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China’s electric vehicle (EV) boom will generate an unprecedented volume of battery waste, yet over 70% 
of end-of-life EV batteries currently flow to informal recyclers operating outside regulated channels. Low 
market entry barriers, high profit margins, and weak regulatory enforcement enable these informal oper-
ators to outcompete licensed enterprises, posing a major obstacle to China’s sustainable energy transi-
tion. By coupling the Global Change Analysis Model with dynamic material flow analysis, we project 
that retired EV battery volumes will reach 22.39 million tons by 2040 under the carbon neutrality scenar-
io, representing 112-fold increases from the 2020 level. To address this escalating crisis, we urge coordi-
nated actions among all stakeholders, including legislating extended producer responsibility, classifying
end-of-life batteries as hazardous waste, raising market entry thresholds, supporting research and devel-
opment for low-cost recycling technologies, and implementing ownership-based classification of retired
batteries.

© 2026 THE AUTHORS. Published by Elsevier LTD on behalf of Chinese Academy of Engineering and 
Higher Education Press Limited Company. Thi s is an open access article under the CC BY-NC-ND license

(http://creativecommons.org/licenses/by-nc-nd/4.0/). 
1. Introductio n

The transition toward sustainable transportation is a vital com-
ponent of China’s ambitious plan to achieve carbon neutrality [1]. 
In 2024 alone, electric vehicle (EV) sales in China reached 11.3 mil-
lion units, accounting for about 65% of global EV sales (17.3 million
units) [2]. Because lithium-ion batteries (LIBs) have a relatively 
short service life of approximately eight years [3,4], this rapid 
adoption is poised to generate a massive wave of end-of-life bat-
tery waste within the coming decade. Timely and effective strate-
gies are therefore essential to address the impending triple
challenge of environmental sustainability, economic viability, and
strategic resource management.

However, recent reports reveal that fewer than 30% of end-of-
life EV batteries enter formal recycling channels; the vast majority
is instead captured by unlicensed, informal operators [5–8]. 
Although China has issued guidelines prohibiting informal disman-
tling and modification on safety grounds, these operations persist
because informal recyclers can outbid their licensed counterparts 
by offering substantially higher acquisition prices for waste batter-
ies. The environmental consequences are stark. In a case 
announced in January 2024 by the Quannan County People’s 
Procuratorate in Jiangxi Province, a single company was found to
have improperly dismantled 364.23 tons of waste lithium iron
phosphate batteries, causing foliage dieback across 2.43 hectares
of forest and killing standing timber totalling 11.94 m3 through
severe contamination [9]. The continued dominance of informal 
recycling poses a fundamental obstacle to China’s low-carb on tran-
sition, making effective strategies for EV battery recycling an
urgent priority.

In this perspective article, we examine current and emerging 
trends in informal and formal EV battery recycling in China and 
assess their environmental and health implications. Through an 
in-depth comparison of the two recycling pathways, we identify 
the key factors driving the expansion of the informal sector and 
the barriers hindering the development of a structured formal mar-
ket, and we propose targeted policy recommendations to address 
these challenges. These analyses are essential for understanding 
the persistent ineffectiveness of existing policies—a problem
rooted in uncertainties and structural dynamics within the
oi.org/
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recycling industry value chain that has been largely overlooked in 
prior research. We argue that, although formally authorized enter-
prises possess the capacity to handle all existing retired EV LIBs, a 
combination of low market entry barriers, high profitability of 
informal recycling, conflicts of interest among stakeholders, and 
inadequate industry governance collectively prevents these enter-
prises from competing effectively with informal channels. Our cou-
pled Global Change Analysis Model (GCAM) and dynamic material 
flow analysis (MFA) modelling framework projects that the volume 
of retired EV batteries in China will surge to 1.69 million tons by 
2030 and 22.39 million tons by 2040 under carbon neutrality sce-
nario, representing approximately 8-fold and 112-fold increases
over the 2020 level, respectively. Without decisive intervention,
the severe challenges confronting the battery recycling industry
are poised to intensify. We therefore advocate for coordinated
action involving all stakeholders, encompassing the strengthening
of the extended producer responsibility (EPR) system through leg-
islation, classification of end-of-life EV LIBs as hazardous waste
with corresponding criminal liabilities, elevation of market entry
thresholds for battery recycling, support for research and develop-
ment in standardized battery design and low-cost recycling tech-
nologies, and implementation of ownership-based classification
management for retired batteries. Collectively, these measures
Fig. 1. Quantity of waste EV LIBs in China from 2018 to 2040: (a) from 2018 to 2020 (in th
(in million tons) (derived from this study). NCM: lithium nickel manganese cobalt oxid
barriers for lithium-sulfur batteries, lithium-air batteries, and solid-state batteries in th

