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A B S T R A C T

The global lithium-ion battery market is projected to exceed by 2030, highlighting the need for scalable and 
sustainable solutions to address the anticipated rise in end-of-life batteries. Traditional recycling techniques 
exhibit systemic inefficiencies marked by high energy requirements, considerable greenhouse gas emissions, and 
restricted economic feasibility, especially for low-value materials such as lithium iron phosphate. This review 
analyzes the limitations and presents direct regeneration as a feasible solution, providing enhanced economic 
and environmental results. Direct regeneration consumes only 16% of the energy and generates merely 1.34% of 
greenhouse gas emissions compared to Hydrometallurgy, while achieving nearly double the profit of conven
tional methods. To realize its full potential, the sector must tackle the “black mass bottleneck” by establishing a 
quality-based routing framework, exemplified by the Black Mass Quality Index, which channels high-purity 
feedstocks towards value-maximizing Direct regeneration pathways. The EU Batteries Regulation promotes 
this transition through the establishment of mandatory targets for recycled content and carbon footprint 
thresholds. Achieving true circularity requires an integrated smart recycling ecosystem that includes the Digital 
Battery Passport, AI-assisted disassembly, and advanced Direct regeneration technologies. The implementation of 
enhanced circularity metrics, such as EVDP and CTI-LCIA, is advocated to assess and promote the resource ef
ficiency of cathode-to-cathode recycling.

1. Introduction

The rapid expansion of lithium-ion batteries (LIBs) has positioned 
them at the core of global electrification, underpinning the transition 
toward low-carbon energy systems (Qiu et al., 2026). Initially developed 
for portable electronics, LIB deployment is now dominated by electric 
vehicles (EVs) and stationary energy storage systems (ESS), leading to a 
sharp increase in global production capacity (Zhang et al., 2025). Pro
jections indicate that annual demand could rise from hundreds of GWh 
in the early 2020s to several TWh by 2030 (Fig. 1a), reflecting an un
precedented scale-up of battery manufacturing (Li et al., 2025). How
ever, this growth trajectory is intrinsically coupled with a delayed but 
inevitable surge in end-of-life (EoL) batteries, as systems deployed over 
the past decade approach retirement (Fang et al., 2025). As a result, 
global volumes of spent LIBs are expected to exceed 11 million tons in 
the coming decades (Fig. 1b), transforming batteries from a strategic 
energy asset into a rapidly emerging waste stream (Li et al., 2025).

This challenge is further intensified by a structural shift in battery 
chemistries. While early LIB markets were dominated by cobalt-rich 

systems such as lithium cobalt oxide (LCO), recent developments have 
driven a transition toward nickel-rich layered oxides (e.g., NMC and 
NCA) to enhance energy density and reduce cobalt dependency (Wind
isch-Kern et al., 2022). Simultaneously, lithium iron phosphate (LFP) 
has re-emerged as a dominant chemistry due to its cost advantages, 
safety profile, and long cycle life, particularly in large-scale EV 
deployment (Azimi and Mohammad Zadeh, 2026). This diversification 
of chemistries complicates recycling, as different material systems 
require distinct processing strategies and exhibit varying economic 
values (Rehman et al., 2025a). Consequently, the convergence of rapid 
market growth, increasing waste generation, and evolving material 
compositions presents a critical challenge for the development of scal
able and efficient recycling systems (Qureshi et al., 2026)

From a technological perspective, LIB recycling is commonly classi
fied into three pathways: pyrometallurgy (PMR), hydrometallurgy 
(HMR), and direct regeneration (DR), each with distinct trade-offs. PMR 
is industrially mature and can process heterogeneous feedstocks, but is 
energy-intensive, emission-heavy, and inefficient for lithium recovery 
due to slag losses (Qureshi et al., 2026). HMR enables selective metal 
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extraction with higher recovery efficiency, though it requires 
well-controlled feedstock composition and generates secondary waste 
streams (Soldan Cattani et al., 2025). DR has recently emerged as a 
promising alternative, aiming to restore cathode materials in situ while 
preserving their structure (Qureshi et al., 2026). Despite its advantages 
in energy efficiency and value retention, its applicability remains 
strongly dependent on feedstock purity and is largely limited to labo
ratory and pilot-scale studies.

A substantial body of literatures have focused on improving these 
individual recycling processes, particularly through advances in leach
ing chemistry, thermal treatment optimization, and cathode regenera
tion strategies (Gao et al., 2025a; Qureshi et al., 2026; Su et al., 2025). 
However, despite these advances, existing studies predominantly adopt 
a process-centric perspective, treating recycling pathways as isolated 
unit operations. Recent review articles have examined LIBs recycling 
from both technological and systemic perspectives (Azimi and 
Mohammad Zadeh, 2026; Rehman et al., 2025). Process-oriented 

reviews primarily focus on material recovery pathways with strong 
emphasis on reaction mechanisms, lithium replenishment, and struc
tural reconstruction of cathode materials. These studies clearly 
demonstrate the growing potential of DR as a low-energy, closed-loop 
approach that preserves cathode integrity and improves sustainability 
(Natarajan and Noda, 2025; Qureshi et al., 2026). In parallel, 
system-level analyses have addressed broader challenges related to 
regulatory frameworks, supply chain constraints, and global policy 
heterogeneity, emphasizing the role of circular economy strategies and 
governance mechanisms in shaping sustainable recycling systems (Yang 
et al., 2025).

However, these two research directions remain largely disconnected. 
Process-focused studies assume uniform feedstocks, while policy- 
oriented works overlook material-level constraints, leaving feedstock 
heterogeneity and its impact on process selection insufficiently 
addressed. Therefore, the key gap is not the lack of technologies, but the 
absence of an integrated framework linking feedstock quality, process 

Fig. 1. (a) LIB demand from 2022 to 2030; (b) available battery materials from 2020 to 2040.
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selection, and system-level decision-making.
A key gap in the literature lies in the lack of system-level integration 

and in the poor handling of feedstock heterogeneity. This is most evident 
in the so-called “black mass bottleneck,” where mechanical pre- 
treatment generates highly heterogeneous mixtures of cathode and 
anode materials, binder residues, and metallic impurities. Such vari
ability limits the applicability of advanced recycling routes, particularly 
DR, which depends on controlled material purity. Despite this, industrial 
practice still follows a largely uniform processing approach, without 
clear criteria for feedstock classification or routing. As a result, materials 
that could be directly regenerated are often processed together with 

degraded fractions, leading to unnecessary energy use and loss of ma
terial value.

This review addresses this limitation by adopting a system-level 
perspective that links material characteristics, process selection, and 
policy considerations. It frames the black mass bottleneck as a central 
barrier to scalable recycling and introduces the Black Mass Quality Index 
(BMQI) as a practical tool for feedstock classification and routing. By 
connecting material quality to appropriate recycling pathways, BMQI 
enables high-purity fractions to be directed toward value-preserving 
routes such as DR, while lower-quality streams are treated through 
conventional recovery processes. In addition, this work outlines an 

Fig. 2. Comparison of pyro, hydro, and direct recycling methods in terms of energy consumption, GHG emissions, revenue, and cost. Adapted and redraw with 
permission from ref. (G. Wei et al., 2023).
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integrated recycling framework that combines Digital Battery Passports 
(DBP), AI-assisted disassembly, and advanced regeneration strategies 
within a single operational structure. In contrast to existing reviews that 
treat processes, economics, or policy in isolation, this study brings these 
elements together and shows how they interact in practice. By aligning 
process design with emerging regulatory requirements, such as the EU 
Batteries Regulation, it provides a realistic pathway from laboratory 
developments to industrial implementation.

2. Systemic failures in current recycling practices

2.1. Limitations of conventional recycling methods

Despite growing interest and research in LIB recycling, current in
dustrial practices remain largely reliant on two conventional approaches 
PMR and HMR, both of which face deep-rooted limitations that hinder 
their environmental performance, and economic viability (Naseri et al., 
2022a, b). Fig. 2a and b illustrates the schematic of PMR and HMR 
process.

PMR, the more mature and widely implemented of the two, operates 
at extremely high temperatures, often exceeding 1000 ◦C, to extract 
valuable metals from spent LIBs. This method provides the benefit of 
accommodating various battery chemistries and contaminated feed
stocks; however, it also presents significant disadvantages. The energy 
requirements are substantial, rendering this process one of the most 
carbon-intensive alternatives in the recycling framework. PMR not only 
contributes to substantial CO2 emissions but also emits hazardous gases, 
including hydrofluoric acid (HF), which results from the decomposition 
of electrolytes and binders (Biswal et al., 2024; Naseri et al., 2019). 
These emissions necessitate additional treatment systems, increasing 
both operational complexity and cost. It was found that a total of ⁓2.48 
× 1010 MJ of energy would be consumed for PMR, leading to the gen
eration of ⁓3.99 × 1013 kg of GHG emissions (Fig. 2d) (Nguyen-Tien 
et al., 2022). More critically, this method fails to recover many essential 
battery components: graphite anodes, electrolytes, separators, and 
plastics are typically incinerated, while valuable lithium often ends up 
trapped in slag, from which it is rarely recovered unless additional, 
expensive post-treatment is applied (Fig. 2a) (J. Wang et al., 2024). As a 
result, PMR is only economically viable when processing high-cobalt 
cathodes like LCO or NCM111; it offers little return when applied to 
lower-value chemistries such as LFP, which are gaining market domi
nance (Jenis et al., 2024). It is worth mentioning that, PMR industrial 
application remains significant as a robust pretreatment method for 
large-scale operations (Zanoletti et al., 2024). In many centralized sce
narios, PMR is utilized not only for metal extraction but as a critical 
means of hazardous waste volume reduction and stabilization, as the 
high furnace temperatures effectively break down flammable electro
lytes and toxic organic binders without requiring laborious individual 
cell disassembly (Fig. 2c). Furthermore, the economic model of PMR 
facilities often relies on mechanisms beyond simple metal recovery 
value, such as “gate fees” disposal charges paid by the battery generator 
or direct government subsidies and grants designed to incentivize the 
diversion of hazardous electronic waste from landfills (Vinayak et al., 
2024). Sensitivity analyses indicate that for recycling operations to 
remain profitable and avoid net losses, particularly when processing 
low-value feedstock like LFP, a disposal fee of at least 40 EUR/kWh 
(acting as a negative purchase cost) may be necessary to offset sub
stantial initial investments and ongoing operational expenses. Thus, 
while energy-intensive, PMR serves as a necessary component of the 
current global recycling infrastructure, especially for treating highly 
heterogeneous waste streams where fine sorting is technically difficult 
or prohibitively expensive (Jenis et al., 2024; Lai et al., 2025).

