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Abstract

Potential resource constraints for batteries hinders the electric vehicle (EV) deployment which is necessary for meeting Europe’s climate goal. Most
previous studies on the material implications of car electrification do not explicitly consider lifetime differences between EVs and batteries, particularly
the dynamics of battery technology development and recycling pathways. Herein, we developed a product-component dynamic material flow analysis
model for 32 European countries, including the European Union of 28 Member States (EU28), Norway, Iceland, Switzerland, and Turkey, and explored
their supply—demand gaps for lithium (Li), cobalt (Co), Manganese (Mn), and nickel (Ni) under various scenarios. We found that achieving 100%
electrification in Europe under the “combined mitigation strategies” scenario (i.e., advanced lithium iron phosphate (LFP) battery technology, extended
battery lifetimes, and shifts toward a smaller car segment) requires a high cumulative demand (2021-2050) for primary Li (2815 kt), Co (398 kt), Mn
(397 kt), and Ni (2667 kt). Among various mitigation strategies, deploying advanced LFP battery technology appears to be the most critical for relieving
resource pressure. We also reveal a trade-off effect for the second-life use of EV batteries: It may worsen critical material circularity but mitigate the
carbon impact for prospective energy storage systems. Our product—component model can be used for other product systems and suggests the need for
a systematic framework to maximize the synergies among material, energy, and climate strategies in the e-mobility transition.

Keywords: Electric vehicles, Critical materials, Battery technology, Substance flow analysis, Product—component model

1 Introduction

The green transition is imperative for achieving both global and regional climate neutrality [1,2]. Electric vehicles (EVs) are
widely regarded as a robust means to mitigate direct greenhouse gas generation and have thus become a main focus of the
academia, industry, and policymakers to achieve carbon neutrality targets [3,4]. The European Union (EU) and Norway have
pledged to phase out internal combustion engine vehicles by 2035 and 2025, respectively [5]. Enabling fast vehicle electrification
comes with potential issues, such as soaring material demands, critical material supply risks (e.g., Li, Co, Ni, and other rare earth
elements), and increased end-of-life (EoL) management stress [6—10]. Owing to soaring demands and supply chain risks from
crises such as the Russian—Ukraine conflict, the price of critical materials has surged [11], as evidenced by the Ni price doubling
in one day [12]. Therefore, the prospective demand for critical materials under fast EV deployment requires more accurate
exploration, considering the dynamics of the EV market, technology development for both battery chemistries [13] and recycling
[14-17], and geopolitical concerns caused by overconcentrated material production (e.g., 71% of the global Co production in
2021 was from the Democratic Republic of Congo) [18].



Different system analysis models, particularly dynamic material flow analysis (MFA) models, are widely used to quantify
battery and material flows associated with fleet dynamics in green and e-mobility transitions [19-22]. Relevant studies show that
the dynamics of battery technology pathways and associated battery (e.g., lifetime and battery cathode share) and vehicle (e.g.,
electrification rate) characteristics often complicate the estimation of battery material demand (including both original and
replaced batteries) [22—24]. Among other factors, the battery technology development assumption and lifetime estimation for both
EVs and batteries are two aspects that have received the most attention but have not been fully addressed.

Trends in battery technology development, which faces issues related to resource constraints and economic efficiencies [21,25],
highlight the substitution of Co with Ni (e.g., nickel manganese cobalt (NMC)-811) or the complete elimination of Co (e.g., Co-
free blade lithium iron phosphate (LFP) batteries with high energy density). The effective recycling of retired Li-ion batteries
(LIBs) and, thus, embodied battery materials from EVs for a green future remains an ongoing debate [15,26]. Retired LIBs from
EVs can be reused in energy storage systems (ESS) or recycled into critical and/or economically valuable materials via direct,
hydrometallurgical, and pyrometallurgical recycling [27,28], depending on their state of health (e.g., remaining capacity).

Knowledge of the lifetime of EVs and batteries is essential for determining the amount of EV flows in use, the number of
conventional vehicles phased out from the market, and the recycling potential of retired EVs and battery materials. Battery
lifetimes, which typically range from 4 to 14 years, although battery manufacturers now offer a warranty of 8-10 years [19,29],
are usually shorter than EV lifetimes (10-16 years [30]), owing to current technological limitations. When the battery of an EV
is renewed or replaced, the exact timing of renewal or replacement will significantly influence the inflows and outflows of vehicles
and batteries. EV batteries may be replaced to maintain EV services, given that battery prices have decreased from 1200 USD per
kilowatt-hour (kW « h) in 2010 to 132 USD-(kW-h)"! in 2021 [31]. However, differences in the lifespans of EVs and batteries,
as well as their survival rates, render the accurate estimation of battery flows and the associated demand for battery materials
challenging.

Previous studies have highlighted the differences in the lifetimes of EVs and batteries (or, more generally, products and
components) and attempted to solve this issue [6,22—24]. In one approach, batteries are replaced after the assumed fixed battery
lifetime [24]. In another approach, the inflows and outflows of EVs and batteries are separately simulated [6,22]. A few other
studies have sought to develop more complex models to simulate battery lifetimes and battery replacement [23], with varying
assumptions regarding the component replacement rate. However, these models do not simultaneously consider the following
aspects: (D the dynamics of the battery cathode technology and its associated lifetime, ) the deployment of plug-in hybrid EVs
(PHEVs) and battery EVs (BEVs) with segment resolution, and 3) the delay effect owing to the use of second-life batteries in
ESS. Hence, in this study, we aimed to develop an advanced dynamic product—component MFA model to address the
abovementioned gaps by considering the dynamics of battery cathode technology development, EV deployment, battery reuse in
ESS, and battery material recycling.

We first built an advanced product—component dynamic MFA model that simultaneously simulates EVs, batteries, and battery
materials, considering the different lifetime survival rates of EVs and batteries. We then implemented this model in a case study
of 32 European countries, including the European Union of 28 Member States (EU28), Norway, Iceland, Switzerland, and Turkey,
considering their individual vehicle electrification backgrounds, segment preferences, EV deployments, battery technologies, and
recycling scenarios. We then assessed how dynamic parameters such as segment, driving range, battery chemistry, lifetime, and
recycling pathway influence material demands and recycling potential, and discussed their implications for supply risks,
mitigation strategies, technology development priorities, and opportunities and challenges for recycling and reuse in Europe in
the next decades.