2

are essential to address the current crisis effectively and to pave
the way for a sustainable, low-carbon transition.

2. Escalating challenge: surge in EV battery waste

China is already contending with a rapidly escalating volume of 
waste EV LIBs. The estimated quantity surged from 70 thousand 
tons in 2018 to 130 thousand tons in 2019 and then to 200 thou-
sand tons in 2020, corresponding to growth of 76% and 170%,
respectively (Fig. 1(a) [5,10–15]). Retirement volumes continued 
to climb in 2021, reaching 320 thousand tons, an increase of
approximately 58% over the 2020 level [10]. By 2023, the annual 
volume of waste EV LIBs had risen further to 360 thousand tons
[10]. 

Achieving China’s carbon neutrality target requires extensive 
deployment of EVs, which will in turn generate an ever-
increasing volume of waste EV LIBs. Using the c oupled GCAM
and dynamic MFA (Sections S1 and S2 for details in Appendix A), 
we project that EV adoption will continue to rise and that the 
resulting volume of waste EV LIBs will surge dramatically, reaching 
approximately 1.69 million tons by 2030 and 22.39 million tons by 
2040. These figures represent approximately 8-fold and 11 2-fold
increases over the 2020 level, respectively (Fig. 1(b)). Compound-
ousand tons) [5,10–13], (b) from 2020 to 2040 under the carbon neutrality scenario 
e; LFP: lithium iron phosphate. Due to persistent technical and commercialization
e short to medium term, this analysis does not include them in its scope [14,15]. 
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ing this challenge are the structural complexity and chemical 
diversity of waste EV LIBs, their high processing costs, and their 
wide geographic dispersion across China. China’s existing recycling 
infrastructure, moreover, remains fragmented, characterized 
by incomplete geographic coverage and significant logistical 
inefficiencies. According to data from the Ministry of Industry
and Information Technology of China (MIIT), approximately
10 908 power battery recycling outlets across 31 provinces had
been established by the end of August 2025; however, these out-
lets are predominantly concentrated in eastern coastal and central
regions [16]. More critically, not only are many registered outlets 
effectively nonfunctional owing to company relocations or opera-
tional incapacity, but an even larger number are reportedly una-
ware that they have been designated as authorized recycling
facilities [17]. Such information asymmetry hinders coordination 
among recycling stakeholders and further impedes the effective
collection and formal recycling of waste EV batteries [18]. 

3. Losing battle: formal recycling versus informal recycling

Chinese policymakers have increasingly recognized the urgent 
need to address the escalating challenge of EV battery waste (Sec-
tions S3 and S4 in Appendix A). The management of waste EV bat-
teries requires strict adherence to regulated procedures, placing 
significant demands on recycling enterprises. To promote stan-
dardization, the MIIT has published five batches of qualified enter-
prises, 156 in total, that meet the Industry Specification Conditions
for Comprehensive Utilization of Waste Batteries of New Energy
Vehicles [19–23]. Collectively referred to as ‘‘White List” entities, 
these enterprises constitute the formal recycling sector.