HMR, by contrast, operates at lower temperatures and uses aqueous 
solutions of acids or organic chelating agents to leach out metals. This 
process generally achieves higher recovery rates for specific metals such 
as cobalt, nickel, and manganese, and consumes less energy compared to 

PMR methods. The HMR was estimated to consume ⁓4.14 × 1010 MJ of 
energy and produce ⁓4.12 × 1014 kg of GHGs, which are slightly higher 
compared to PMR (Fig. 2d) (Nguyen-Tien et al., 2022). However, it is not 
without its own serious limitations. The leaching, co-precipitation, and 
washing steps generate large volumes of acidic or alkaline wastewater, 
requiring complex and expensive purification systems (Fig. 2c) 
(Pražanová et al., 2024). Moreover, the separation of metals with similar 
chemical properties remains technically challenging, often leading to 
co-extraction and lower-purity end products (Fig. 2b). The reagents 
themselves, especially strong inorganic acids, pose risks of equipment 
corrosion, secondary pollution, and worker safety concerns (Jia et al., 
2024). Even when greener alternatives like organic acids are used, their 
high-cost limits widespread industrial adoption (G. Shi et al., 2023; D. 
Song et al., 2023). Even among recycling routes, HMR tends to show 
lower costs across cathode types, except for LFP in China, where its low 
recovery value results in near-zero or negative revenue (X. Wu et al., 
2024). On the other hand, DR approaches, which aim to preserve the 
structure of cathode materials rather than reduce them to elemental 
metals, are beginning to demonstrate higher revenue potential, partic
ularly for low-value chemistries like LFP and LMO (Naseri and Mousavi, 
2024). In comparison to HMR and PMR, DR was found to be a more 
energy-efficient and environmentally friendly option, which would 
consume ⁓0.72 × 1010 MJ of energy and generate ⁓5.55 × 1012 kg of 
GHGs, corresponding to only16% and1.34% of the energy consumption 
and GHG emissions of HMR, respectively (Fig. 2d) (Nguyen-Tien et al., 
2022). Importantly, due to the low recycling cost and high value of 
cathode production, DR could create a profit of 1.71 billion dollars, 
nearly double that of metallurgy-based recycling (Jia et al., 2024). These 
findings highlight the necessity of industrial application of DR, consid
ering its favorable environmental impact, energy efficiency, and eco
nomic benefits. However, several challenges need to be addressed for 
the industrialization of direct recycling, which will be discussed in detail 
in the following content.

2.2. Macro-level economic and design barriers

Beyond the limitations of each method, broader systemic issues 
further complicate the LIB recycling landscape. Chief among them is the 
economic viability of current approaches. As battery chemistries 
evolve toward high-nickel and low-cobalt formulations, the market 
value of recovered metals is declining. This trend undermines the 
profitability of conventional methods that rely heavily on cobalt re
covery to break even (H. Gao et al., 2022). For LFP batteries, projected to 
dominate the EV and stationary storage sectors, recycling is often 
economically unfeasible without subsidies or policy intervention (Zhao 
et al., 2024). Collection and transportation also present challenges, 
particularly for distributed, small-format batteries like LCO cells used in 
consumer electronics (Vinayak et al., 2024). These batteries are difficult 
to track and consolidate, and their low individual value doesn't justify 
the high logistical costs required for centralized recycling (J. Wang et al., 
2024).

The lack of standardization in battery design and chemistry adds 
another layer of complexity. Each manufacturer's configuration, 
differing in cell formats, pack structures, and material compositions 
results in a highly heterogeneous waste stream. This variability in
creases the difficulty of dismantling, sorting, and pre-treatment, thereby 
requiring tailored recycling processes for each batch (Bai et al., 2024; 
Mayyas et al., 2023). Mechanical pre-processing techniques such as 
shredding and crushing, while scalable, often result in 
cross-contaminated material streams (G. Shi et al., 2023; Xu et al., 
2023). These processes can damage sensitive active materials, reducing 
their purity and electrochemical performance, and making them un
suitable for direct reuse or upcycling. This contamination not only 
lowers the commercial value of the recovered materials but also creates 
technical barriers for reintroducing them into battery manufacturing 
(Lai et al., 2025; X. Wu et al., 2024).
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Compounding these technical and economic challenges are the 
practical failures observed in real-world recycling operations (Vinayak 
et al., 2024). Numerous pilots and commercial-scale facilities have 
struggled to achieve profitability or operational stability. High energy 
costs, fluctuating commodity prices, dependence on skilled labor, and 
regulatory compliance burdens make it difficult for recycling companies 
to scale up sustainably (Biswal et al., 2024; Vinayak et al., 2024). 
Recycling facilities located in countries with high labors and infra
structure costs like the U.S, often struggle to compete with counterparts 
in countries such as China and South Korea. In those regions, vertically 
integrated supply chains and economies of scale help keep operational 
expenses much lower (Biswal et al., 2024; X. Wu et al., 2024). Recent 
studies and cost assessments confirm this disparity: the expenses 
involved in recycling LIBs through methods like PMR and HMR are 
consistently higher in the U.S., largely because of higher wages and the 
greater capital required to build and maintain processing infrastructure.

The current LIBs recycling system is held back by old infrastructure, 
outdated processes, and a mismatch between how fast battery technol
ogy is evolving and how slowly recycling methods are adapting. As 
battery production rapidly increases to support the global shift to EVs 
and renewable energy, traditional recycling won't be enough. If the in
dustry doesn't shift to more efficient, cost-effective, and flexible recy
cling technologies, it risks becoming a major obstacle instead of helping 
build a truly circular battery economy (Biswal et al., 2024).

3. Innovation pathway I: the rise of direct recycling

3.1. Direct regeneration: principles and technologies

Direct regeneration is an emerging technology that stands out as a 
promising alternative to traditional LIB recycling methods. This non- 
destructive repair technology aims to rejuvenate spent electrode mate
rials by restoring their functionality in situ, largely preserving their 
crystal structure and morphology, and healing structural defects without 
complete chemical decomposition (Xu et al., 2023). It is worth to 
mention that, in this study, DR is not introduced as a new recycling 
technology, but is reframed as a selective pathway within an integrated 
system, where its applicability depends on feedstock quality, process 
routing, and system-level constraints. As shown in Fig. 3, typical DR 
technologies for spent cathode materials include chemical relithiation 
(CR), hydrothermal relithiation (HR), solid-state sintering (SS), elec
trochemical relithiation (ER), molten salt relithiation (MSR), and ion
othermal relithiation (IR). In these methods, spent cathode materials are 
exposed to an excess lithium source and lithium ions are driven back 
into the crystal by physical and chemical means. The transition metal 
elements in spent cathode materials have a higher valence due to a lack 
of lithium ions. Transition metal elements are also reduced back to their 
lower valence during the regeneration process of spent cathode mate
rials (Naseri and Mousavi, 2024b). With the aid of a reductant, both 

Fig. 3. Energy consumption, waste output, simplicity, and scalability of typical direct regeneration technologies. Redraw from ref (B. Zhang et al., 2024).
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chemical relithiation and hydrothermal relithiation can be used to 
restore spent cathode materials at lower temperatures in Li-rich solu
tions (C. Wu et al., 2021). As with cathode material production, 
solid-state sintering involves embedding lithium ions into the crystal 
structure of spent cathode materials under high temperature conditions, 

achieving high crystallinity and regenerating the structure (Ji et al., 
2023). Electrochemical regeneration, in which lithium ions are elec
trochemically driven back to spent cathode materials, has been recog
nized as a sustainable and eco-friendly technology (Z. Liu et al., 2022). 
In mild conditions, ionic liquids can also be used as flux media for the 

Table 1 
Direct regeneration research for LFP and NMC cathode materials.

DR Method Cathod Parameters/Process Discharge Capacity Capacity Retention/Cycling 
Stability

Ref.

Solid-State Sintering/ 
Calcination (SS)

LFP Solid-phase method incorporating Li2CO3, crystal 
structure repair, and Cu doping. Treated at 650 

◦

C 
for 12 h in argon.

160.15 mAh/g (0.05C). Also 
showed 130.94 mAh/g at 2C.