2 Materials and methods
2.1 Model framework

The system definition of the country-based, product-component-specific, stock-driven dynamic MFA models we developed
based on previous research [32-34] is illustrated in Fig. 1(a). The model was used to simulate the prospective EVs of different
powertrain technologies (i.e., BEVs and PHEVs), segments (i.e., mini, medium, and sport utility vehicle (SUV)), batteries (i.e.,
NMC, LFP, lithium manganese oxide (LMO), lithium nickel cobalt aluminum oxide (NCA), lithium—sulfur (Li-S), Li—air, and
solid-state battery (SSB)), and the associated critical materials (i.e., Li, Co, Mn, and Ni) through the internal linkage between the
flows of EVs, batteries, and battery materials. We considered the fleet (in the green box), component (in the yellow box), and
associated material (system boundary) modules, and developed various scenarios for EV deployment and technology pathways
(Fig. 1(a)). To capture a full overview of car electrification in Europe by 2050, we included four other important countries (i.e.,
market-wise: Norway, Iceland, and Switzerland; population-wise: Turkey), in addition to the EU-28, totaling 32 countries.

Mathematically, the inflows (i.e., into the use phase) and outflows (i.e., out of the use phase) are driven by the development of
stocks and their lifetimes [6,32,35] (Egs. (1) and (2)). The mathematical details of the fleet, battery components, and material
modules are provided in Tables S1 and S2 in Appendix A.
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where IN; and IN, represent the inflows at years ¢ and c, respectively; ST, and ST;_; represent the in-use stocks at years ¢ and
t—1, respectively; OUT, represents the outflows at year ¢, and L—) represents the retirement rate (derived from the lifetime
distribution) of previous inflows after t—c years.

* Fleet module. The fleet module is the foundation of the improved product—-component model. A country-level dynamic MFA
approach [36,37] was employed to simulate retrospective (1962—2020) and prospective (2021-2050) vehicle registrations (i.e.,
vehicle inflows) by connecting car stocks (population (Table S3 in Appendix A) multiplied by car ownership (Table S4 in
Appendix A)) and lifetime (Table S5 in Appendix A). Prospective per capita car ownership (2021-2050) was simulated using a
logistic model [38,39] that complies with an S-shaped curve based on historical patterns [33,36,40] in line with our previous work
[6,35] (Table S4).

* Battery component module. Each newly registered EV was assumed to have one battery package unit installed, and the
original battery inflows were assumed to be equal to the EV registration flows (Figs. S1 and S2 in Appendix A). Because the
average battery lifetime (Table S6 in Appendix A) is less than the average car lifetime (Table S5), the battery vintage to in ¢, is
smaller than the EV vintage tg in ¢, owing to their different lifetime survival rates (Fig. 1(b)), where n refers to the vintage year
of battery installation. Another important assumption is that the stock of battery packs is equal to that of EVs, as a properly
working EV must be equipped with a battery pack in good condition (i.e., battery capacity > 80% [41]). Hence, we assumed that
a battery that reaches the end of its service lifetime in an EV, regardless of its useful battery capacity, is an EoL battery. In other
words, a spent battery in an old EV must be replaced with a new battery to maintain EV services. Supplementary battery inflows
were determined by the battery lifetime (Table S6) and the differences between the battery and car cohorts (dashed box in Fig.
1(b)). Normally, the battery lifetime in an ESS is approximately 10 years, which means a temporal delay occurs from a portion
of the retired battery flows from EVs (after considering the reuse rate (Table S7 in Appendix A)) to the retired battery flows from
ESS.

* Material module. The material module links the battery stock and flows from the battery module to the material matrix. The
annual total inflows of battery cathode materials were determined from the annual total battery inflows (including the original
and supplementary battery flows), market share of the battery cathode (Table S8 in Appendix A), and material intensity of each
type of battery cathode technology (Table S9 in Appendix A). The potential secondary supply for material recycling was
determined by the battery outflows (directly from EVs and ESS) and the material intensity of various battery cohorts. Partially
retired batteries with good health are expected to enter second-life use in ESS. The battery material outflows from ESS into
material recycling were determined from the ratio of second-life use in ESS (Table S7), lifetime survival curve (Table S6), and
material intensity (Table S9) of various types of battery cohorts.
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Fig. 1. Model framework for battery material demand and recycling potential based on product-component dynamic material flow analysis. (a) System
definition and (b) the dynamic product-component model framework. The green shaded box represents the car fleet dynamics considering the
powertrain technology and segment shares. The yellow shaded box represents the original and supplementary battery flows considering the battery
cathode chemistry share. The two-digit country codes are defined by the ISO 3166-1 alpha-2 standard (Table S10 in Appendix A) as follows: AT:
Austria, BE: Belgium, BG: Bulgaria, CH: Switzerland, CY: Cyprus, CZ: the Czech Republic, DE: Germany, DK: Denmark, EE: Estonia, ES: Spain,
FI: Finland, FR: France, GB: the United Kingdom, GR: Greece, HR: Croatia, HU: Hungary, IE: Ireland, IS: Iceland, IT: Italy, LT: Lithuania, LU:
Luxembourg, LV: Latvia, MT: Malta, NL: the Netherlands, NO: Norway, PL: Poland, PT: Portugal, RO: Romania, SE: Sweden, SI: Slovenia, SK:
Slovakia, TR: Turkey. Li-S: Lithium—sulfur, Li-air: Lithium—air, SSB: Solid-state battery.
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2.2 Scenario setting

To explore potential supply risks and mitigation strategies associated with the large-scale electrification of passenger vehicles,
we designed a set of scenarios with varying key parameters (Table S11 in Appendix A), including EV adoption level, battery
technology pathway, car segment share, battery lifetime, reuse rate, and car ownership (Table S12 in Appendix A).

Nine representative scenarios (S1-S9), summarized in Table 1, were used to illustrate the mitigation strategies for battery
material demand under rapid electrification. Scenario S1 represents the reference scenario in which EVs dominate the passenger
car market (100% electrification) without additional mitigation strategies. Scenarios S2—-S4 examine alternative battery
technology pathways, whereas scenarios S5-S8 explore other strategies, including lower electrification rates, extended battery
lifetimes, increased second-life reuse in ESS, and shifts toward a smaller car segment. Scenario S9 combines several mitigation
strategies to evaluate their joint potential to alleviate material supply risks. Additional scenarios (S10-S20) are presented in the
Appendix A to explore alternative combinations of EV deployment levels, battery technologies, and car ownership assumptions.
The parameter settings used to construct these scenarios are described in Sections 2.3.1-2.3.3 and Table S11.