The first batch of ‘‘White List” enterprises, including Huayou 
Cobalt, Ganzhou Highpower Technology Co., Ltd., Green Eco-
Manufacture (GEM), Brunp Recycling, and Ghtech, possesses a 
combined designed recycling capacity exceeding 600 000 tons of 
LIBs, approximately three times the volume of waste EV LIBs gen-
erated in 2020 and nearly equivalent to the projected total for
2025. Among them, GEM has a total designed capacity of
215 000 tons per year for resource recycling and 100 000 tons
per year for second use, sufficient to recycle nearly all current
waste EV LIBs [24]. By 2023, certified ‘‘White List” enterprises 
had achieved an actual recycling capacity (i.e., realized installed
capacity) of 623 000 tons [25], approximately 1.7 times the theo-
retical retirement volume for that year. With ongoing technologi-
cal upgrades, the processing capacity of formal enterprises 
continues to expand. In this context, the MIIT issued a notice in 
2024 instructing local department s to suspend acceptance of new
applications for battery comprehensive utilization qualifications.
This measure aims to enhance the market valuation and competi-
tiveness of existing ‘‘White List” enterprises, prioritizing opera-
tional quality over quantitative expansion.

However, the formal sector continues to face severe challenges 
in acquiring waste EV LIBs. Reports indicate that only 0.005 million 
tons (7%), 0.012 million tons (9%), and 0.03 million tons (15%) of
waste EV LIBs were channelled into the formal recycling process
in 2018, 2019, and 2020, respectively (Fig. 1(a)). Despite the grow-
ing volume of waste EV LIBs, only 0.06, 0.08, and 0.09 million tons 
flowed into formal recycling channels in 2021, 2022, and 2023,
respectively, representing only about 20%, 24%, and 25% of the total
waste volume [5,10–13]. Without decisive intervention, these 
challenges are projected to worsen. Under the carbon neutrality 
scenario, 1.26 million and 16.79 million tons of EV LIB waste are
expected to flow into informal channels by 2030 and 2040, respec-
tively, approximately 7 and 99 times the 2020 level (Fig. 1(b)). This 
stark contrast highlights a critical structural imbalance: despite 
possessing the capacity to process all EV LIB waste, authorized for-
mal channels continue to lose ground in battery collection, while
3

unregulated informal channels capture the overwhelming
majority.
4. Severe environmental and health impacts of informal
recycling

The widespread informal recycling of waste EV batteries poses 
substantial risks to the environment, human health, and the
orderly functioning of the recycling market (Figs. 2(a) and (b)
[26]). Formal recycling enterprises operate in fully enclosed facili-
ties and comply with national environmental and safety regula-
tions [27]. Informal recyclers, by contrast, routinely disregard 
these regulations, illegally discharging hazardous wastes. They 
may also sell batteries for use in low-speed EVs or convert them
into smaller rechargeable battery packs without adequate safety
checks [28].

Informal recycling also poses direct safety hazards. Non-
compliant storage and handling p ractices render waste batteries
prone to spontaneous combustion or explosion [29]. In October 
2024, for instance, the People’s Government of Hengyang reported 
an explosion at Hunan Jinkai Recycling Technology Co., Ltd. in
Leiyang City, Hunan Province [30], attributed to the absence of 
physical barriers and insulation between the waste battery storage 
area and the operational zone. Although no injuries occurred, the 
explosion caused direct economic losses of approximately 
150 000 RMB. Workers in the informal sector also face significant
occupational health risks, as they frequently disassemble batteries
by hand without protective equipment, exposing themselves to
toxic substances [31]. Non-compliant transportation practices 
compound these dangers. In July 2025, a semi-trailer carrying 50 
tons of LIBs (exceeding its rated capacity of 32 tons by 56%) rear-
ended a delivery truck stopped in traffic. The collision caused the
battery packs to short-circuit under compression, triggering an
explosion and fire that killed 3 people and injured 12 [32]. 