81.19% retention after 1000 cycles 
at 1C.

Yao et al. 
(2024)

LFP Oxidation-Reduction process by high-energy 
sand milling and spray drying.

Initial capacity 144.9 mAh/g 
at 1C. 135.4 mAh/g at 2C.

98% capacity retention after 400 
cycles at 1C. 97% capacity 
retention after 400 cycles at 2C.

Qu et al. 
(2025a)

LCO Sintering with Li2CO3 at 900 ◦C for 12 h (Li/Co 
molar ratio: 1.05).

152.4 mA h/g at 30 mA/g 
(approx. 0.1C).

98.36% capacity retention after 80 
cycles.

H. Nie et al. 
(2015)

LMO/ 
NMC

Low-temperature sintering process (300 
◦

C for 4 
h) using LiNO3 as Li source.

144.0 mAh/g (Initial 
capacity). 83 mAh/g (2C).

95.1% retention after 250 cycles at 
0.5C.

Wang et al. 
(2025b)

NCM111 D-NCM111 + Li2CO3, sintering at 800 ◦C for 10h 
(with mechanochemical activation).

165 mAh/g at 0.2C. Over 80% capacity retention after 
100 cycles.

Chi et al. 
(2021)

NCM523 Sintering with Li2CO3 (Li/Co ratio: 1.05) at 
850 ◦C for 12 h in air.

162 mAh/g at 0.1C. 139.9 
mAh/g at 1C.

91.9% capacity retention after 100 
cycles at 1C.

Yue et al. 
(2020)

NCM523 Sintering with LiOH at 800 ◦C for 8 h. 149.8 mAh/g at 0.5C. 94.5% capacity retention after 100 
cycles.

Fan et al. 
(2021)

​ NCM622 Preoxidation with Na2S2O8 and NaOH, sintering 
with LiOH at 850 ◦C for 5 h in O2.

153.82 mAh/g at 1C. 97.74% capacity retention after 
200 cycles at 1C (also 94.74% after 
100 cycles at 1C).

X. Yang 
et al. (2021)

NCM811 Sintering with LiPO3 (reacting with surface 
residual lithium) at 600 ◦C for 6 h.

198.3 mAh/g at 0.1C. 85.5% capacity retention after 50 
cycles.

Feng et al. 
(2022)

Hydrothermal/ 
Solution-based (HT)

LFP One-step hydrothermal method using DL-malic 
acid. Optimal conditions: 1.2 mol/L Li, 100 ◦C for 
6 h.

Initial discharge capacity of 
138.4 mAh/g (1C).

98.7% retention after 200 cycles. J J. Yang 
et al. (2023)

LFP Direct liquid-phase regeneration under low 
temperature (80 ◦C) and ambient pressure using 
ascorbic acid and LiOH.

High initial discharge capacity 
of 164.2 mAh/g (0.1C). 132.0 
mAh/g at 5C.

93.1% capacity retention after 800 
cycles at 5C.

S. Nie et al. 
(2025)

LFP Hydrothermal treatment using N, S-CQDs as 
multifunctional reductants.

Initial discharge capacity of 
145.6 mAh/g (1C).

83.7% capacity retention after 
1000 cycles.

Wang et al. 
(2025a)

LFP Hydrothermal treatment using L-threonine 
(multifunctional reductant) and CH3COOLi.

155.1 mAh/g at 0.1C. 147.9 
mAh/g at 1C.

82% capacity retention after 500 
cycles at 1C. 86% capacity 
retention after 500 cycles at 5C.

Tang et al. 
(2024)

NCM111 D-NCM111 in 4 M LiOH solution, HT at 220 ◦C for 
2 h, followed by sintering at 850 ◦C for 4 h with 5 
mol% Li2CO3.

158.4 mAh/g at 0.1C. 158.4 mAh/g capacity maintained 
after 100 cycles at 0.1C.

Y. Shi et al. 
(2018)

​ LFP Molten salt regeneration using LiNO3:FeC2O4. 
Heating at 300 ◦C for 2 h, sintering at 650 ◦C for 
6 h in Ar.

145 mAh/g at 0.5C. over 90% capacity retention after 
100 cycles.

Fan et al. 
(2023)

LFP Deep Eutectic Solvent (DES) using ethylene 
glycol and LiCl. Max reaction temperature of 
80 ◦C. No annealing required.

Initial capacity of 155.6 mAh/ 
g (0.1C).

93% capacity retention after 300 
cycles at 1C.

Lin et al. 
(2025)

LCO Eutectic molten salt (LiNO3/KCl) assisted by CaO. 128.1 mAh/g (2.0C) 95.6% capacity retention after 150 
cycles at 0.5C

G. Gao et al. 
(2024)

NCM622 LiOH/Li2SO4 molten salt (6:1 M ratio), sintered at 
900 ◦C for 20 h. Single-crystal product.

174 mAh/g (Discharge). 99.4% capacity retention after 250 
cycles at 1C.

Qin et al. 
(2022)

Molten Salt/Deep 
Eutectic Solvent (MS/ 
DES)

NCM811 LiOH/NaCl molten salt (5:1 M ratio) at 850 ◦C for 
15 h.

Higher capacity than 
commercial NCM.

86.5% capacity retention after 200 
cycles at 1C.

Qin et al. 
(2024)

NCA LiOH/Na2SO4 (5:1 M ratio) at 750 ◦C for 15 h. 
Single-crystal product.

204.8 mAh/g at 0.1C. 85.1% capacity retention after 250 
cycles at 1C.

Qin et al. 
(2023)

LFP Low-Temperature Plasma (LTP) assisted Nitrogen 
Doping. Regeneration time over 5 times shorter 
than traditional methods.

160.2 mAh/g (0.1C). 153.1 
mAh/g (1C).

Maintains 148 mAh/g after 100 
cycles at 1C.

Hou et al. 
(2024)

LFP Liacac on black mass. Followed by heat treatment 
for carbon coating.

140 mAh/g (1C retained 
capacity).

88.5% capacity retention after 400 
cycles at 1C.

Qin et al. 
(2024)

​ LFP Vapor deposition (Molecular Fencing) using Li 
stearate and creatine. Lithiation at 300 ◦C, 
coating at 560 ◦C.

146 mAh/g (0.5C); 149.52 
mAh/g (1C).

95.83% retention after 200 cycles 
at 1C.

Qin et al. 
(2024)

NCM622 Redox mediator-assisted chemical relithiation 
(DTBQ), 3 h immersion (Full cell test).

Initial charge capacity 178.2 
mA h/g

76.7% capacity retention after 100 
cycles.

Kim et al. 
(2025)

Specialized/Integrated 
Methods

NCM83 Advanced Oxidation-assisted Regeneration. Uses 
H2O2 to generate free radicals, followed by solid- 
state regeneration.

206 mAh/g at 0.1C. 80% capacity retention after 150 
cycles at 0.5C.

R. Shi et al. 
(2024)

NCM Channel-Assisted Regeneration (CAR) using spent 
spinel LiMn2O4 for surface reconstruction.

151.6 mAh/g (Discharge 
capacity).

87.9% capacity retention after 500 
cycles at 10C.

H. Zhang 
et al. (2025)

LMO Laser-assisted regeneration (PLAL) with 
simultaneous Ni doping (r-LMO-Ni).

150.51 mA h/g (1C) at 25 ◦C. 82.4% capacity retention after 100 
cycles at 1C. 95.1% retention after 
200 cycles at 1C.

Ye et al. 
(2025)
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regeneration of spent cathode materials (T. Wang et al., 2020). Lithium 
can also be provided by eutectic salt mixtures with melting points below 
those of the constituent salts under atmospheric pressure. When molten 
salt reaches a sufficiently high temperature, lithium ions diffuse more 
easily, facilitating cathode regeneration (L. Liu et al., 2022). In order for 
regeneration processes to be sustainable, energy consumption, waste 
output, simplicity, and scalability need to be considered. Fig. 3
compared different DR technologies from various aspects. Since 
solid-state sintering usually consumes more energy and produces less 
waste. The heterogeneity of lithium deficiencies across different batches 
of spent cathodes makes large-scale sintering challenging. Chemical 
relithiation consumes relatively little energy due to mild reaction con
ditions. With simple adjustment of relevant process parameters, chem
ical relithiation is capable of directly regenerating diverse spent cathode 
materials with universal applicability. Moreover, relithiation occurs in 
liquid phase under ambient pressure, reducing complexity and facili
tating scalability (J. Wang et al., 2023; C. Wu et al., 2021). Therefore, 
the development of green and low-cost reagents for chemical relithiation 
is crucial to drive the practical application.

Table 1 is shown the summary different method of DR for regener
ation for two dominant chemistries (LFP and NMC) in EVs and ESSs.

Despite the promise of DR, several challenges remain in its wide
spread implementation, these challenges include the need for efficient 
and scalable separation processes to isolate cathode materials from other 
battery components while maintaining their functional integrity 
(Vinayak et al., 2024). Additionally, the optimization of relithiation, 
reconditioning, and thermal healing processes requires precise control 
over reaction conditions, such as temperature, pressure, and chemical 
composition, to avoid over- or under-processing of the cathode material 
(Z. Gao et al., 2025). The development of robust quality control mea
sures is crucial to ensure that regenerated cathode materials meet the 
stringent performance requirements for use in new batteries (P. Li et al., 
2024). Current research and development efforts are focused on 
addressing these challenges through the development of advanced 
characterization techniques, process optimization strategies, and 
closed-loop recycling systems that integrate material separation, 
regeneration, and quality control steps (J. Wang et al., 2024).Sponta
neous lithium migration and electrically driven lithiation have also been 
demonstrated, exhibiting favorable reaction times, current utilization 
efficiency, and recyclability of lithium salts. The design of the battery is 
also very crucial in ensuring the cost, effort, and time in direct recycling 
of cathode and anode materials (Qiu et al., 2024).

