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Abstract 14 

Second life and recycling of retired automotive lithium-ion batteries (LIBs) has drawn 15 

growing attention, as large volumes of LIBs will retire in the coming decade and the demand for 16 

LIBs continues to grow. Here we illustrate how battery chemistry, use, and recycling can influence 17 

the energy and environmental sustainability of LIBs. We find that LIBs with higher specific energy 18 

show better life cycle environmental performances, but their environmental benefits from second 19 

life application are less pronounced. Direct cathode recycling is found to be the most effective in 20 

reducing life cycle environmental impacts, while hydrometallurgical recycling provides limited 21 

sustainability benefits for high-performance LIBs. Battery design with less aluminum and 22 

alternative anodes materials, such as silicon-based anode, could enable more sustainable LIB 23 

recycling. Compared to directly recycling LIBs after their EV use, carbon footprint and energy use 24 

of LIBs recycled after their second life can be reduced by 8–17% and 2–6%, respectively.  25 

Teaser 26 

Environmental benefits of reusing Li-ion batteries are hindered by high nickel content and 27 

are susceptible to use and recycling choices.  28 

  29 
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MAIN TEXT 30 

Introduction 31 

Owing to the rapid growth of the electric vehicle (EV) market since 2010 and the increasing 32 

need for massive electrochemical energy storage, the demand for lithium-ion batteries (LIBs) is 33 

expected to double by 2025 and quadruple by 2030 (1). As a consequence, global demands of 34 

critical materials used in LIBs, such as lithium and cobalt, are expected to grow at similar rates, 35 

leading to increased supply risk (1, 2). To be specific, the global demands for lithium and cobalt 36 

are expected to increase around tenfold from 2018 to 2030, surpassing the current supply (3, 4). 37 

Concerns about lithium depletion have been extensively addressed in previous studies by showing 38 

that lithium does not face major supply risk in the mid-term future (5, 6), but cobalt supply could 39 

be of great risk. Cobalt is produced mainly as the by-product of nickel and copper. Specifically, 40 

cobalt produced from copper mining is mostly geographically concentrated in Congo, and most 41 

cobalt refining facilities are located in China (7, 8). Due to this by-product dependence and spatial 42 

distribution information, cobalt supply could be disrupted by the government policies or socio-43 

political instabilities of these regions. As the market share of nickel-rich cathodes increases, Class 44 

1 nickel, which is required for LIB cathode production, may also face supply chain challenges in 45 

the near future due to limited processing capacity (9). Additionally, the scale of retired LIBs is 46 

expected to proliferate in the coming decade (10). All of these aspects contribute to the growing 47 

concerns on the resource depletion and environmental impacts resulting from the coming boom in 48 

retired LIBs (2). 49 

The most effective approach to improving the sustainability of LIBs is to avoid the usage 50 

of critical materials, according to the waste management hierarchy that ranks the waste 51 

management approaches from the most to the least environmentally favorable (2, 5). Along this 52 
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line, both research and market interests shift towards low-cobalt LIBs and no-cobalt alternatives 53 

due to the concerns on cobalt supply and potential supply chain disruption, as well as the resulting 54 

price volatility and uncertainty (1, 3, 7, 11). Notably, though the substitution of cobalt with 55 

manganese and nickel can increase the energy density and reduce the cost of LIBs, it sacrifices the 56 

structural stability and electrical conductivity of cathodes (11). The waste management hierarchy 57 

ranks the reuse of LIBs, such as the reuse as energy storage systems (ESS) after automotive use, 58 

as the second ideal way to improve the sustainability of LIBs. Such a “second-life” approach for 59 

automotive LIBs may improve both emission reduction benefits and economic performance (12, 60 

13). Nevertheless, according to existing material flow analysis, the second use of LIBs delays the 61 

recirculation of valuable metals, whose supply chains can become more vulnerable to disruption 62 

given their existing supply risks, compared to the case of direct recycling after the automotive use 63 