Table 1.
Narrative description of the nine scenarios (S1-S9) used in the main analysis.

Scenario narrative
. Icon
Scenario

Reference scenario

EVs dominate the passenger car market (100% electrification) without changes in battery

_ chemistry, car segment, lifetime, or second-life reuse.
S1

Battery technology pathway

Transition toward battery chemistries with lower Co intensity (e.g., increased shares of NMC-811

£ NMC-811 and NCA batteries).
S2 .
- Transition toward next-generation Co-free battery technologies (e.g., SSBs and Li-S/Li—air
57 NexGen batteries).
S3 =
=N Transition toward Co- and Ni-free LFP-II battery technologies.
JLFP 11
S4 i
Other strategies
@ Lower electrification pathway where EVs replace 80% of the car market by 2050.
S5
@ Extension of battery lifetime to reduce battery replacements over the vehicle lifetime.
S6
- Increase in the second-life reuse of EV batteries.
S7
T—Eﬂ‘ Shift toward smaller car segments.
S8 O
Combined strategies
T Combined mitigation scenario with LFP II batteries, longer battery lifetimes, and shifts toward
o Smal smaller car segments.
S9 L4 T‘.;E‘ &

2.3 Main parameters

2.3.1 Country-level EV deployment

Countries with national stated policy targets (NSPTs) (e.g., Norway and Denmark) will achieve 100% car electrification before
2050 based on their national roadmaps (Table S13 in Appendix A). We considered three scenarios (Tables S13—S15 in Appendix
A) to estimate the car electrification rate (including BEVs and PHEVs) (Table S14) in countries without NSPTs. For ambitious
EV deployment, we assumed that these countries will achieve 100% car electrification by 2050. For the moderate scenario, we
assumed that these countries will achieve 30% car electrification by 2030, following the International Energy Agency’s EV30@30
campaign [42]. We hypothesized that countries without NSPTs will achieve 80% car electrification by 2050 (Tables S14 and
S15). For the low scenario, we assumed that countries without NSPTs will achieve 30% car electrification by 2050 (Table S15).
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2.3.2 Battery cathode chemistry development

Battery cathode chemistry development is a key yet highly uncertain factor in determining the demand for critical materials
[6]. In this study, four scenarios for battery cathode chemistry development (Table S8) were considered to explore the influence
of different battery cathode chemistry pathways on the critical material flows in Europe. We assumed that battery technology will
be frozen in 2020 for the first battery development (BD) scenario (i.e., BD1). The other three BDs were aligned with the wide
range of battery technology development pathways in our previous study [6]. BD2 focuses on the development of Co-poor cathode
chemistries (e.g., NMC-811), considering technological innovation trends. BD3 assumes that next-generation battery technologies
(e.g., SSBs, Li-S, and Li-air [43]) will gradually replace BD2 from 2030 onward and reach 100% market penetration by 2050.
The LFP-dominant battery cathode development scenario (BD4) represents the case in which advanced LFP batteries with higher
energy densities (e.g., the BYD blade battery [44]) will gradually replace BD2 batteries and fully dominate the market by 2050.

2.3.3 Segment, battery capacity, and battery recycling

The SUV market share in Europe increased from 4% in 2001 to 38% in 2020 [45]. The popularization of sport utility vehicles
SUVs will lead to higher battery capacity demands, even for the same number of cars. We set three segment-share scenarios to
assess the effect of SUV popularization (Table S16 in Appendix A). We also considered driving range and fuel economy, which
are important factors in determining the battery capacity to be deployed in an EV [22,46] (Tables S17 and S18 in Appendix A).

Retired EV batteries usually retain approximately 70%—80% of their initial battery capacity, which can be further utilized in
ESS [47,48] (Table S7). The remaining EV-retired batteries with lower initial capacities will be directly recycled to recover
critical materials (e.g., Li, Co, and Ni) (Table S19 in Appendix A). We considered two battery recycling scenarios: zero and
partial reuse in ESS (Table S7). Given the local battery industry in Europe, only hydrometallurgical and pyrometallurgical material
recycling were considered (Table S20 in Appendix A).

3 Results and discussion

3.1 EV deployment and battery demand

The EV deployment and battery demand dynamics of the 32 European countries considered in this study are shown in Fig. 2.
EV sales in Europe surged from 249 units in 2008 to 1.4 million units in 2020, whereas car sales declined from 17.6 to 12.5
million units. The top three countries, namely, Germany (0.7 million), the United Kingdom (0.4 million), and Norway (0.4
million), accounted for almost half of the total cumulative EV sales in Europe during 2008-2020. EV sales varied significantly
among these 32 countries in 2020, with the share of 12 EU countries exceeding Europe’s average (10.8%) (Fig. S3 in Appendix
A). Norway achieved an EV sales share of 75%, partly owing to government incentives (i.e., exemption of EVs from value-added
tax [49]), whereas Turkey’s share was only 0.2% (Fig. S3). By 2020, the cumulative EV fleet in most countries was close to
Europe’s EV stock share (1.1%), excluding Norway (19.5%) and Iceland (6.5%) (Fig. 3(a)). This result implies that the complete
replacement of internal combustion vehicles with EVs requires tremendous effort in the long run.

The EU’s target of achieving 100% electrification by 2050 (S1-S4) will drive annual EV sales and associated battery demands
(Fig. S4 in Appendix A). Projected EV sales will increase from 3.8 million units in 2021 to 19.3 million units in 2050, totaling
471.6 million units (S1-S4). Owing to differences in battery lifetimes, battery technology significantly affects the annual demand
for both original and replacement battery packs (Fig. S5 in Appendix A). The prospective annual battery demand under ambitious
EV deployment (S1-S3) will increase from 3.6 million packs in 2021 to 19.7 million packs in 2050. The annual battery demand
under the LFP battery-dominant scenario (S4) is likely to be lower, especially in the long term, because LFP batteries have longer
lifetimes than non-LFP batteries (Table S6). By 2050, supplementary batteries are estimated to account for 27.0% of the total
battery demand in S4, compared with 46.5% under the non-LFP scenarios (S1-S3) (Fig. S5). Cumulative battery demands from
2021 to 2050 in the LFP-dominant scenario are 12.3% lower than those in the three non-LFP scenarios (Fig. S5).
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Fig. 2. EV deployment and battery demand among 32 European countries. (a) Historical EV deployment by 2020. (b) EV inflows in scenarios S1
(100% electrification by 2050) and S5 (80% electrification by 2050). (¢) Cumulative EV inflows from 2021 to 2050 in scenarios S1 (100%
electrification by 2050) and S5 (80% electrification by 2050). (d) Annual original and supplementary (replacement) battery inflows in scenario S1
(100% electrification by 2050). (e) Annual original and supplementary battery inflows in S4 (the LFP battery-dominant scenario).

