
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Recent innovations in biotechnological methods include the identification and 
engineering of specific microorganisms that can enhance metal recovery from used LIBs. 
For example, studies have shown that certain bacterial species can effectively decompose 
Li and Co from battery materials under mild conditions (Z-A+), (Z-B+), and significantly 
reduce energy requirements (Z-F+) [132]. Furthermore, advancements in bioprocess 
optimization, such as the use of bioreactors and controlled environments to increase the 
efficiency and scalability of biological leaching operations (Z-C+) [100], are being 
investigated. These innovations not only increase recovery rates but also minimize the 
environmental footprint of recycling operations, aligning with sustainability goals (Z-A+), 
(Z-B+), (Z-D+). 

Of the various biological approaches, the use of A. niger for fungal pretreatment 
appears to be one of the most promising precursor steps for integrated recycling systems. 
Rather than replacing hydrometallurgical processing, fungal bioleaching can be used as 
an initial stage of pretreatment to weaken the cathode matrix biologically by producing 
organic acids such as citric, oxalic and gluconic acids. This pretreatment permits the 
valuable metals to be solubilized, decreases the quantity of mineral acid needed in the 
following steps and enhances the downstream hydrometallurgical leaching efficiency (Y-
C+), (Z-A+), (Z-B+), (Z-C+), (Z-E+). These combined biotechnological and 
hydrometallurgical processes provide the dual advantage of environmental sustainability 
and high recovery efficiency, thus boosting the overall sustainability and efficiency of 
integrated recycling systems (Z-D+), (Z-H+) [95,97]. 

A fundamental innovation in all RMs is the emphasis on circular economy principles. 
This involves designing recycling processes that not only recover valuable materials but 
also reintegrate them into the production cycle. For example, research has focused on 
developing closed-loop systems where recovered Li and other metals are reintegrated into 
new battery production, reducing the need for virgin materials [98]. This approach not 
only increases resource efficiency but also contributes to the overall sustainability of the 
battery supply chain. Innovations in LIB recycling technologies focus on increasing 
efficiency, reducing costs, and minimizing EI. These innovations, when combined, pave 
the way for more sustainable and economically viable recycling practices in the LIB 
industry. 

5.4. Future Expectations and Trends 

Future expectations and trends in LIB recovery are shaped by evolving technologies, 
innovative research, collaborative efforts, and the goal of developing a circular economy. 
Recent advancements in LIB recovery technologies are crucial in addressing the growing 
environmental concerns related to battery waste. Hydrometallurgical processes involving 
acid leaching and extraction hold significant promise for the efficient recovery of valuable 
metals such as Li and Co from used batteries. For example, studies have shown that 
recovery rates can reach up to 99% for cathode materials, highlighting the efficiency of 
these methods in resource recovery (Y-A+), (Y-B+) [37,98]. Furthermore, innovative 
techniques such as electrohydraulic cracking and ultrasonic identification are being 
investigated to improve separation and recycling processes and thus increase the overall 
efficiency of LIB recovery systems (Y-C+) [73,133]. 

Innovation and R&D play a crucial role in enhancing the efficiency of LIB recycling. 
The development of selective ion exchange sorbents, particularly Mn-based materials, has 
emerged as a promising technology for Li recovery from low-concentration sources such 
as hydraulic fracturing backflow (Y-C+) [134]. Furthermore, mechanochemical activation 
methods have been investigated to optimize the recovery of Li Co oxide powders, 
revealing improved recovery rates and reduced EI potential (Y-A+), (Y-B+), (Y-D+) [135]. 
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Among the emerging next-generation recycling technologies, flash Joule heating 
(FJH) has recently attracted considerable attention because of its extremely rapid heating 
rates, substantially reduced energy consumption (Y-F+), and compatibility with 
downstream hydrometallurgical recovery processes. Unlike conventional thermal 
treatments, FJH can heat spent LIB materials to ultrahigh temperatures within seconds, 
enabling rapid decomposition of electrode materials and selective Li phase conversion 
while significantly shortening processing time (Y-E+), (Y-G+). Recent studies have reported 
Li recovery efficiencies exceeding 90% together with dramatically lower energy 
consumption compared with conventional thermal recycling routes (Y-A+). Furthermore, 
Joule-heating-assisted recycling offers promising opportunities for integration with direct 
regeneration and hydrometallurgical processes, potentially reducing both carbon 
emissions and secondary waste generation (Y-D+). Although challenges related to 
industrial-scale implementation and reactor design remain (Y-H−), Joule-heating 
technologies are expected to become one of the most promising directions for future 
sustainable LIB recycling [136–138]. The integration of these innovative approaches not 
only increases the efficiency of recycling processes but also contributes to the 
sustainability of LIB production by reducing reliance on virgin materials [9]. 