Beyond these safety hazards, informal recycling poses signifi-
cant environmental threats. Improper disposal of electrolyte, sepa-
rator film, and waste liquid can cause freshwater and terrestrial
acidification, heavy metal contamination, dust and fluorine emis-
sions, and organic pollution [33]. For example, metallic contami-
nants such as lithium, cobalt, nickel, and copper can leach from 
LIBs that are landfilled without proper treatment, contaminating
surrounding soil and groundwater [34]. Toxic additives, including 
ionic compounds and volatile organic electrolytes, may similarly 
migrate into soil and groundwater during non-compliant recycling
operations, compounding the environmental damage [35]. Elec-
trolytes can also react with water to generate toxic gases, con-
tributing to localized air pollution and posing serious health risks
to unprotected workers [36]. 

On the economic front, informal recyclers avoid environmental 
compliance costs, enabling them to offer higher acquisition prices 
for waste batteries and thereby outbid formal operators. This
dynamic triggers a ‘‘Gresham’s Law” effect within the industry, dis-
torting market price signals as substandard practices displace com-
pliant ones [37]. As formal enterprises lose access to feedstock, 
their capacity utilization declines, driving up average per-unit pro-
cessing costs and further weakening their price competitiveness. 
Over time, this vicious cycle risks eroding trust in the recycling sys-
tem among key participants such as automakers and battery man-
ufacturers, pushing the recycling market toward heightened
volatility, reduced transparency, and growing disorder.
5. Driving forces of informal battery recycling

The waste LIB recycling market is characterized by low entry 
barriers, high profit margins, and relatively weak regulatory over-

move_f0010


H. Wang, P. Wang, J. Li et al. Engineering xxx (xxxx) xxx

Fig. 2. Contrast between formal and informal recycling processes: (a) routes and impacts, (b) cost structure [26].
sight, making it particularly attractive to informal operators com-
pared with other high-value waste streams [38]. Profitability is 
the primary draw. Price volatility in high-value metals such as 
cobalt and lithium enables the sector to generate substantial 
short-term margins; in 2022, for example, the price of lithium car-
bonate surged to 600 000 RMB per ton, multiplying the profit from
recycling a single ton of lithium iron phosphate batteries several-
fold [39]. Ease of operation reinforces this appeal: compared with 
other categories of high-value electroni c waste, waste EV LIBs are
relatively easy to collect and dismantle manually [38]. Weak regu-
lation further lowers the threshold for entry. Because the LIB recy-
cling industry remains in a transitional phase, enforcement is
limited [40]. This regulatory gap affords informal operators’ con-
siderable freedom and profit opportunities that are largely unavail-
able to their compliance-bound formal counterparts.
4

The dominance of informal recycling is further reinforced by the 
lack of a coordinated governance framework that aligns the stake-
holder interests within the formal recycling supply chain. A signif-
icant cost disparity lies at the heart of this structural weakness: 
because informal recyclers are unburdened by environmental com-
pliance cos ts, they can offer far more competitive purchase prices
[13], consistently outbidding formal operators [41]. Their decen-
tralized and flexible operations amplify this advantage. Informal 
recyclers frequently position themselves near 4S dealerships and 
auto repair shops, directly approaching vehicle owners at the point 
of scrappage and offering pri ces that formal channels cannot match
[42]. For nickel-cobalt-manganese battery waste, informal pur-
chase prices are typically 50%–150% higher than those offered by 
formal recyclers [43]. Consequently, EV owners, particularly those 
with limited environmental awareness, gravitate toward informal
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buyers for the higher financial returns, perpetuating a cycle in 
which non-compliant practices crowd out regulated ones [44]. 