Postponing the goal of achieving 100% car electrification will reduce the demand for EVs and batteries. Under scenario S5
(80% electrification by 2050), annual EV inflows rise from 2.8 million to 18.3 million units (Fig. 2(b)), but the cumulative EV
demand from 2021 to 2050 is 18% lower than that in the full-electrification scenario (391.6 million units in S5; Fig. 2(c)). The
corresponding cumulative battery demand (including original and supplementary batteries) is estimated to be 590.5 million units
under BD1 in S5.

3.2 Prospective battery material demand and potential secondary supply

Fast EV deployment drives the demand for battery cathode materials, as shown in Fig. 3, whereas the annual demand for Li,
Co, Mn, and Ni is mainly determined by the battery technology. In 2020, Europe’s EV battery demand for Li (10 kt), Co (17 kt),
Mn (20 kt), and Ni (46 kt) accounted for only 12.2%, 12.0%, 0.1%, and 1.8% of their global mining supply, respectively. From
2021 onward, the annual demand for these critical metals will increase 27-28 times by 2050 in S1 under the current battery



technology (i.e., frozen with NMC622 dominating the market). The predicted demands for Li (529 kt), Co (922 kt), Mn (970 kt),
and Ni (2520 kt) in 2050 in S1 represent 641%, 649%, 5%, and 100% of their respective global mining production in 2020.
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Fig. 3. Annual EV battery demand for critical materials and their potential secondary supply (after considering recycling efficiency) under the nine
designed scenarios. (a) Li, (b) Co, (c) Mn, and (d) Ni.

Three battery technology development scenarios will significantly change the demand for battery cathode materials. Shifting
to Co-poor, Ni-rich (e.g., NMC-811) and Al-rich (e.g., NCA) batteries under BD2 (S2) will help reduce the demand for all critical
metals except Ni. By 2050, the cumulative demand for Li, Co, Mn, and Ni under S2 falls to 91%, 51%, 39%, and 127% of the
levels in S1, respectively. BD3 (S3), which represents a gradual transition toward next-generation Co-free technologies (e.g.,
SSB, Li-S, and Li - air), will significantly reduce the long-term demand for Co, Mn, and Ni. Because BD3 becomes fully Co-free
only after 2030, some Co demand remains during the transition period; cumulatively, the demands for Li, Co, Mn, and Ni will
decrease to 94%, 42%, 27%, and 84% of those in S1, respectively. By contrast, BD4 (S4), which represents the market dominance
of advanced LFP batteries with high energy intensities, will completely change the increasing trend of these four materials. The
cumulative demands for Li, Co, Mn, and Ni in BD4 (S4) are only 65%, 16%, 12%, and 36% of those in BD1 (S1), respectively.

Advanced Co-free battery technologies, especially LFP battery technology, are the most promising solutions for reducing annual
primary material demands. The annual demand for Mn and Ni under S3 is lower than their potential secondary supply after 2044.
The annual demand for Co, Mn, and Ni under S4 is lower than their potential secondary supply after 2038 owing to the deployment
of'advanced LFP battery technologies (S4) without other strategies. These results indicate that advanced LFP battery technologies
will fundamentally change the long-term demand—supply imbalances, even under ambitious electrification trajectories. Thus, the
development of LFP battery technology should be prioritized to mitigate the primary demand for battery materials.

The effective recycling of retired batteries after their service life as a potential secondary material supply can help relieve the
battery material demand. When comparing the material demand with the potential secondary supply, we found that the Li demand
was higher than the secondary supply across all scenarios, given the current Li-based battery technology. The primary material
demand (i.e., the annual material demand after deducting the secondary supply) for Co, Mn, and Ni is highly sensitive to battery
cathode technologies, especially given the domination of LFP battery technology (Fig. S6 in Appendix A).

Extending battery lifetimes and lowering car electrification targets (e.g., from 100% to 80% by 2050) will reduce the annual
material demand, but will not completely change the increasing trend of battery demand. Compared with S1, doubling the battery
lifetime (S6) and lowering the car electrification target (S5) will mitigate the cumulative demand for Li, Co, Mn, and Ni by 22%
and 18%, respectively. Meanwhile, shifting the car segment from a larger size (e.g., SUV) to a smaller size (e.g., mini and small
segments) (S8) will mitigate only 3% of the cumulative demand (2021-2050) for Li (211 kt), Co (368 kt), Mn (387 kt), and Ni



(1005 kt). The cumulative demand for battery materials from 2021 to 2050 is shown in Fig. S7, whereas the cumulative material
outflow and primary demand are shown in Figs. S8 and S9 in Appendix A, respectively.

Under the current system boundary, second-life reuse in ESS will increase the primary material demand for the EV battery
supply chain because it delays the entry of retired batteries into the recycling and recovery of secondary materials. Reuse in ESS
(S7) will extend the battery lifetime but reduce the circularity of these four materials, leading to an extra primary material demand
for Li (1049 kt), Co (1992 kt), Mn (2011 kt), and Ni (5445 kt). Moreover, assessments of national-level material circularity by
comparing the cumulative secondary supply with the cumulative total demand (2021-2050) show that extending the battery
lifetime (S6) and second-life reuse (S7) will lower material circularity (Fig. S10 in Appendix A).

Fig. 4 shows the potential supply risks of Li, Co, Ni, and Mn identified following a comparison of the cumulative primary
demand with the current global reserves (Table S21). Using a threshold of 20% of the current global reserve (highlighted in red
in Fig. 4) as an indicator of elevated risk, we found that the Mn supply is not at critical risk, with the cumulative demand (2021-
2050) totaling only 1% of the current global reserve. However, other materials, notably Co, face varying degrees of supply risk,
driven primarily by differences in battery technology development.
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Fig. 4. Cumulative primary material demands for (a) Li, (b) Co, (c) Mn, and (d) Ni from 2021 to 2050 under the nine designed scenarios. The values
in black next to the arrows represent the material mitigation rate compared with S1. The values highlighted in red indicate the share of the material in
the global material reserve (cumulative demand divided by current global reserves). The color bar indicates the supply risk.