3.2. Economic and environmental superiority of direct regeneration

A comparative analysis of economic and environmental metrics for 
various battery recycling methods is presented in Table 2. The data 
unequivocally shows that DR methods, particularly Direct Electrode 
Reuse (DER- avoids high-temperature annealing and electrode repre
paration) and Direct Material Regeneration (DMR- avoid the complex 
leaching and resynthesis), offer a superior balance of profitability and 
sustainability.

For LFP cells, DER achieves the highest profit margin ($6.24 per cell) 
while simultaneously cutting energy consumption by 80% compared to 
DMR and reducing GHG emissions to a fraction of those from HMR and 
PMR routes. The economic challenge of recycling LFP via traditional 
methods is further highlighted by the significant financial losses 
incurred by HMR and PMR at the cathode material level (C. Li et al., 
2023).

This advantage extends to high-value chemistries like NMC 622, 
where the direct MS method delivers the highest profit ($6.23 per kg) 
and the lowest GHG emissions. Although PMR shows lower direct en
ergy usage for NMC, its higher emissions and lower profit make it a less 
attractive option overall (Z. Liu et al., 2025). The consistent trend across 
chemistries confirms that DR is the most viable strategy for aligning 
economic incentives with environmental goals.

However, the economic superiority of DR is intrinsically linked to the 
high volatility of critical metal prices. Between 2020 and 2023, the 
market witnessed extreme fluctuations: cobalt peaked at over $82,000/t 
in early 2022 before stabilizing near $36,000/t by late 2023 (J. Wang 
et al., 2024). Similarly, lithium carbonate spiked from $5000/t to over 
$70,000/t within a two-year window (T. Yang et al., 2023; J. Yang et al., 
2023). These fluctuations profoundly impact conventional 
metallurgy-based routes (PMR and HMR), which rely heavily on 
high-value cobalt and nickel recovery to offset intensive operational 
costs; as chemistries shift toward high-nickel and low-cobalt (e.g., NCM 
811) or zero-cobalt (LFP), the elemental recovery value declines, often 
rendering traditional methods unprofitable without disposal gate fees.

3.3. Engineering constraints and industrial throughput in direct 
regeneration

While DR offers compelling environmental advantages, its transition 
from laboratory-scale success to industrial production is hindered by 
significant engineering bottlenecks related to reaction kinetics and 
throughput capacity (Wu et al., 2025).

Table 2 
Comparative economic and environmental metrics of recycling methods.

Cathode 
Material

Recycling Method Primary 
Mechanism

Profit/(kg or Cell) GHG Emissions/(kg or 
Cell)

Energy Consumption/(MJ or 
Cell)

Citation

LFP DER CR (Room Temp) $6.24 per cell 0.56 kg/kg 0.85 MJ/kg (Cai et al., 2025; C. Li et al., 
2023)

LFP DMR Thermal/Lithium 
Rep.

$4.69 per cell 1.15 kg/kg 4.25 MJ/kg (C. Li et al., 2023; Qiu et al., 
2025)

LFP PMR High Temp. 
Melting

$0.46 per cell 1.95 kg/kg 2.59 MJ/kg Qiu et al. (2025)

LFP RA-LFP 
(Hydrothermal)

Solution 
Relithiation

$2.93 per kg cells N/A N/A Liao et al. (2025)

LFP Cl-Doping Reg. Oxidation- 
Reduction

$2.93 per kg 
cathode

N/A N/A Qu et al. (2025b)

LFP HMR Acid Leaching − $1.05 per kg 
cathode

N/A N/A Qu et al. (2025a)

LFP PMR High Temp. − $3.50 per kg 
cathode

N/A N/A Qu et al. (2025b)

NCM 622 MSR Eutectic Molten 
Salt

$6.23 per kg 
feedstock

980 g/kg 24.391 MJ/kg Z. Liu et al. (2025)

NCM 622 HMR Acid Leaching $3.74 per kg 
feedstock

2512 g/kg 33.579 MJ/kg Z. Liu et al. (2025)

NCM 622 PMR High Temp. $2.39 per kg 
feedstock

1774 g/kg 4.534 MJ/kg Z. Liu et al. (2025)
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3.3.1. Solid-state sintering residence times
Despite its high technological maturity and potential for high 

throughput, this method is limited by solid-solid reaction kinetics that 
necessitate prolonged calcination periods, typically ranging from 10 to 
36 h at high temperatures (600–950 ◦C) (Nekahi et al., 2024). These 
extended durations drive up energy costs and complicate the synchro
nization of recycling lines with high-volume manufacturing (Wu et al., 
2025).

3.3.2. Hydrothermal method throughput limits
The hydrothermal approach faces severe scalability hurdles due to its 

reliance on high-pressure reactors (autoclaves) to withstand tempera
tures exceeding 180 ◦C and pressures often above 10 MPa (11 atm) (Shi 
et al., 2023). These requirements typically necessitate batch-based 
processing rather than continuous production, which inherently limits 
industrial throughput and introduces safety risks related to potential 
explosions (Wu et al., 2025).

3.3.3. Electrochemical and molten salt constraints
Electrochemical regeneration is characterized by slow processing 

speeds and intricate equipment requirements (e.g., three-electrode sta
tions or H-type electrolytic cells), which significantly limit its process
ability for large-scale applications (Huang et al., 2024). While eutectic 
molten salt methods can operate at atmospheric pressure and offer faster 
mass transport than solid-state diffusion, they still require significant 
post-treatment washing to remove solidified salts, which can lead to Li 
loss on the particle surface and increase the complexity of the recycling 
loop (Wu et al., 2025).

3.3.4. Comparative scalability and techno-economic ranking of DR 
technologies

Although DR is often discussed as a single recycling pathway, its 
industrial feasibility varies substantially across process configurations 
(Islam et al., 2025). From a scalability perspective, solid-state relithia
tion currently appears to have the strongest industrial potential because 
it can be integrated with established cathode manufacturing infra
structure, including calcination furnaces, rotary kilns, and milling sys
tems (Beletskii et al., 2026). Its main advantages are high throughput 
potential and relatively low capital barriers compared with more 
specialized liquid-phase systems (Beletskii et al., 2026; Cai et al., 2025). 
However, its performance remains highly sensitive to feedstock purity, 
lithium dosing, and contamination by residual binders or current col
lector fragments (Islam et al., 2025).

Molten salt regeneration occupies an intermediate position. Its 
accelerated diffusion kinetics and strong performance for Ni-rich cath
odes make it attractive from a materials standpoint, but scale-up is 
constrained by corrosion, salt recovery, and by-product management. 
These requirements increase capital intensity and complicate contin
uous operation (Beletskii et al., 2026; Li et al., 2026). Hydrothermal 
regeneration faces similar scale-up limitations, although for different 
reasons. Its reliance on high-pressure autoclaves restricts throughput, 
favors batch processing, and introduces additional safety and certifica
tion requirements that raise capital cost (Song et al., 2023).

By contrast, electrochemical and chemical relithiation routes remain 
closer to laboratory scale (Kurz et al., 2025). While both benefit from 
mild operating conditions, their industrial deployment is limited by low 
throughput (Beletskii et al., 2026), sensitivity to feedstock condition, 
and dependence on specialty reagents or electrochemical hardware 
(Beletskii et al., 2026; Li et al., 2023). In these cases, operating cost 
rather than fixed capital may become the dominant constraint, partic
ularly when process efficiency depends on consumable electrolytes, 
redox mediators, or carefully controlled reaction environments (Belet
skii et al., 2026).

Taken together, these comparisons suggest that DR technologies 
should not be treated as equally scalable. Solid-state relithiation pres
ently offers the clearest route toward industrial implementation, while 

molten salt and hydrothermal systems remain promising but more 
capital intensive (Beletskii et al., 2026). Electrochemical and solution- 
based methods may be valuable for niche applications or highly 
controlled feedstocks, but they still face a significant scalability gap 
(Beletskii et al., 2026; Song et al., 2023). Across all DR routes, the 
decisive constraint is not only regeneration chemistry itself, but the 
ability to secure sufficiently pure, well-characterized feedstock through 
upstream disassembly and pre-treatment (Islam et al., 2025).

4. Innovation pathway II: resolving the black mass bottleneck

4.1. The Black Mass Quality Index (BMQI) framework

The efficiency and economic viability of LIB recycling hinge criti
cally on the quality and purity of the precursor material known as “black 
mass”, the finely crushed powder generated during the mechanical pre- 
treatment of spent batteries (Qiu et al., 2024). Current industrial prac
tices often yield heterogeneous black mass containing a mixture of 
cathode/anode materials, binder residues, and metallic impurities, 
reducing the feasibility of advanced recovery techniques (Pražanová 
et al., 2024). To address this challenge, the systematic Black Mass 
Quality Index (BMQI), or Feedstock Readiness Level (FRL) framework 
are proposed, which classifies black mass based on its chemical unifor
mity and purity. This index provides a practical tool for recyclers, pol
icymakers, and researchers to assess feedstock quality and select the 
most appropriate and economically optimal recycling pathway.