(14, 15). Therefore, there are tradeoffs among the environmental benefits, economic values, and 64 

resource optimization. Existing literature on cascaded use (first use and second use) of LIBs 65 

focused on their technical and economic feasibility, as well as economic impacts on the global EV 66 

market (14, 16, 17). Previous life cycle assessment (LCA) studies on second-life applications of 67 

LIBs mainly focused on only one type of battery chemistry (lithium iron phosphate (LFP), lithium 68 

manganese oxide (LMO), or LMO/lithium nickel manganese cobalt oxide (NMC)) (12, 18-23). 69 

While multiple battery chemistries were considered by few studies (12, 24, 25), their 70 

environmental implications have not been explicitly investigated. Another less desirable strategy 71 

for retired LIB management integrates recycling, energy recovery, and disposal. Currently, both 72 

the pyrometallurgical and hydrometallurgical processes have been implemented at lab, pilot, or 73 

commercial scale to recycle materials from waste LIBs (26). Due to the lack of available data, 74 

most existing LCA studies excluded or simplified the end-of-life (EOL) phase from the scope of 75 
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their study (27-31). In particular, the environmental benefits of recycling could be overestimated 76 

because of missing critical steps and essential materials in existing LCA studies. Underestimation 77 

is also possible if the complete recovery of all cathode active materials, metals, and energy, or the 78 

enhancement of the recovery rates based on promising experimental data, is not considered. There 79 

is only limited systematic investigation on the tradeoffs between the second life application and 80 

recycling of different types of automotive LIBs from the energy and environmental sustainability 81 

perspectives (32).  82 

To fill the aforementioned knowledge gap, we aim to investigate the environmental 83 

benefits of second life and recycling approaches of automotive LIBs with different battery 84 

chemistries and to identify the environmental hotspots throughout their complete life cycles, 85 

emphasizing the maximum material and energy recovery. Specifically, a comprehensive list of 86 

environmental indicators (33), including carbon footprint and CED, are examined for seven 87 

representative and promising automotive LIBs. Decisions to be made focus on the battery 88 

chemistry, use scenario, and EOL scenario. The currently commercial LIBs include LFP, three 89 

types of lithium nickel manganese cobalt oxide (NMC333, NMC532, NMC622), LMO/NMC532, 90 

and lithium nickel cobalt aluminum oxide (NCA); the prospective LIBs include the high-nickel 91 

and low-cobalt NMC811. For a fair comparison, 52-kWh pack energy capacity is set for all types 92 

of LIBs (34). Moreover, to investigate the environmental benefits of second life adoption, two LIB 93 

use scenarios are proposed, as depicted in Fig. 1. The first one recycles the LIBs directly after 94 

automotive use, and the other one considers the second life application using LIBs retired from 95 

automotive use before LIB recycling. The global electricity demand is expected to grow at 2.1% 96 

per year until 2040 (35), and the requirement for power system flexibility becomes more stringent. 97 
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Therefore, stationary ESS, as the fastest growing technology for enhancing power system 98 

flexibility, is considered as the second life application for retired automotive LIBs in this study.  99 

We follow the existing approach to set the functional unit as the delivery of 1 kWh 100 

electricity over the life cycle of LIBs (20, 24, 25). Notably, the unit CED based on this functional 101 

unit is essentially the inverse of the energy return on investment, an important metric to measure 102 

the net energy profitability (36-38). Three popular EOL scenarios are assessed and compared, 103 

including hydrometallurgical, pyrometallurgical, and direct cathode recycling. These EOL 104 

scenarios are designed and optimized to achieve maximum materials and energy recovery based 105 

on state-of-the-art experimental data (39-42). The pyrometallurgical recycling of LFP is 106 

disregarded due to the lack of valuable metals that are easily recyclable, such as nickel and cobalt. 107 