Realizing 100% car electrification in Europe, given commercially mature battery technologies (BD1), is unrealistic because of
the Co shortage problem. From 2021 to 2050, the cumulative demand for Co in S1 (estimated at 13 750 kt) is 194% of the current
global reserve (Fig. S7). Even when considering high recycling rates, the cumulative primary Co demand in S1 for car
electrification still accounts for 101% of the current global reserve (S1 in Fig. 4). Compared with S1, lowering the electrification
rate target (80% by 2050) (S5) and extending the battery lifetime (S6) could reduce the cumulative Co demand by 18% and 22%,
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respectively. Although the electrification rate is expected to decrease to 30% by 2050, the cumulative Co demand remains at least
120% (S10) higher than the global Co reserve. By reducing the market share of SUVs to 4% (similar to that in 2001) (S8), the
cumulative Co demand can only be reduced by 3% (Fig. S7). These findings underscore the central role of battery technology
development (BD2, BD3, and BD4), given its potential to reduce the cumulative primary Co demand and, consequently, reduce
the Co supply risk level. The cumulative primary Co demand under BD2 (3388 kt), BD3 (2558 kt), and BD4 (396 kt) accounts
for 48%, 36%, and 6% of the global Co reserve, respectively (Fig. 4).

The supply of Ni is more secure than that of the other critical metals. The cumulative Ni demand decreases under most scenarios,
excluding S2 (47.6 Mt, accounting for 51% of the current global reserve), as shown in Fig. S7. Therefore, transitioning to Ni-rich,
Co-poor battery technologies (e.g., the market domination of NMC-811 in S2) will relieve the Co demand but increase the Ni
demand. If Ni-rich, Co-poor battery technology development occurs, 100% electrification will lead to surging Ni demands and
fully alter the Ni consumption structure. Currently, batteries and stainless steel account for 11% and 69% of global Ni consumption
[50], respectively. Ni recycling will satisfy approximately half (48%) of the cumulative demand. The cumulative primary Ni
demand in S2 (i.e., difference of cumulative Ni demand and secondary Ni) is still 25 Mt, accounting for 27% of the current global
reserve (Fig. 4). Lowering the car electrification rate (S5) and extending the battery lifetime (S6) will reduce the cumulative Ni
demand by 18% and 22%, respectively (Fig. S7). However, doubling the battery lifetime will reduce the circularity of Ni and,
thus, the cumulative primary Ni demand by only 3% (S6), similar to deploying smaller cars (S8).

Li is relatively more secure than Co but remains at risk under most scenarios, as the cumulative Li demand accounts for
approximately one-third of the global Li reserve in most scenarios (Fig. S7). Among the pathways explored, advanced LFP
technology with a lower Li intensity per kW < h (S4) remains the most effective option, reducing the cumulative Li demand
(2021-2050) by 35% compared with S1. Nevertheless, even under S4, the cumulative Li demand accounts for 24% of the global
Li reserve. Under the most extreme scenario (S9), the cumulative Li demand accounts for 21% of the global Li reserve. When
secondary supply is considered, the cumulative primary Li demand (S4) is further reduced to 14% of the global Li reserve (Fig.
4).

In summary, under S9 (with the combined effects of battery cathode technology, extended battery lifetimes, and smaller EVs)
and S4, 100% car electrification seems more achievable in terms of the cumulative demand for Li, Co, Mn, and Ni. These
combined efforts will help reduce the cumulative primary demand for Co (94%), Mn (95%), and Ni (86%) but only marginally
affect the demand for Li (36%). The cumulative primary demand for Li, Co, Mn, and Ni (2021-2050) accounts for 13%, 6%,
0.03%, and 3% of their current global reserves, respectively. Europe’s cumulative Li demand over the next three decades will
account for 16% of the current global reserve if its share of Li consumption for batteries is maintained at the present level of 71%
[51]. This implies potential risks to the Li supply at the global level if other regions also aim to realize 100% electrification.
Therefore, the ambitious car electrification target under the current Li-based battery technology may lead to Li shortages.
Speeding up the development of diverse battery technologies such as Mg-, Ca- and Na-ion batteries offers a promising pathway,
particularly given the inexhaustible supply of Na in the ocean [52-54]. We stress here that comparing cumulative primary
demands with static reserves presents inherent limitations, as mineral reserves evolve over time with exploration, technological
progress, and changing economic conditions. Nevertheless, such snapshot comparisons provide a useful indication of the potential
supply risks associated with Li, Co, Ni, and Mn.

The material demand trajectories identified in this study have broad geopolitical implications. Europe’s battery transition
depends heavily on globally concentrated supply chains for mining, refining, and precursor production of critical materials, such
as the Democratic Republic of Congo for Co, Indonesia and Russia for Ni, and Australia, Chile, and China for Li. Thus, the
battery chemistry choice not only influences material demand, but also shapes Europe’s exposure to supply disruptions and
geopolitical risks associated with resource concentration, thereby directly constraining its electrification pathway. In this context,
the wider deployment of LFP batteries could reduce the region’s dependence on Co and Ni. However, the large-scale deployment
of LFP technology in Europe is not guaranteed, and depends on manufacturing investment, industrial policy support, vehicle
performance requirements, and market acceptance across different EV segments.

3.3 Opportunities and challenges of battery recycling and overall outlook

The annual battery capacity of Europe’s EV fleet is projected to rise sharply from 153 GW-h in 2021 to 4304 GW-h in 2050 if
100% car electrification is achieved (Fig. 5(a)). In 2030, the battery capacity demand is projected to be 1267 GW-h (in S1-S3),
which is close to twice the global battery production capacity (706 GW-h) [55] in 2021. The EU has planned a total battery
production capacity of approximately 1000 GW-h by 2030 [56], which would satisfy only 78.9% of Europe’s EV battery demand
by the same year. Even in the extreme scenario with the lowest battery capacity (S9) (Fig. S11), Europe’s 2030 battery production
will satisfy only 88% of the total domestic battery demand. Europe’s battery capacity demand in 2050 will range from 3269 GW-h
(under S4, with the market dominance of LFP batteries and longer battery lifetimes) to 4305 GW-h (under S1-S3), which is higher
than its planned battery production capacity, assuming 100% car electrification. The gaps between domestic supply and demand
reveal the urgent need for increased battery production capacity in Europe or the establishment of globally coordinated supply
chains via import (e.g., from China) to balance surging battery demands with future green transition plans. However, battery
manufacturing may involve energy-intensive processes and the use of toxic and environmentally hazardous materials, which may
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have adverse sustainability impacts. Therefore, any policy designed to increase the battery supply in Europe must not overlook
these potential environmental impacts.
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Fig. 5. Installed and retired battery capacity under S7. (a) Annual capacity of installed EV, retired EV, and repurposed batteries. (b) Theoretical
retired battery and available capacities for ESS utilization by country in 2050.