The foundational principle of this framework is that the quality of 
pre-treatment directly dictates the complexity and efficiency of subse
quent recycling processes. By classifying the black mass into three 
distinct grades (A, B, and C), the industry can strategically invest in 
upstream processes to “upgrade” the material quality, moving toward 
lower-cost, high-value recovery methods. To improve the operational 
relevance of this framework, Table S3 now includes indicative quanti
tative ranges for key parameters, including metallic impurities (e.g., Cu, 
Al, Fe), residual carbon/binder content, and chemical uniformity. These 
ranges provide a clearer distinction between Grade A, B, and C feed
stocks, addressing the limitations of purely qualitative descriptors. This 
approach ensures that the BMQI remains both practically applicable and 
adaptable across different battery chemistries, pre-treatment routes, and 
recycling systems.

The BMQI framework's economic value is realized when high-purity 
feedstock enables structural restoration that defines battery-grade ma
terials. For NMC cathodes, achieving Grade A purity allows methods like 
the LiBr-LiOH molten salt strategy to reduce the critical Li/Ni anti-site 
ratio from 9.5% to 3.2% in NCM622, this structural repair justifies the 
$6.23/kg profit premium over conventional metal recovery (J. Wang 
et al., 2024). Similarly, for LFP, successful DR converts degraded FePO4 
phases back to electroactive LiFePO4, restoring the Li/Fe molar ratio to 
approximately 1.05. This structural preservation, rather than mere 
metal recovery, constitutes the core value proposition of DR and directly 
enables compliance with the EU Regulation's quality-focused mandates 
(Guan et al., 2021; Qiu et al., 2024).

4.2. Operationalizing the BMQI framework

For the BMQI to be useful in practice, it needs to be based on 
measurable parameters rather than general descriptions. In real systems, 
black mass is rarely uniform. It typically contains a mixture of cathode 
chemistries, partially attached electrode particles, binder residues, and 
metallic contamination introduced during shredding. Because of this 
variability, classification cannot rely on nominal battery type alone 
(Bjerre-Christensen et al., 2025). A practical grading approach should 
consider several key aspects. The first is chemical purity, meaning how 
dominant a single cathode chemistry is within the mixture. The second is 
the level of metallic impurities, particularly Cu, Al, and Fe, which are 
known to interfere with downstream processing. The third is the 
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presence of fluorine and binder residues, mainly originating from elec
trolyte decomposition and PVDF. Finally, the degree of liberation is 
critical, as it determines how much of the active material is actually 
separated from current collectors (Bjerre-Christensen et al., 2025; Pag
nanelli et al., 2024; Wei et al., 2023).

These parameters can, in principle, be measured using available 
analytical tools. Techniques such as XRF, LIBS, or ICP-OES provide in
formation on elemental composition, while automated mineralogical 
methods can give insight into particle association and liberation. 
Without this type of data, any grading remains approximate and difficult 
to use in an industrial setting. From a processing perspective, different 
grades naturally lead to different routes. High-quality material can be 
directed to direct regeneration with minimal pre-treatment. Intermedi
ate grades may still be useable, but typically require impurity removal or 
partial refinement. In contrast, highly mixed or contaminated streams 
are more suited to metallurgical recovery, where material functionality 
is no longer preserved. In this sense, BMQI is not just a classification 
scheme. It becomes a practical tool for deciding how a given feedstock 
should be treated within a recycling plant.

4.3. Economic implications of feedstock quality

The economic value of black mass is highly sensitive to purity. A shift 
from Grade C to Grade A does not simply improve yield; it fundamen
tally changes the feasible recycling pathway.

For example, high-purity NMC feedstock enables structural repair 
strategies that preserve cathode crystallography, allowing cathode-to- 
cathode recovery with higher retained value compared to metal 
extraction. In contrast, mixed or contaminated streams require disso
lution and re-synthesis, which increases reagent consumption, waste
water treatment cost, and energy demand (Lefherz et al., 2025; Y. Li 
et al., 2025). In the case of LFP, which has low intrinsic metal value, 
profitability is particularly dependent on structural preservation. When 
feedstock quality is insufficient, traditional hydrometallurgy often re
sults in negative margins. Therefore, upstream investments in advanced 
sorting and controlled delamination may reduce downstream costs more 
effectively than further optimization of leaching chemistry (Driscoll 
et al., 2026). The BMQI framework highlights this economic asymmetry: 
improving feedstock quality upstream can unlock higher-value path
ways that are otherwise inaccessible.

4.4. Implementation barriers and standardization needs

Despite its conceptual strength, the BMQI approach faces several 
practical challenges. First, there is currently no standardized definition 
of “battery-grade black mass.” Different facilities use internal quality 
benchmarks, which limits comparability and market transparency. 
Without harmonized thresholds for impurity limits or chemistry purity, 
pricing mechanisms remain inconsistent (Hayagan et al., 2024). Second, 
sampling bias presents a major risk. Black mass is heterogeneous at the 
particle scale. Small batch sampling may not represent full-lot vari
ability, leading to misclassification and inappropriate routing decisions 
(Pagnanelli et al., 2024). Third, achieving Grade A quality often requires 
higher disassembly depth and improved mechanical separation. These 
steps increase capital cost and processing time. Therefore, the economic 
viability of BMQI depends on balancing upstream purification costs with 
downstream value recovery (Bruno et al., 2026). Finally, regulatory 
alignment is required. Current EU material recovery targets are 
mass-based rather than quality-based. Incorporating quality metrics into 
future regulatory frameworks could incentivize structural preservation 
instead of simple elemental recovery (Lefherz et al., 2025). Addressing 
these challenges requires industry-wide collaboration to define 
measurable quality standards, validated analytical protocols, and 
transparent grading criteria. Without such alignment, the black mass 
bottleneck will persist regardless of advances in regeneration chemistry.

5. Regulatory and policy landscape in europe

5.1. The EU Batteries Regulation: scope and innovation

The systemic and technological failures detailed in Section 2, 
particularly the economic inviability of recycling, the black mass 
bottleneck, and the high costs of disassembly have not gone unaddressed 
by policymakers. The European Union has responded with a proactive 
and comprehensive regulatory framework aimed explicitly at forcing the 
industry toward a circular economy (Hartley et al., 2020). The EU Bat
teries Regulation (2023/1542) is a landmark piece of legislation that 
seeks to overcome these barriers by creating a market pull for recycled 
materials, mandating design for recyclability, and enabling intelligent 
EoL management through digital tools (Barbosa de Mattos et al., 2025; 
Jia et al., 2024). Its success, however, hinges on solving inherent ten
sions between its ambitious goals and technological reality. This section 
analyzes the regulation not merely as a list of requirements, but through 
the lens of its core policy mechanisms: creating market pull, enabling the 
circular loop, and ensuring accountability.

5.1.1. Creating market pull: recycled content and carbon footprint 
mandates

The regulation's most disruptive innovations are its binding man
dates, which are designed to artificially create “market pull” for sus
tainable materials, thereby overcoming the traditional economic 
shortcomings of battery recycling. This strategy is enforced through 
targets for carbon footprint reduction and mandatory usage of recycled 
content (Ma et al., 2024). 

• 5.1.1.1. Carbon Footprint Declarations and Limits: The regula
tion mandates carbon footprint declarations for Electric Vehicle 
batteries (EVBs), Light Means of Transport (LMT) batteries, and large 
industrial batteries, starting in 2025, followed by maximum thresh
olds in 2027. This policy inherently penalizes energy-intensive con
ventional recycling methods (PMR/HMR). Conversely, it provides a 
strong policy advantage for DR techniques, which feature signifi
cantly lower GHG emissions (Rizos and Urban, 2024; Rufino Júnior 
et al., 2024).

• 5.1.1.2. Recycled Content Targets: To secure the supply of critical 
raw materials, the regulation introduces binding targets for the use of 
recycled cobalt, lead, lithium, and nickel. Disclosure begins in 2028, 
with enforced minimum shares from 2031 (e.g., 16% Co, 6% Li, 6% 
Ni). This direct market intervention is pivotal for the economic 
viability of recycling low-value materials, creating a guaranteed 
demand that justifies investment (J. Yang et al., 2025; Yang et al., 
2025). However, this ambition creates a critical challenge: the 
2030-2031 deadline presents a stark timeline to scale up highly 
specialized capacity for DR and advanced HMR to ensure the supply 
of high-purity, battery-grade materials (Wolf et al., 2024).

5.1.2. Enabling the circular loop: The Digital Battery Passport and design 
for recyclability

The regulation utilizes digital transparency and eco-design principles 
to realize a functional, integrated circular economy, prioritizing reuse 
and reparability in the waste hierarchy (Husmann et al., 2024). 

• 5.1.2.1. The Digital Battery Passport: A key novelty is the 
mandatory DBP, an electronic record that will be required for EVBs, 
LMT batteries, and industrial batteries (capacity > 2kWh) starting in 
2027. Accessible via a QR code, the DBP's fundamental policy pur
pose is to break down existing information silos and ensure 
accountability (Husmann et al., 2024; The European Parliament and 
the Council of the European Union, 2023). It mandates layered data 
access, such as the battery's State of Health (SOH) and specific 
dismantling instructions, that is essential for recyclers and 
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second-life operators. The DBP is the indispensable policy enabler for 
the intelligent, data-driven system proposed in Section 5.