Beyond market dynamics, however, the root cause of wide-
spread informal recycling lies in the sector’s inadequate gover-
nance system. Retired EV battery recycling involves diverse
stakeholders, including governments, recyclers, automobile manu-
facturers, and consumers [41], yet the delineation of rights and 
responsibilities among them remains vague, and no coordinated 
policy framework has been established. Although the Chinese gov-
ernment has been formulating specialized battery recycling poli-
cies since 2016, advocating for implementation of the EPR
system and certification requirements for comprehensive utiliza-
tion enterprises [20,45,46], these policies lack binding legal man-
dates and fail to address information asymmetries among 
stakeholders. Notably, they do not define clear consumer responsi-
bilities. Local governments have implemented targeted subsidies
for battery recycling enterprises, automakers, battery material pro-
ducers, and retail entities to encourage formal recycling [47–50], 
but these measures have proven insufficient in the absence of 
key safeguards such as mandatory traceability mechanisms, coor-
dinated enforcement actions, and blacklist-based penalties. Com-
pounding the problem, many registered recycling service outlets
do not engage in actual recycling operations because of low profit
margins [51]. 

Recognizing these challenges, major industry players have 
begun to take collective action. On July 16, 2021, nine leading 
new energy vehicle and battery manufacturers issued a joint state-
ment calling for a boycott of informal recycling operations [52]. 
Although such efforts signal growing industry awareness and the 
potential for coordinated governance, they remain nascent and 
insufficient to achieve systemic transformation. Curbing the dom-
inance of the informal sector and establishing a truly circular and
sustainable EV battery recycling system will require substantial,
broad-based collaboration among all stakeholders.
6. Potential solutions

As noted in Section 5, the effectiveness of existing battery recy-
cling policies has fallen short of expectations [20,45,46]. To effec-
tively address the challenges of pervasive informal recycling, 
coordinated stakeholder action is urgently needed, focusing on five
key measures.

First, the government should establish a coordinated policy 
framework to govern stakeholder responsibilities, anchored in 
the legislative strengthening of the EPR system. As the entities 
bearing primary recycling responsibility under EPR, manufacturers 
should be mandated to create battery identification codes and 
maintain comprehens ive digital lifecycle records. A deposit-
refund mechanism could incentivize consumer returns, while a
government-led blockchain-based traceability platform, integrat-
ing data from production to recycling and synchronized with
financial regulatory systems, would ensure transparency and
accountability.

Second, legislation should be enacted to classify retired EV LIBs 
as hazardous waste, establishing corresponding criminal liabilities 
to deter informal activity. At present, waste EV LIBs in China are
managed as general solid waste [53], and their mishandling there-
fore lacks the stringent legal repercussions applied to hazardous
waste violations [54,55]. Reclassifying these batteries as hazardous 
waste, consistent with international best practices like Australia’s
classification of EV LIBs exceeding 5 kg as hazardous waste [56], 
would provide the legal foundation for criminal enforcement.

Third, raising market entry barriers is a practical means of 
strengthening formal recycling. Transacti ons involving retired EV
batteries should be restricted to certified formal enterprises only,
5

with strengthened supervision over online trading platforms that 
facilitate informal deals. Standardized definitions of key terms
and procedures are needed to ensure consistent enforcement.

Fourth, advancing standardized battery designs and investing in 
low-cost, high-efficiency recycling technologies can substantially 
enhance the economic competitiveness of formal recycling. Subsi-
dies and policy incentives should support technological innovation,
particularly in non-destructive testing and high-value resource
recovery. Publishing a catalog of proven technologies and equip-
ment would further promote their adoption.

Finally, a differentiated approach based on ownership classifica-
tion is recommended. Retired batteries from fleet and commercial 
vehicles, such as public buses, should be subject to mandatory cen-
tralized recycling through agreements signed at purchase. For the
more dispersed batteries from private vehicles, a model combining
consumer incentives, robust traceability, and regulatory oversight
is necessary to channel them into formal recycling pathways.
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The supplementary materials include a method for estimating 
the EV retired battery volumes in China using the Global Change 
Analysis Model and dynamic material flow analysis, an overview 
of China’s policies on the EV retired battery recycling, and a litera-
ture review on the EV retired battery recycling. Supplementary
data to this article can be found online at https://doi.org/10. 
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