The temporal and spatial variations of the power grid are considered in the sensitivity analyses for 108 

the whole life cycle of LIBs. Specifically, the life cycle carbon footprint and CED for LIBs 109 

produced in each year from 2020 to 2050 are calculated according to the projected energy sources 110 

of electricity production for both the U.S. and China. Besides, environmental hotspots are 111 

identified to gain insights into the potential scale-up of laboratory-scale recycling technologies 112 

based on the state-of-the-art experimental results and the industrial-scale energy use and material 113 

consumption data (43). Key results and insights into benchwork, industry, and policymakers are 114 

summarized in the following section.  115 
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 116 

Fig. 1. System boundary of LIB life cycle with second life and three EOL alternatives, 117 

including hydrometallurgical, pyrometallurgical, and direct cathode recycling. 118 

Transportation is abbreviated as T.  119 

Use phase and end-of-life scenarios 120 

The size of the retired automotive LIB stockpile was expected to increase exponentially by 121 

2025 (44), so it is crucial to introduce sustainable solutions, such as LIB reuse and recycling, to 122 

address the waste management challenges. In this study, two use scenarios are assessed: the first 123 

one is an 8-year EV use scenario, and the other one is the cascaded use scenario with a 10-year 124 

second life in stationary ESS after the 8-year EV use. To avoid confusion, the use phase for the 125 

EV use scenario refers to the LIBs use only in EV, and the use phase for the cascaded use scenario 126 

refers to LIB’s first life in EV and second life in the stationary ESS. LIB cells may fail during EV 127 
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use due to extreme cycling or temperature conditions. In this study, no failure rate of LIB cells 128 

during EV use is considered, following the estimation of an existing work (19).  Given the gap in 129 

long-term empirical data of battery degradation and lifetime distribution coefficients, the static 130 

lifetime of LIBs in EV and ESS are determined following previous literature (45, 46). LIBs have 131 

a lifetime of 8 years in EV according to current calendar life warranty periods provided by most 132 

original equipment manufacturers (OEMs). We consider a lifetime of reused LIBs in ESS as 10 133 

years following the most common assumption (20, 45), but the lifetime of reused LIBs in ESS is 134 

highly uncertain. To address the uncertainty, we conduct a sensitivity analysis on the lifetime of 135 

LIBs with a range of 5–12 years for EV use and a range of 2–20 years for ESS use (18, 22, 24, 30, 136 

45). Notably, the sensitivity analysis on the lifetime also addresses the uncertainty in the electricity 137 

consumption during EV use and ESS use. The results are presented in the Discussion section. All 138 

LIBs reach 80% of initial energy storage capacity at the end of their first life and 65% at the end 139 

of their second life. 55-km of EV use on a daily basis is considered following the 100,000-mile 140 

warranty provided by most OEMs. Electricity delivery during EV use is determined by the OEMs’ 141 

mileage warranty, energy consumption per km, roundtrip efficiency, and the electricity mix (12, 142 

21, 34). For the stationary ESS use, electricity delivery during the ESS use is determined by the 143 

average daily electricity delivery, roundtrip efficiency, and the power grid (12, 21). Daily 144 

discharge of 150 kWh on average is considered for a repurposed 450-kWh LIB pack, according to 145 

a previous study (21). Roundtrip efficiency of LIBs is considered to be 95% during EV use and 146 

91% during stationary ESS use (12). New York State (NYS) is considered as the baseline location 147 

for the electricity generation throughout the life cycle of LIBs, since the Northeast Power 148 

Coordinating Council (NPCC) is the least carbon-intensive power grid in the United States (U.S.), 149 

as shown in Fig. 2. Geospatial variation in the power grid may lead to large differences in analysis 150 
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results of life cycle carbon footprint and CED of LIBs, but would not result in diverse conclusions 151 

in the sustainability of second life and various recycling methods for different LIBs. More details 152 

of the use phase parameters can be found in Table S1. 153 

EOL of LIBs involves dismantling, material production, energy generation, incineration, 154 

combustion, waste sludge treatment, and energy and materials recovery. The investigated EOL 155 

methods differ in the way that they recover energy and materials. To be specific, 156 