• 5.1.2.2. Design for Recyclability (DfR) and Reuse: The regulation 
mandates design requirements specifically targeting EoL manage
ment and improved durability. This requires that the physical design 
of batteries supports disassembly and repair, and that cells be readily 
removable and replaceable (starting 2027 for LMT batteries). These 
DfR strategies are a direct policy lever, forcing manufacturers toward 
design choices (e.g., simplified architecture, use of soluble binders) 
that are compatible with the advanced, automated recycling systems 
needed to overcome the disassembly bottleneck (Picatoste et al., 
2022).

5.1.3. Ensuring accountability: collection, extended producer responsibility, 
and material recovery

To close the physical loop, the regulation solidifies accountability 
through Extended Producer Responsibility (EPR) and sets ambitious 
targets for collection and material recovery.

5.1.3.1. EPR. The core mechanism is the EPR system, which makes the 
producer responsible for the financial and operational aspects of waste 
battery management (J. Yang et al., 2025). This principle ensures 
accountability throughout the battery's life cycle and creates a direct 
incentive for manufacturers to design batteries that are cheaper to 
collect, disassemble, and recycle (Rufino Júnior et al., 2024).

5.1.3.2. Collection targets. These targets focus on the physical accu
mulation of waste batteries. The regulation sets stringent collection 
targets for waste batteries, ensuring sufficient feedstock for the recycling 
industry: (i) Portable Batteries: 73% collection rate by the end of 2030, 
(ii) LMT Batteries: 61% collection rate by the end of 2031 (Rizos and 
Urban, 2024; Rufino Júnior et al., 2024).

5.1.3.3. Material recovery targets (process efficiency mandates). Distinct 
from the Recycled Content Targets (which mandate input), these targets 
set minimum thresholds for the output efficiency of the recycling process 
itself. The regulation mandates specific percentages of key materials that 
must be recovered from the mass of processed waste batteries by a 
recycling facility (Table 3). This policy directly forces recycling com
panies to invest in more efficient technologies to maximize extraction 
rates, especially for lithium (Rizos and Urban, 2024; J. Yang et al., 
2025).

5.2. Critical assessment and remaining policy-industry gaps

While the EU Batteries Regulation is a global benchmark, its ambi
tious goals expose several critical implementation challenges, creating 
the fundamental policy-industry gaps that must be addressed by tech
nological innovation:

a. Scaling and Industrialization Deficit: The binding deadlines for 
recycled content place immense pressure on the recycling industry. DR 

technologies, in particular, remain largely at the laboratory stage and 
struggle with scaling up to industrial volumes. The current infrastruc
ture may lag in building the highly specialized capacity required to 
process the sheer volume of retired batteries expected by 2030 (Rizos 
and Urban, 2024; Rufino Júnior et al., 2024). b. Data Transparency 
and Interoperability: The efficacy of the DBP hinges on reliable data 
sharing, yet critical challenges remain, including defining interopera
bility standards and addressing concerns about sharing proprietary cell 
chemistry data (Rizos and Urban, 2024). c. Ambiguity in EPR and 
Responsibility Transfer: Practical ambiguities exist in transferring DBP 
duties when a battery is reused or repurposed, and in handling data at 
the final recycling stage. Clearer guidance is needed to ensure seamless 
accountability across the battery's lifecycle (Bassi et al., n.d.). d. Lag
ging Technical Standards: Policy ambition has outpaced technical 
guidance. A critical gap is the absence of a standardized metric for 
defining the “material quality” of recycled outputs-a policy corollary to 
the BMQI framework (Husmann et al., 2024). e. Global Harmoniza
tion: Harmonizing these global standards is critical to reduce trade 
barriers and ensure that DfR principles are incentivized globally (Rufino 
Júnior et al., 2024).

5.3. Global regulatory comparison: EU, China, and the U.S

The EU Batteries Regulation is one of the most comprehensive and 
binding frameworks currently in place. However, its structure and pri
orities differ in important ways from approaches adopted in China and 
the U.S. These differences shape how quickly new technologies are 
adopted, how investments are made, and how recycling systems evolve.

5.3.1. China: centralized EPR and industrial policy alignment
China has implemented an EPR system for power batteries since 

2018, requiring manufacturers to establish traceability systems and take 
responsibility for EoL management (Ali et al., 2025). The regulatory 
approach is strongly aligned with industrial policy, emphasizing do
mestic material security and vertical integration between battery man
ufacturers and recyclers.

Unlike the EU framework, China does not currently mandate binding 
recycled content targets in new batteries. Instead, policy instruments 
focus on traceability platforms, white lists of approved recycling en
terprises, and technical guidelines for dismantling and cascade utiliza
tion (Yang et al., 2025). Enforcement is supported by centralized 
administrative oversight, but transparency and standardized quality 
definitions for recycled materials remain less developed compared to the 
EU's emerging carbon footprint and recycled content mechanisms. As a 
result, China's framework prioritizes industrial scaling and supply chain 
security, while the EU places stronger emphasis on environmental 
metrics and market-based quality incentives (Chacon et al., 2026).

5.3.2. U.S: fragmented federal-state structure
In contrast to both the EU and China, the U.S lacks a unified federal 

battery recycling regulation comparable to the EU Batteries Regulation 
(Natarajan and Noda, 2025). Policy development remains fragmented 
across federal initiatives, state-level legislation, and voluntary industry 
programs (Meegoda et al., 2025).

Federal efforts, such as funding through the Infrastructure Invest
ment and Jobs Act (IIJA) and the Inflation Reduction Act (IRA), pri
marily focus on strengthening domestic supply chains and incentivizing 
critical mineral recovery (Natarajan and Noda, 2025). However, there 
are no nationwide binding recycled content mandates, carbon footprint 
thresholds, or standardized digital passport requirements. At the state 
level, regulations vary significantly. California has begun developing 
extended producer responsibility models for batteries, but harmoniza
tion across states remains limited (Natarajan and Noda, 2025). This 
regulatory fragmentation creates uncertainty for recyclers and manu
facturers and may slow the coordinated deployment of DR.

Table 3 
Battery regulation material requirements.

Material Minimum Recycled Content Target 
(from 2031)

Material Recovery Targets (by 
2027)

Lithium 6% (increasing to 12% from 2036) 50% (increasing to 80% by 
2031)

Nickel 6% (increasing to 15% from 2036) 90% (increasing to 95% by 
2031)

Cobalt 16% (increasing to 26% from 2036) 90% (increasing to 95% by 
2031)

Lead 85% 90% (increasing to 95% by 
2031)

Copper - 90% (increasing to 95% by 
2031)
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5.3.3. Key regulatory gaps and implications
Three major gaps emerge from this comparison:
Binding Recycled Content Mandates: The EU is currently the only 

jurisdiction with legally binding recycled content targets tied to battery 
manufacturing. Neither China nor the U.S. has implemented comparable 
minimum thresholds (Dong et al., 2026).

Carbon Footprint Integration: The EU uniquely integrates lifecycle 
carbon footprint declarations and future thresholds into battery regu
lation. In China and the U.S., environmental performance is addressed 
more indirectly through broader environmental law or voluntary 

reporting schemes (M. Liu et al., 2025).
Digital Traceability and Standardization: While China operates 

national traceability platforms and the U.S. invests in data infrastruc
ture, the EU's DBP introduces a harmonized, legally mandated data 
framework linking product design, use-phase monitoring, and EoL 
management (Mayyas et al., 2023). These differences have strategic 
implications. The EU model creates strong regulatory pull for 
high-quality cathode-to-cathode recycling pathways, including DR and 
BMQI-driven routing. China's model facilitates rapid industrial scaling 
but places less emphasis on standardized quality-based metrics (Su et al., 

Fig. 4. Conceptual workflow of the Integrated Smart Recycling Plant.
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2025). The U.S. approach prioritizes supply chain resilience and do
mestic capacity building but lacks regulatory coherence at present 
(Penttinen and Burlinghaus, 2025). Greater international alignment on 
quality standards, traceability, and recycled content definitions will be 
essential to avoid trade distortions and ensure interoperability across 
global battery value chains.

6. The smart industrial ecosystem for battery recycling

The preceding analysis has deconstructed the LIB recycling value 
chain, revealing both profound challenges (Section 2) and an ambitious, 
yet difficult, policy framework (Section 4). The ambitious mandates of 
the EU Regulation have established what must be done; this section 
presents the system required to execute how it can be achieved. Over
coming the Policy-Industry Gaps detailed in 4.2 requires a paradigm 
shift from incremental improvements to a holistic, systems-level 
approach. This section presents a vision for an integrated smart recy
cling ecosystem, where digital intelligence, robotic automation, and 
advanced recycling processes converge to create a responsive, value- 
maximizing, and truly circular system.

6.1. Integrated Smart Recycling Plant: a vision for maximizing material 
value

The individual technologies of DR, AI-driven disassembly, and 
advanced mechanical separation, while promising, are often discussed 
in isolation. However, their true potential is unlocked not through 
standalone application, but through deep integration. To overcome the 
fundamental mismatch between heterogeneous battery waste and high- 
purity recycling requirements, we propose a visionary framework: the 
Integrated Smart Recycling Plant. This model moves beyond sequential, 
destructive processing to create an intelligent, adaptive system that 
maximizes material value and recycling efficiency by synergizing digi
tal, physical, and chemical technologies. The core philosophy is a shift 
from destructive, one-size-fits-all shredding to a non-destructive strat
egy that preserves the inherent value of battery materials. The concep
tual workflow of this plant, which enables intelligent multi-stream 
processing, is illustrated in Fig. 4.