The EU is projected to require ESS totaling 187 GW by 2030 and 600 GW by 2050 [57] to achieve its carbon neutrality target
by 2050 (Table S22 in Appendix A). After the service lifetime of EVs, the available battery capacity for ESS will be approximately
215 GW-hin 2030 and 2419 GW-h in 2050 (Fig. 5(a)) [57]. These numbers suggest that Europe’s supply of retired batteries from
EVs could contribute significantly to ESS demand (e.g., stationary energy storage or grid service applications). However, the
large-scale deployment of second-life EV batteries may be influenced by practical factors, such as battery safety requirements
and the need for testing and certification before reuse. Therefore, most batteries are recycled rather than directly passed over to
ESSs for secondary use.

In addition to the relief that cathode recycling could provide for primary material demands, the recycled batteries used in ESS
could potentially provide other sustainability benefits by utilizing the residual capacity of retired batteries, which is often
overlooked. For instance, extending the lifetime of batteries used in ESS can help reduce the life-cycle carbon footprint of batteries
by 8%—17% [58]. If the use rate of these retired (secondary) batteries increases to 75% (for LFP) and 50% (for non-LFP) by 2050,
the annual battery capacity used in ESS will likely increase from 0.1 GW-h in 2021 to 1210 GW-h in 2050 (Fig. 5(a)), which is
higher than the projected annual ESS demand in 2050. Therefore, utilizing good-condition EV batteries in the EU could
significantly reduce the life-cycle carbon footprint of batteries for ESS purposes. Exporting the oversupply of these batteries to
other developed countries (e.g., Africa) for ESS could also utilize their residual value and create significant benefits.

Nevertheless, our scenario results reveal some trade-offs (e.g., material circularity) for direct material recycling and second-
life reuse. The rapid expansion of EVs and ESS under the EU Green Deal Plan should be quantified within a solid system
framework to evaluate the overall impact of second-life use. On the one hand, retired batteries could provide significant
opportunities for second-life use in ESS to utilize their residual energy capacity and value. The annual retired battery capacity
ranges from 1263 to 2423 GW-h in 2050 at the Europe level (Fig. S10), which is significantly higher than the ESS demand.
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Meanwhile, the second-life use of EV-retired batteries can reduce energy use by 2%—6% and the carbon footprint by 8%—17%
[58]. Additionally, the ESS capacity of the EU is likely to expand 20-fold by 2031, based on its ambitious net-zero target [59].
The secondary use of batteries in ESS can alleviate not only the battery demand but also the battery material demand triggered by
the implementation of ESS. However, challenges related to second-life use from various perspectives remain, as our model results
indicate that second-life use will reduce material circularity (Fig. S10), thereby increasing the pressure on critical material demand
for rising EV fleets (Fig. 4).

Therefore, the trade-off between second-life battery use and material circularity should be interpreted carefully. In the present
model, second-life use primarily shifts recycling timing. In reality, if retired EV batteries are not reused, additional batteries will
be required to satisfy future ESS demands. However, the batteries in ESS can be LFP batteries rather than NMC batteries.
Capturing this substitution effect requires an integrated framework that links EV battery retirement, ESS demand, battery
production, and recycling, which is an important direction for future research.

Technological and economic uncertainties further complicate this outlook. Rapid declines in battery prices (80% decrease over
the past decade [60]) may erode the economic viability of second-life applications, as new batteries become increasingly cost-
competitive. Moreover, the ESS market is dominated by advanced LFP batteries, the chemistry of which differs from that of
batteries used in EVs. Given this technical diversity, the varying packs, modules, and cells of different EV batteries raise
challenges with respect to their suitability for secondary use in EVs and ESS. For example, the Tesla model S uses Panasonic
cylindrical cells, the BMW i3 uses Samsung prismatic cells, and the Nissan Leaf uses pouch cells developed by the Automotive
Energy Supply Corporation. The diversity of battery cell technologies offered by various companies renders the recycling of these
cells challenging. These technical complexities highlight the need for improved reuse and recycling strategies to ensure that
second-life applications remain feasible at scale in the future.

Looking ahead, Europe’s long-term battery strategy must also consider the uncertain timelines of next-generation chemistries
such as Li-S and Li - air. Although these technologies promise higher energy densities and reduced reliance on critical metals,
significant scientific and engineering barriers remain, including concerns related to cycle life, dendrite formation, and
manufacturability. Most projections suggest that commercial penetration before the mid-2030s is unlikely, and widespread
adoption may not occur until the 2040s, which is too late to substantially influence material demand in the coming decades. By
contrast, LFP production, which is technologically mature, may easily be scaled, but requires major investments in cathode
manufacturing, precursor supply, and industrial policy support to ensure competitiveness with established Asian producers.

The product—component MFA model developed in this study can be extended to other automotive components (e.g., tires) and
is generally applicable for addressing the lifetime differences between components and products in stock dynamics models for
other product systems such as building and energy infrastructure components. Such modeling advances will help assess material
demands, prioritize various hierarchical circular economy strategies, and identify the most feasible recycling pathways when life
cycle assessment models are integrated [61] to support sustainable transitions.

Acknowledgements

We gratefully acknowledge financial support from the National Natural Science Foundation of China (72334001 and
42530502), the Humanities and Social Sciences Fund (23JZDO018), the Fundamental and Interdisciplinary Disciplines
Breakthrough Plan (JYB2025XDXMO905) of the Ministry of Education of China, the Villum Foundation under a Villum Young
Investigator grant (00080096), TREASoURCE (Grant Agreement No. 101059491) and WASTELESS (Grant Agreement No.
101084222) under the Horizon Europe Framework Programme of the European Union, and WINDHY (Grant Agreement No.
101181231) under the Horizon Europe Marie Sktodowska-Curie Actions Staff Exchanges programme of the European Union.
We thank Sissi Yanxi Liu for helping to create part of the Table of Content graphic.

Author contributions

G.L., W.C,, and J.T. conceived the work and designed the study. W.C., J.T., J.K.K., and G.L. developed methodology and
scenarios. W.C. and R.Z developed the model and ran the simulation. W.C., J.JK.R., J.L.K., X.0.Y., and B.S. contributed to data
collection. All authors analyzed the results and contributed to writing the manuscript.