6. Conclusions and Suggestions 
This study examines the critical role of LIB RMs within the framework of the circular 

economy, based on their contributions to sustainability criteria. The sustainable 
contributions of LIB RMs to the recovery efficiency of other metals and Li, both in total 
and on an annual average basis, were found to be high compared to other criteria. Their 
total contributions to process efficiency and the environment are also relatively high. 
However, their total contributions to the economy, adaptation to technological 
developments, and integration of methods remain low. In addition, since their 
contribution to energy consumption is negative overall, it would be beneficial to conduct 
more new academic studies to increase their contributions, especially in energy 
consumption and the other three criteria mentioned above. Although the contributions to 
adaptation to technological advancements and inter-method integration are low, the high 
level of contributions per reference indicates that more efficient results can be obtained 
from studies conducted in these two metrics. The ranking of the methods based on their 
total sustainable contributions and their contributions per reference is the same. However, 
unlike the first ranking, the fact that the contribution level per reference of the 
biotechnology method approaches that of the hydrometallurgy method and is more than 
five times that of the pyrometallurgy method makes studies in the biotechnology method 
more encouraging compared to the pyrometallurgy method. 

The findings are consistent with the literature presented in Section 5. A holistic 
evaluation of the reviewed literature reveals that no single RM can fully meet both the 
economic and environmental goals of the circular economy simultaneously. 
Pyrometallurgy focuses on speed and volume, sacrificing Li, while bioleaching focuses on 
the environment, losing time. Hydrometallurgy appears to be the most balanced system, 
but the recovery and stability problems of green solvents are still not fully resolved. 
Therefore, the new trend in the literature is shifting towards “Hybrid Integrated Systems” 
that combine the strengths of these methods. For example, a selective hydrometallurgical 
leaching process using organic acids, following a low-temperature green roasting step 
that minimizes energy consumption, will both prevent Li loss and reduce the carbon 
footprint of the process to acceptable levels. The main findings of the study are as follows: 

• Environmental and operational paradox of the methods: The study results show that 
while pyrometallurgical methods are capable of processing high volumes of waste 
on an industrial scale, they deviate from closed-loop sustainability goals due to 
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lithium’s thermodynamic structure, causing it to escape into the slag phase (Li-
aluminate complexes). In contrast, hydrometallurgy remains the most stable route 
for selective Li recovery (over 95%). 

• The role of green solvents: While the use of conventional mineral acids (especially 
H2SO4) offers high metal recovery rates, it produces secondary fluid wastes and 
hazardous post-leaching residues that are difficult to treat at the end of the process. 
Integrating organic acids such as citric and malic acid, as well as DESes, into the 
process radically reduces the chemical waste load, making the process compatible 
with “Green Metallurgy” principles. 

• Biotechnological limitations: Although conducting bioleaching processes at room 
temperature completely eliminates the energy consumption constraint (Z-F+), low 
solid–liquid (S/L) ratios and the sensitivity of microorganisms to heavy metal toxicity 
have shown that this method alone cannot meet the current industrial speed 
expectations. 

• Data and scale limitations in the literature (research gap): The studies reviewed 
focused on the individual successes of innovative green solvents and bioleaching 
mechanisms at the laboratory scale, but quantitative data on the net energy 
consumption, carbon footprint/LCA, and technological adaptation rates at the 
industrial scale of these processes were found to be extremely limited. 

6.1. Limitations of the Study 

This study analyzes the sustainable contributions of different RMs for LIBs. In this 
analysis, these methods are compared in terms of their environmental contribution and 
economic and technical advantages or disadvantages, and their integrated applications 
are evaluated. However, this evaluation only examined the relationship between these 
methods and the specified sustainability criteria, and the effects of different parameters 
on the environmental, economic, and technical contributions of integrated recycling 
methods were not investigated. This aspect limits the study. Further case studies and the 
identification of environmental, economic, and technical contributions in integrated RM 
could lead to a clearer understanding of the concrete impacts of these sustainability 
criteria on each other and contribute to the development of integrated RMs. 

The recycling process for LIBs involves several stages, including the collection and 
sorting of used batteries, extraction mechanisms, and a comparison of different RMs. 
Efficient collection systems are essential to ensure that used batteries are properly 
channeled for recycling instead of being dumped in landfills. However, while the 
sustainability contributions of LIB RMs are considered in this study, the sustainability 
contributions of the used battery collection and sorting process are not evaluated. 