6.2. The integrated workflow: maximizing value through intelligent multi- 
stream processing

The smart plant's operation relies on three interconnected, data- 
driven stages designed to route material to its highest possible value 
stream, ensuring compliance with policy mandates (G. Wei et al., 2023). 

Stage 1: The Intelligent Gateway (DBP-Guided Disassembly and 
Routing): The initial disassembly of EoL battery packs is a critical 
bottleneck. The smart plant addresses this through a fusion of AI, 
robotics, and data. The process is guided by the DBP data (mandated 
in 4.1.2.1), supplemented by non-destructive diagnostics that assess 
the State of Health (SOH). This combined data creates a “digital 
twin” for each battery, enabling the intelligent routing central to the 
plant's operation. This is how the system determines whether a 
component is destined for high-value second-life application 
(Pathway A) or material recovery (Pathways B or C). AI and robotic 
systems, guided by this routing plan, perform intricate disassembly 
tasks safely and precisely, leveraging the cost efficiencies created by 
DfR principles (Chigbu, 2024; G. Wei et al., 2023; Wolf et al., 2024). 
However, the practical implementation of such AI-driven disas
sembly systems must account for the significant variability in battery 
design across manufacturers (e.g., Tesla, BYD, Volkswagen) (Choux 
et al., 2024). Many packs utilize non-detachable connections such as 
structural adhesives, potting resins, and laser-welded joints to ensure 
mechanical stability (Liao et al., 2025). These joining methods are 
difficult to separate using conventional techniques and often require 

semi-destructive approaches, such as using milling tools to break 
snap-fit connections or destroy welds (Rehman et al., 2025b). While 
standard robots excel at repetitive tasks in structured environments, 
they cannot process the complex uncertainties of damaged or rusted 
battery components (Liao et al., 2025). To address structural un
certainty, systems must integrate computer vision, sensor fusion, and 
reinforcement learning to adaptively respond to the specific state 
and geometry of each incoming pack in real time (Rehman et al., 
2025b).
Stage 2: High-Purity Pre-Processing (Advanced Mechanical 
Separation): To achieve the high-purity feedstock required for DR, 
this stage functions as a high-fidelity purification module that re
places crude shredding. Instead of destruction, techniques like me
chanical delamination (e.g., solvent-based separation) are used to 
selectively detach the active materials from their current collectors, 
which preserves the cathode crystal structure. For other or mixed 
feedstocks, advanced sensor-based sorting (e.g., hyperspectral im
aging) is used to homogenize the “black mass,” yielding a consistent, 
high-purity powder. The successful execution of this stage is essential 
for translating the theoretical value defined by the BMQI into a 
practical, high-value commodity stream (Scott et al., 2023; G. Wei 
et al., 2023; B. Zhang et al., 2024). While this stage is designed to 
enable high-purity feedstock for DR, it must also operate under 
conditions of significant feedstock heterogeneity. In practice, recy
cling facilities frequently encounter mixed battery chemistries, 
partially degraded materials, and residual fractions that cannot be 
directly classified as black mass (Chernyaev et al., 2024). In this 
context, Stage 2 functions not only as a purification step, but as a 
classification and routing stage. High-quality fractions are directed 
toward DR pathways, whereas mixed or contaminated materials are 
redirected to alternative recovery routes, such as HMR or PMR 
processing, where elemental extraction is more robust (Zeng et al., 
2025). In parallel, non-powder residues including metallic compo
nents, current collectors, and polymeric materials are separated and 
managed as secondary streams to ensure comprehensive material 
recovery (Lefherz et al., 2025). In addition, the system must 
accommodate damaged or structurally unstable cells, which repre
sent a critical safety and operational challenge (Hayagan et al., 
2024). Such inputs are identified upstream and diverted from stan
dard disassembly and purification routes toward safer processing 
pathways that prioritize stabilization and controlled material re
covery (Pagnanelli et al., 2024). From a system perspective, this 
highlights that the future of battery recycling lies not in a single 
optimized process, but in intelligent routing across multiple path
ways, where feedstock quality determines the most appropriate 
treatment route (Zeng et al., 2025). This flexible approach ensures 
that the system remains robust under realistic conditions, where 
variability and contamination are the norm rather than the 
exception.
Stage 3: Closed-Loop Material Regeneration and Integration: 
The final stage transforms the purified components back into battery- 
grade materials, closing the physical loop. For high-purity cathode 
materials routed via Pathway B, a suite of DR methods is employed. 
The success of the entire system is ultimately measured by its ability 
to return high-quality materials to battery manufacturers, thus ful
filling the Recycled Content Targets (4.1.1.2). The DBP ensures 
traceability, providing manufacturers with the verified data needed 
to incorporate recycled content with confidence. A continuous data 
feedback loop, where performance data from new batteries made 
with recycled materials refines recycling parameters, creates a self- 
optimizing, learning system (R. Shi et al., 2024).

6.3. Broader ecosystem innovations

Beyond the centralized smart plant, other innovations are emerging 
that complement this model and enhance circularity across the value 

T. Naseri and K. Kuchta                                                                                                                                                                                                                      Journal of Environmental Management 408 (2026) 129934 

12 



chain. 

• Decentralized Microrecycling: The concept of micro-factories of
fers a distributed approach, processing low waste volumes locally to 
reduce transport costs and act as a feeder system for larger hubs (Hu 
et al., 2022; Rezaei et al., 2025).

• b. Green Process Chemistry: Advancements in using organic acids 
(green lixiviants) and energy-efficient methods are making hydro
metallurgical routes (Pathway C) more sustainable (Rezaei et al., 
2025).

• c. Design for Recycling (DfR): Crucially, the efficiency of the entire 
smart ecosystem is fundamentally predicated on batteries being 
designed for it. As introduced in Section 4, principles like using 
water-soluble binders, modular pack architectures, and standardized 
components are essential to make automated disassembly and high- 
purity separation economically viable, serving as the necessary 
design input for the Stage 1 Intelligent Gateway (Gonçalves et al., 
2025; Scott et al., 2023).

7. Future outlook and strategic pathways

The preceding analysis has deconstructed the LIB recycling value 
chain, revealing both profound challenges and promising solutions. The 
central question is no longer if a circular economy is needed, but how to 
orchestrate the necessary technological, industrial, and regulatory 
components into a coherent, functioning system. The pathway forward 
hinges on executing three synergistic strategies: orchestrating material 
flows, accelerating technological convergence, and hardening the 
enabling infrastructure (Fig. 5).

7.1. Strategic integration 1: orchestrating the material flow from 
collection to cathode

The theoretical value of black mass must be translated into a prac
tical, high-value commodity stream. 

• Operationalizing the BMQI: The BMQI must evolve from a con
ceptual framework into an industry-wide standard for pricing and 
process selection. This requires developing rapid, inline analytical 
techniques to assign BMQI grades in real-time, enabling automated 
routing of feedstock within the Integrated Smart Recycling Plant.

• b. Designing for the Grade A Pipeline: The highest-value DR 
pathways require BMQI Grade A feedstock. Future efforts must focus 
on making the sophisticated pre-processing needed to achieve this 
grade (e.g., solvent-based delamination, advanced sorting) more 
cost-effective and robust, turning it from a technical possibility into 
an economic driver. At first glance, these approaches may appear 
disadvantageous from an energy perspective, as they introduce 
additional steps, particularly in solvent recovery and process control 
(Gao et al., 2025). However, their impact cannot be judged in 
isolation (Tang et al., 2024). While conventional mechanical shred
ding is often associated with a relatively low direct carbon intensity 
(approximately 0.30-0.36 kg CO2 per kg of battery), it typically 
produces lower-grade black mass that requires further 
energy-intensive downstream refining, such as HMR or PMR pro
cessing (Liu et al., 2026). In contrast, solvent-based approaches can 
improve material selectivity, but introduce additional energy de
mand, particularly during solvent recovery. For instance, commonly 
used solvents such as N-methyl-2-pyrrolidone (NMP) are effective for 
binder removal, yet their distillation is energy-intensive (112 MJ per 
kWh) and can significantly contribute to the global warming po
tential of the pre-treatment stage (Narimani-Qurtlar et al., 2024). 
However, recent developments indicate that this impact can be 
mitigated. The use of alternative “green” solvents, along with solvent 
recovery and reuse strategies, can substantially reduce both energy 
demand and environmental burden (Deng et al., 2026). In particular, 
recycling NMP through optimized distillation processes has been 
shown to lower processing costs and reduce associated emissions 
compared to the use of virgin solvents (Maske et al., 2023). These 
findings further reinforce the importance of evaluating 
pre-processing strategies within a system-level context, where local 
energy inputs must be balanced against downstream efficiency gains. 

Fig. 5. The strategic convergence model for a circular battery economy.
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Similarly, automated, AI-assisted sorting systems introduce addi
tional electricity demand to operate robotic platforms and sensor 
arrays. However, this energy input is relatively modest when 
compared to the efficiency gains achieved through improved mate
rial selectivity. By enabling the targeted separation and batching of 
specific chemistries, such systems enhance the recovery of critical 
elements, while ensuring that the resulting feedstock meets the pu
rity requirements necessary for high-value recycling pathways, 
including DR (Peixoto et al., 2026).