REFERENCES

[1] Candemir B, Hellwig J, van Schalkwijk JM, Sealy C, Vignola-Gagné E. Trends in the clean energy research and innovation landscape on the path to net
zero. One Earth 2021;4(11):1540-2.

[2] Fankhauser S, Smith SM, Allen M, Axelsson K, Hale T, Hepburn C, et al. The meaning of net zero and how to get it right. Nat Clim Chang 2022;12(1):15-21.
[3] International Energy Agency (IEA). The Role of Critical Minerals in Clean Energy Transitions. Paris: IEA; 2021. 224.

[4] Zhang R, Fujimori S. The role of transport electrification in global climate change mitigation scenarios. Environ Res Lett 2020;15(3):034019.

[5] AutoJosh. Norway to ban sales of petrol/diesel cars in 2025, 100% EV sales could come as early as April 2022 [Internet]. Lagos: AutoJosh; 2021 Sep 24
[cited 2022 Oct 19]. Available from: https://autojosh.com/norway-to-ban-sales-of-petrol-diesel-cars-in-2025-100-ev-sales-could-come-as-early-as-april-2022/.

13



[6] Zeng A, Chen W, Rasmussen KD, Zhu X, Lundhaug M, Miiller DB, et al. Battery technology and recycling alone will not save the electric mobility transition
from future cobalt shortages. Nat Commun 2022;13(1):1341.

[7] Guo X, Zhang J, Tian Q. Modeling the potential impact of future lithium recycling on lithium demand in China: a dynamic SFA approach. Renew Sustain
Energy Rev 2021;137:110461.

[8] Li XY, Ge JP, Chen WQ, Wang P. Scenarios of rare earth elements demand driven by automotive electrification in China: 2018-2030. Resour Conserv
Recycling 2019;145:322-31.

[9] Olivetti EA, Ceder G, Gaustad GG, Fu X. Lithium-ion battery supply chain considerations: analysis of potential bottlenecks in critical metals. Joule
2017;1(2):229-43.

[10] Yokoi R, Watari T, Motoshita M. Future greenhouse gas emissions from metal production: gaps and opportunities towards climate goals. Energy Environ
Sci 2022;15(1):146-57.

[11] Sun X, Ouyang M, Hao H. Surging lithium price will not impede the electric vehicle boom. Joule 2022;6(8):1738—42.

[12] Time for lithium-ion alternatives. Nat Energy 2022;7(6):461.

[13] Ryu HH, Sun HH, Myung ST, Yoon CS, Sun YK. Reducing cobalt from lithium-ion batteries for the electric vehicle era. Energy Environ Sci
2021;14(2):844-52.

[14] Baum ZJ, Bird RE, Yu X, Ma J. Lithium-ion battery recycling-overview of techniques and trends. ACS Energy Lett 2022;7(2):712-9.

[15] Chen M, Ma X, Chen B, Arsenault R, Karlson P, Simon N, et al. Recycling end-of-life electric vehicle lithium-ion batteries. Joule 2019;3(11):2622—46.
[16] Easley AD, Ma T, Lutkenhaus JL. Imagining circular beyond lithium-ion batteries. Joule 2022;6(8):1743-9.

[17] Mao J, Ye C, Zhang S, Xie F, Zeng R, Davey K, et al. Toward practical lithium-ion battery recycling: adding value, tackling circularity and recycling-
oriented design. Energy Environ Sci 2022;15(7):2732-52.

[18] US Geological Survey (USGS). Mineral commodity summaries 2022. Report. Reston: US Geological Survey (USGS); 2022.

[19] Dunn J, Slattery M, Kendall A, Ambrose H, Shen S. Circularity of lithium-ion battery materials in electric vehicles. Environ Sci Technol 2021;55(8):5189—
98.

[20] Ziemann S, Miiller DB, Schebek L, Weil M. Modeling the potential impact of lithium recycling from EV batteries on lithium demand: a dynamic MFA
approach. Resour Conserv Recycling 2018;133:76-85.

[21] Dias PA, Blagoeva D, Pavel C, Arvanitidis N. Cobalt: demand-supply balances in the transition to electric mobility. Luxembourg: Publications Office of
the European Union; 2018. p. JRC112285.

[22] Xu C, Dai Q, Gaines L, Hu M, Tukker A, Steubing B. Future material demand for automotive lithium-based batteries. Commun Mater 2020;1(1):1-10.
[23] Aguilar Lopez F, Billy RG, Miiller DB. A product—component framework for modeling stock dynamics and its application for electric vehicles and
lithium-ion batteries. J Ind Ecol 2022;26(5):1605-15.

[24] Elshkaki A. Long-term analysis of critical materials in future vehicles electrification in China and their national and global implications. Energy
2020;202:117697.

[25] Fu X, Beatty DN, Gaustad GG, Ceder G, Roth R, Kirchain RE, et al. Perspectives on cobalt supply through 2030 in the face of changing demand. Environ
Sci Technol 2020;54(5):2985-93.

[26] Deng J, Bae C, Denlinger A, Miller T. Electric vehicles batteries: requirements and challenges. Joule 2020;4(3):511-5.

[27] Harper G, Sommerville R, Kendrick E, Driscoll L, Slater P, Stolkin R, et al. Recycling lithium-ion batteries from electric vehicles. Nature
2019;575(7781):75-86.

[28] Chen Y, Qiao Q, Cao J, Li H, Bian Z. Precious metal recovery. Joule 2021;5(12):3097-115.

[29] Abdelbaky M, Peeters JR, Dewulf W. On the influence of second use, future battery technologies, and battery lifetime on the maximum recycled content
of future electric vehicle batteries in Europe. Waste Manag 2021;125:1-9.

[30] Liang Y, Kleijn R, Tukker A, van der Voet E. Material requirements for low-carbon energy technologies: a quantitative review. Renew Sustain Energy
Rev 2022;161:112334.

[31] Bloomberg NEF. Battery pack prices fall to an average of $132/kWh, but rising commaodity prices start to bite [Internet]. London: BloombergNEF; 2021
Nov 30 [cited 2022 Sep 30]. Available from: https://about.bnef.com/blog/battery-pack-prices-fall-to-an-average-of-132-kwh-but-rising-commodity-prices-start-
to-bite/.

[32] Miiller DB. Stock dynamics for forecasting material flows—case study for housing in The Netherlands. Ecol Econ 2006;59:142-56.