hydrometallurgical recycling recovers metals using aqueous chemistry and typically involves 157 

leaching, solvent extraction, and precipitation; direct cathode recycling directly recovers the 158 

cathode active materials through electrolyte extraction; pyrometallurgical recycling, as the most 159 

mature recycling method for LIBs, recovers metals in the form of alloy by a three-stage smelting 160 

process. Subsequent treatments, including a series of leaching, precipitation, and washing 161 

processes, are needed to obtain raw materials for producing the ready-to-use battery-grade cathode 162 

active materials. Given the fact that current recycling processes are not efficient enough for high-163 

value metal recovery (44), all three recycling methods are optimized to recover as much cathode 164 

active materials as possible using the best-available laboratory-scale recycling procedures and 165 

experimental data, as depicted in Figs. S4–S6. The LCIs of the three EOL scenarios are detailed 166 

in Tables S10–S18. The environmental impacts associated with energy and material recovery are 167 

considered as avoided burdens and are reported as reductions in emissions and CED, and the 168 

system boundary is expanded to a “cradle-to-cradle” counterpart.  169 
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 170 

Fig. 2. Carbon footprint and CED of power grid across U.S. independent system operators. 171 

(A) Carbon footprint. (B) CED. Abbreviations: NPCC, Northeast Power Coordinating Council; 172 

WECC, Western Electricity Coordinating Council; MRO, Midwest Reliability Organization; 173 

SERC, Southeastern Electric Reliability Council; ERCOT, Electric Reliability Organization of 174 

Texas; FRCC, Florida Reliability Coordinating Council; RFC, Reliability First Corporation; 175 

ASCC, Alaska Systems Coordinating Council; HICC, Hawaiian Islands Coordinating Council; 176 

SPP, Southwest Power Pool. 177 
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Key results and insights to bench work, industry, and policymakers 178 

 The maximized material and energy recovery can hardly offset the carbon footprint 179 

and CED from the intensive use of energy and chemicals during recycling processes, 180 

whereas it can largely eliminate by up to 68% of life cycle environmental impacts 181 

from other impact categories; 182 

 LIBs with higher specific energy density show better environmental performances, 183 

but their environmental benefits from second life application are less pronounced; 184 

 Compared to directly recycling LIBs after their EV use, life cycle carbon footprint 185 

and CED of LIBs recycled after their second life can be reduced by 8–17% and 2–186 

6%, respectively, varying across the battery chemistries and recycling methods;  187 

 Recycling methods and use scenarios are more impactful on the energy and 188 

environmental sustainability of LIBs, compared to the battery technologies;  189 

 The effects of battery chemistry and recycling methods on the life cycle carbon 190 

footprint and CED are negligible compared to the penetration of renewables in the 191 

power grid, with a reduction in carbon footprint in China (28.5%) twice as large as 192 

that in the U.S. (20%) – although the absolute life cycle carbon footprint of LIBs in 193 

China is also twice of that in the U.S.; 194 

 Direct cathode recycling is the most environmentally favorable technology of LIB 195 

recycling, in concordance with previous findings (31, 47); 196 

 Since the N-Methyl-2-Pyrrolidone (NMP) production and recovery is highly 197 

detrimental to the environment, greener aqueous binders should be further 198 

researched and developed for additional environmental benefits of both producing 199 

and recycling LIBs; 200 
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 Carbon-intensive graphite and carbon black should be separated and recycled from 201 

the spent LIBs instead of being combusted to alleviate climate change; 202 

 Energy-intensive processes such as re-lithiation should be coupled with other 203 

exothermic processes to reduce energy demand; 204 

 Industrial recycling processes should be optimized to avoid the excessive use of 205 

environmentally expensive chemicals.  206 

 Battery design with less aluminum and alternative anode materials, such as silicon-207 

based anode, could enable more sustainable pyrometallurgical recycling of LIBs. 208 

 Waste LIB sorting would become critical in improving the environmental 209 

sustainability of LIB recycling.  210 

The importance of LIB design for recycling has been highlighted by previous literature (2, 211 