7.2. Strategic integration 2: accelerating the convergence of 
manufacturing and recycling

The current disconnect between battery producers and recyclers is a 
major barrier to scale. 

• Co-location and Symbiosis: The ultimate expression of a circular 
economy is the physical integration of recycling facilities with gig
afactories. This eliminates transportation costs, ensures a consistent 
feedstock, and allows for the direct reintegration of regenerated 
materials into the production line. Pilot projects demonstrating this 
symbiosis are a critical next step.

• b. From Lab to Giga-scale: The Derisking Imperative: While lab- 
scale results for DR are compelling, the leap to industrial volumes 
remains a high-risk endeavor. A concerted effort involving public- 
private partnerships is needed to fund and derisk first-of-their-kind 
commercial-scale DR facilities, focusing on the most promising and 
profitable routes like DER.

7.3. Strategic integration 3: hardening the enabling infrastructure: data, 
policy, and standards

The soft infrastructure of data and standards is as important as the 
physical infrastructure of recycling plants. 

• a. Monetizing the DBP: The DBP must become more than a 
compliance tool; it must become a source of value. This will require 
solving core challenges of data ownership and interoperability to 
create trusted, liquid data markets. Recyclers should be able to pay a 
premium for batteries with a rich, verifiable DBP, creating a market- 
based incentive for data quality.

• b. Policy that Rewards Quality, Not Just Quantity: Future regu
lation should advance beyond basic mass-based targets for recycled 
content. Establishing a premium for closed-loop, cathode-to-cathode 
recycling as opposed to downcycling, thus directly promoting the 
most sustainable technologies, represents the next advancement in 
recycling policy.

• c. Closing the LCA Gap for Circularity Metrics: Current LCA 
methodologies fundamentally undervalue direct regeneration due to 
the absence of metrics that account for material quality retention. 
Existing frameworks rely on conventional indicators such as Abiotic 
Depletion Potential (ADP) and assume full equivalence between 
primary and secondary materials, thereby neglecting the structural 
and functional value preserved in cathode-to-cathode recycling 
(Zanoletti et al., 2024).

To address this limitation, advanced circularity-oriented metrics 
such as Contribution to Inaccessibility (CTI-LCIA) and Economic Value 
Dissipation Potential (EVDP) should be incorporated into future 
assessment frameworks (Islam and Iyer-Raniga, 2022). CTI-LCIA ex
tends conventional life cycle impact assessment by quantifying the 
extent to which materials become physically or economically inacces
sible to further use within the technosphere after processing (Dewulf 
et al., 2024). In contrast to ADP, which assumes complete resource 
consumption upon extraction, CTI evaluates accessibility losses along 
the value chain. Its calculation is based on process-level inventory data 

and considers how processing routes alter the recoverability of mate
rials, for example through dilution, dispersion, or thermodynamic 
trapping (Cappelli et al., 2025). In this context, DR results in near-zero 
inaccessibility, as the cathode structure remains intact and directly 
reusable, whereas PMR routes exhibit high CTI values due to the loss of 
lithium into slag phases and the need for additional recovery steps.

Complementarily, EVDP captures the dissipation of economic and 
functional value during recycling by comparing the theoretical 
maximum value of a material if preserved at battery-grade cathode level 
with the actual value recovered through a given process route. The 
metric therefore reflects the extent of downcycling, with higher EVDP 
values indicating greater loss of structural and functional integrity 
(Santillán-Saldivar et al., 2023). In practical terms, processes that reduce 
cathode materials to elemental or low-grade compounds exhibit high 
value dissipation, while DR retains both material structure and perfor
mance, resulting in significantly lower EVDP. Together, CTI-LCIA and 
EVDP shift the assessment framework from mass-based recovery toward 
quality-aware circularity metrics, enabling differentiation between 
recycling pathways based on both environmental performance and 
functional material preservation. Their implementation would provide a 
quantitative basis for policy instruments that incentivize high-value 
recovery routes. To ensure consistency and interoperability across the 
value chain, their deployment should be supported by standardized data 
infrastructures such as the DBP and coordinated industry-wide data- 
sharing mechanisms.

A further limitation in current LCA-based evaluations of DR lies in 
the incomplete treatment of upstream reagent production within system 
boundaries. While DR is often characterized by lower energy demand 
and structural preservation advantages (Shen et al., 2023), recent 
studies consistently identify relithiation and reactivation steps as 
dominant environmental hotspots. Lithium sources such as LiOH and 
related salts can contribute on the order of 40-43% of total global 
warming potential, and in some cases dominate resource depletion in
dicators (Chen et al., 2023; Kurz et al., 2025). Similarly, solvents and 
auxiliary reagents frequently simplified or excluded in gate-to-gate as
sessments, introduce additional upstream burdens that are not consis
tently captured across studies (Mousavinezhad et al., 2023). These 
discrepancies are further compounded by methodological in
consistencies, including variations in system boundaries, assumptions 
on solvent losses, and reliance on ex-ante laboratory-scale data (S. Wang 
et al., 2025). Compared to DR, HMR routes explicitly account for acid 
and reagent consumption (e.g., H2SO4, HCl, NaOH), where chemical 
inputs often dominate environmental impacts (Mousavinezhad et al., 
2023), while PMR assessments may underestimate chemical burdens by 
separating high-temperature processing from downstream refining 
stages (Hanna et al., 2025 ). Consequently, LCA studies that exclude 
upstream reagent production risk systematically biasing conclusions in 
favor of DR by masking one of its primary environmental burdens (Kurz 
et al., 2025). A robust evaluation therefore requires cradle-to-cradle 
system boundaries that explicitly incorporate reagent production, sol
vent management, and material substitution effects (Chen et al., 2023; 
Plachý et al., 2026).

While Fig. 5 presents the strategic convergence model at a system 
level, Table S4 translates this framework into a stepwise technology 
roadmap, linking specific tools and processes to their circular objectives 
and regulatory drivers.

7.4. Implementation priorities for future innovation pathways

To move from concept to practice, future innovation should focus on 
a few key steps instead of trying to scale everything at once. The first 
priority is better feedstock control. DR only works when the input ma
terial is clean and well-defined. In reality, battery waste is highly vari
able and often contaminated, which makes process performance 
unstable. Recent studies show that impurities such as Al, Cu, and fluo
rine strongly affect regeneration efficiency and product quality. To 
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address this, rapid sorting and characterization methods need to be 
implemented before any processing step. A quality-based routing 
approach, such as a BMQI, can help decide whether a stream is suitable 
for DR or should be treated by HMR routes.

The second priority is scaling DR through integrated pilot systems. 
Most regeneration approaches still operate at laboratory scale and under 
controlled conditions. However, industrial waste streams are more 
complex and inconsistent. This creates a gap between reported perfor
mance and real-world feasibility. Instead of focusing only on new 
chemistries, more effort should go into process stability, impurity 
tolerance, and reproducibility. This includes developing pre-treatment 
steps to remove contaminants, optimizing relithiation conditions, and 
validating regenerated materials using standardized electrochemical 
testing. For example, magnetic-assisted flotation (MAGFLO) can 
improve the separation of cathodic active material form graphite (Efendi 
et al., 2026), which can be a scalable solution for pretreatment of black 
mass before DR.

The third priority is the practical use of digital tools. The DBP should 
not be treated only as a regulatory requirement. It can also support 
sorting, safety assessment, and process selection if the data are acces
sible and reliable. In combination with AI-based disassembly and sensor- 
based sorting, it can reduce uncertainty at the early stages of recycling 
At the same time, policy frameworks need to shift from quantity-based 
targets to quality-based incentives. Recovering material mass is not 
enough if material functionality is lost. Supporting closed-loop recy
cling, especially cathode-to-cathode recovery, will be critical for long- 
term sustainability Overall, implementation will depend on combining 
better sorting, more robust processing, and improved data use. These 
elements are already discussed in the literature, but they are often 
treated separately. Bringing them together in one system is the main 
challenge for future industrial deployment.

8. Conclusion

This review critically examined the systemic barriers limiting the 
scalability and economic viability of current LIB recycling practices. We 
first analyzed the structural weaknesses of conventional PMR and HMR 
routes, highlighting their energy intensity, environmental burden, and 
declining profitability under evolving cathode chemistries. DR was then 
evaluated as a promising alternative, with particular attention to its 
environmental advantages, economic potential, and engineering con
straints that currently hinder industrial implementation. A central 
contribution of this work is the identification of the “black mass 
bottleneck” as a key limiting factor in advanced recycling pathways. To 
address this issue, we proposed the BMQI framework as a structured 
approach to classify feedstock quality and guide process selection. By 
linking feedstock grading to recycling route suitability, the BMQI pro
vides a practical decision-support tool for improving material routing 
and enabling higher-value cathode-to-cathode recovery. In addition, the 
study analyzed the role of the EU Batteries Regulation as a policy driver 
for technological transition and introduced the concept of an integrated 
smart recycling ecosystem combining DBP implementation, AI-assisted 
disassembly, high-purity pre-processing, and DR technologies. 
Achieving a truly circular LIB system requires a shift from isolated 
process improvements toward integrated, quality-driven recycling sys
tems. The future of the industry will not be defined by a single tech
nology, but by the coordinated use of DBP, BMQI, and smart recycling 
infrastructures. Through improved alignment of material flows and 
quality-based regulatory mechanisms, a resilient and sustainable circu
lar battery system can be realized.
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