The academic references included in this study do not encompass all studies in this 
field worldwide and therefore represent a general trend globally. Different references 
from selected years regarding the contributions of different RMs to sustainability criteria 
could be found, and this study could be further developed to highlight which methods 
have more positive or negative contributions. 

6.2. Future Studies 

As indicated in the literature, increasing global interest in LIB recycling is expected 
in the future, both at the laboratory and industrial scales. However, difficulties in 
accessing adequate financing and insufficient investment in recycling infrastructure 
present significant obstacles. At this point, there is a need for applications that improve 
product quality, reduce costs, simplify the recycling process, and integrate RMs in a 
feasible manner. Therefore, it is recommended that research promising higher recycling 
rates and lower environmental risks be conducted. In the future, case studies examining 
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the sustainability contributions of integrated RMs, implemented on a facility-by-facility 
basis for each of these methods, could fill the gap in this study. 

Innovations in LIB recycling technologies will increasingly accelerate the integration 
process of these methods. These innovations are also yielding promising results in 
achieving cost-effective recovery. In the future, it is expected that new technologies will 
lead to increased recovery efficiencies in Li and other minerals besides Li, and that projects 
on integrated recovery methods that increase environmental and economic contributions 
and reduce energy consumption will increase. Countries in different geographical regions 
and with varying levels of development can develop their waste management and mineral 
recovery policies in much greater detail, considering their own LIB material requirements, 
waste inventories, and the levels or deficiencies of sustainable contribution of LIB RMs 
summarized in Table 5. Countries can consider these results, which affect the 
sustainability of LIB RMs, their levels of development, and their potential and 
infrastructure for LIB recovery. Accordingly, countries may have the opportunity to 
transition toward more cost-effective RMs or integrated recovery approaches for LIBs, 
depending on their infrastructure and available resources. At this point, it is 
recommended that each country determine its LIB recycling capacity after the LIB 
collection and sorting processes and, considering its sustainable contributions, seek 
support from its national governments or international organizations to secure funding 
and technology transfer. Other recommendations are as follows: 

• Hybrid and Integrated Process Designs: Future R&D efforts should focus on hybrid 
systems that combine the strengths of methods rather than individual process 
architectures. In particular, combinations of selective hydrometallurgical leaching 
with biodegradable organic acids or DESes, following a low-temperature green 
roasting pretreatment that minimizes energy consumption, should be adapted to 
industrial flowcharts. 

• Use of Artificial Intelligence in Process Optimization: To overcome the negative 
effects of chemical heterogeneity and variable black mass compositions in cathode 
contents on leaching efficiency, machine learning algorithms, SVM, XGBoost, and 
computer vision-based microscopic characterization tools should be integrated into 
process control mechanisms. AI-supported kinetic modeling can reduce operational 
costs by optimizing solvent consumption and reaction times. Although large-scale 
industrial datasets are currently limited in availability, this should not prevent the 
adoption of AI-based process optimization. Initially, machine learning models can be 
developed using laboratory- and pilot-scale experimental datasets, as well as digital 
twins, physics-informed machine learning frameworks and process simulation 
outputs. As industrial monitoring systems become more widespread, these models 
can be refined using real operational data through transfer learning. This progressive 
data integration strategy would enable the reliable use of AI to optimize processes 
while overcoming the current limitations associated with industrial-scale energy 
consumption and carbon footprint datasets. 

• Holistic Waste Management: The focus should not be solely on dissolving Li or Co; 
the structural characterization of post-leaching residue masses remaining after 
leaching operations should also be conducted. By valuing these residues in building 
materials or secondary industrial applications, a complete “zero waste” and circular 
economy model should be established. 

• Policy and Regulation Incentives: To ensure global supply security and the 
sustainability of the EV market, it is recommended that policymakers introduce legal 
quotas mandating the use of secondary raw materials and provide strategic financing 
incentives for green metallurgical transformation investments. As seen in the 
literature reviewed in this study, the sustainability contributions of all these methods 
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are increasing with advancing technology. Facilitating access to finance and incentive 
regulations by governments will play a role in enhancing development in countries. 
In this context, the European Union Battery Regulation (EU Battery Regulation 
2023/1542) encourages the creation of a closed-loop battery economy by setting 
minimum content requirements for the use of recycled critical raw materials in new 
batteries and high collection and recovery targets for end-of-life batteries. This 
regulation accelerates industrial investments in recycling technologies while 
contributing to the development of sustainable supply chains by increasing economic 
efficiency in each RM and in integrated applications. The widespread adoption of 
similar regulatory mechanisms in other countries could significantly improve 
sustainability metrics, which the article identifies as having a low level of 
contribution. 
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