[33] Liu G, Bangs CE, Miiller DB. Stock dynamics and emission pathways of the global aluminium cycle. Nat Clim Chang 2013;3(4):338-42.

[34] Miiller E, Hilty LM, Widmer R, Schluep M, Faulstich M. Modeling metal stocks and flows: a review of dynamic material flow analysis methods. Environ
Sci Technol 2014;48(4):2102—-13.

[35] Chen W, Sun X, Liu L, Liu X, Zhang R, Zhang S, et al. Carbon neutrality of China’s passenger car sector requires coordinated short-term behavioral
changes and long-term technological solutions. One Earth 2022;5(8):875-91.

[36] Rasmussen KD, Wenzel H, Bangs C, Petavratzi E, Liu G. Platinum demand and potential bottlenecks in the global green transition: a dynamic material
flow analysis. Environ Sci Technol 2019;53(19):11541-51.

[37] Liu G, Miiller DB. Centennial evolution of aluminum in-use stocks on our aluminized planet. Environ Sci Technol 2013;47(9):4882-8.

[38] Pauliuk S, Wang T, Miiller DB. Moving toward the circular economy: the role of stocks in the Chinese steel cycle. Environ Sci Technol 2012;46(1):148—
54.

[39] Liu G, Bangs CE, Miiller DB. Unearthing potentials for decarbonizing the U.S. aluminum cycle. Environ Sci Technol 2011;45(22):9515-22.

[40] Cao Z, Myers RJ, Lupton RC, Duan H, Sacchi R, Zhou N, et al. The sponge effect and carbon emission mitigation potentials of the global cement cycle.
Nat Commun 2020;11(1):3777.

[41] Etxandi-Santolaya M, Canals Casals L, Corchero C. Extending the electric vehicle battery first life: performance beyond the current end of life threshold.
Heliyon 2024;10(4):e26066.

[42] International Energy Agency (IEA). Global electric vehicle outlook 2022. Report. Paris: International Energy Agency (IEA); 2022.

[43] Ely TO, Kamzabek D, Chakraborty D, Doherty MF. Lithium—sulfur batteries: state of the art and future Directions. ACS Appl Energy Mater
2018;1(5):1783-814.

[44] Liu Y, Zhang R, Wang J, Wang Y. Current and future lithium-ion battery manufacturing. iScience 2021;24(4):102332.

[45] Bieker G. European vehicle market statistics: pocketbook 2019-2020. Report. Washington: International Council on Clean Transportation (ICCT); 2020.
[46] Baars J, Domenech T, Bleischwitz R, Melin HE, Heidrich O. Circular economy strategies for electric vehicle batteries reduce reliance on raw materials.
Nat Sustain 2020;4(1):71-9.

[47] Casals LC, Garcia BA, Cremades LV. J Ind Eng Manag 2017;10:266-85.

[48] Lin J, Zhang X, Fan E, Chen R, Wu F, Li L. Carbon neutrality strategies for sustainable batteries: from structure, recycling, and properties to applications.
Energy Environ Sci 2023;16(3):745-91.

[49] Yan S, Eskeland GS. Greening the vehicle fleet: Norway’s CO,-differentiated registration tax. J Environ Econ Manage 2018;91:247-62.

50 International Nickel Study Group. The world nickel factbook 2021. Report. Lisbon: International Nickel Study Group; 2021.

14



[51] Bhutada G. Lithium consumption has nearly quadrupled since 2010 [Internet]. New York City: Visual Capitalist; 2022 Apr 13 [cited 2022 Oct 18].
Available from: https://elements.visualcapitalist.com/lithium-consumption-has-nearly-quadrupled-since-2010/.

[52] Tarascon JM. Na-ion versus li—ion batteries: complementarity rather than competitiveness. Joule 2020;4(8):1616-20.

[53] Ramesh A, Tripathi A, Balaya P. A mini review on cathode materials for sodium—ion batteries. Int J Appl Ceram Technol 2022;19(2):913-23.

[54] Baumann M, Hiringer M, Schmidt M, Schneider L, Peters JF, Bauer W, et al. Prospective sustainability screening of sodium-ion battery cathode materials.
Adv Energy Mater 2022;12(46):2202636.

[55] Yu A, Sumangil M. Top electric vehicle markets dominate lithium-ion battery capacity growth [Internet]. New York City: S&P Global Market Intelligence;
2021 Feb 16 [cited 2022 Oct 18]. Available from: https://www.spglobal.com/marketintelligence/en/news-insights/blog/top-electric-vehicle-markets-dominate-
lithium-ion-battery-capacity-growth.

[56] Link S, Schneider L, Stephan A, Weymann L, P16tz P. Feasibility of meeting future battery demand via domestic cell production in Europe. Nat Energy
2025;10(4):526-34.

[57] European Association for Storage of Energy (EASE). Energy storage targets 2030 and 2050: ensuring Europ’s energy security in a renewable energy
system. Report. Brussels: European Association for Storage of Energy (EASE); 2022.

[58] Tao Y, Rahn CD, Archer LA, You F. Second life and recycling: energy and environmental sustainability perspectives for high-performance lithium-ion
batteries. Sci Adv 2021;7(45):eabi7633.

[59] Darmani A. Europe’s grid-scale energy storage capacity will expand 20-fold by 2031 [Internet]. Singapore City: Wood Mackenzie Limited; 2022 Apr 11
[cited 2025 Dec 22]. Available from: https://www.woodmac.com/news/opinion/europes-grid-scale-energy-storage-capacity-will-expand-20-fold-by-2031/.
[60] Bloomberg NEF. Hitting the EV inflection point [Internet]. Brussels: European Federation for Transport and Environment AISBL; 2021 May 10 [cited
2026 May 6]. Available from: https://www.transportenvironment.org/articles/hitting-the-ev-inflection-point.

[61] Dunn J, Ritter K, Velazquez JM, Kendall A. Should high-cobalt EV batteries be repurposed? Using LCA to assess the impact of technological innovation
on the waste hierarchy. J Ind Ecol 2023;27(5):1277-90.

Declaration of Interest Statement

The authors declare that they have no known competing financial interests or personal
relationships that could have appeared to influence the work reported in this paper.

[] The author is an Editorial Board Member/Editor-in-Chief/Associate Editor/Guest Editor for
this journal and was not involved in the editorial review or the decision to publish this article.

[] The authors declare the following financial interests/personal relationships which may be
considered as potential competing interests:

15



16