48). Standardized battery design with a simple disassembly mechanism, such as cell-to-pack 212 

technology, can help tackle the challenges in automation and robotic disassembly and improve 213 

recycling efficiency. With automated disassembly, rather than shredding, LIB recycling can get 214 

rid of many complicated separation processes, which would result in lower yield and product purity 215 

(48). Moreover, substituting polyvinylidene fluoride (PVDF) binder with aqueous binders not only 216 

provides environmental benefits, but also can simplify the material recovery and improve the 217 

economic feasibility of LIB recycling (2, 48). With optimized LIB design for automated 218 

disassembly and recycling, materials with higher purity and yield could be recovered with the aid 219 

of less energy and chemical inputs, hence producing further economic and environmental benefits 220 

(49).  221 
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Results 222 

Environmental impact reduction benefits of introducing second life 223 

Fig. 3 presents the normalized life cycle environmental impacts of two use scenarios, EV 224 

use scenario and cascaded use scenario, across four types of LIBs representing the widely used 225 

cathode chemistry technologies (LFP, LMO/NMC532, NMC622, and NCA). For all 18 impact 226 

categories, the LFP LIB is defined as the reference for normalization. Adding second life greatly 227 

reduces environmental impacts, while the reductions in different impact categories vary 228 

substantially. In particular, the freshwater ecotoxicity, freshwater eutrophication, human toxicity, 229 

marine ecotoxicity, metal depletion, particular matter formation, and terrestrial acidification of all 230 

four types of LIBs reduce on average by over 30%. These large reductions can be attributed to the 231 

difference of around three times in life cycle electricity delivery across the two use scenarios, 232 

coupled with the relatively minor contribution of electricity use to these impact categories. From 233 

the perspective of life cycle electricity delivery, the use phase results in the same environmental 234 

impacts for both use scenarios. Thus, the environmental benefits of second life application are 235 

larger when electricity use accounts for a lower proportion of environmental impacts. For other 236 

impact categories, employing second life achieves less reduction benefits because their 237 

environmental impacts are dominated by electricity production. Discussion on the environmental 238 

profile of the NPCC power grid can be found in Supplementary Materials. In general, the 239 

environmental profile of electricity use is determined by the power grid, considering the mix of 240 

different energy sources, electricity losses, and construction of distribution, transmission, and 241 

transformation networks, suggesting that it is possible to substantially reduce the environmental 242 

impacts of other impact categories by upgrading the power grid (50, 51). The environmental 243 
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impacts of natural land transformation for all types of LIBs are negative, as there is more land 244 

transformation to mineral extraction sites for metal production (33). 245 

The results also suggest that LIBs with higher energy density show better environmental 246 

performances in most impact categories, but they benefit less from the second life application. As 247 

the specific energy density increases, the LIB production tends to be more environmentally 248 

friendly due to less material and energy input. Moreover, less material input for LIB production 249 

reduces recycling efforts. The recovery of cathode active materials for LIBs with higher energy 250 

density also avoids more environmental burdens. Thus, there is less potential for mitigating the 251 

environmental impacts of LIBs with higher energy density. Exceptions exist. For example, NCA 252 

LIBs perform the worst in three impact categories, including ozone depletion, particulate matter 253 

formation, and terrestrial acidification, due to the highest nickel content. The environmental 254 

impacts of high-nickel LIBs can be further deteriorated if nickel is produced from the Norilsk 255 

Nickel plant in Russia due to the uncontrolled SO2 emissions (52). Additionally, the LMO recovery 256 

discards the leached ionic manganese from the spent cathode active materials and employs Mn2O3 257 

as the manganese source of LMO, which deteriorates LMO/NMC532 LIB’s performance in metal 258 

depletion. 259 
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 260 

Fig. 3. Comparison of environmental impacts between different use scenarios for LFP, 261 

LMO/NMC532, NMC622, and NCA LIBs. The environmental impacts of different recycling 262 

methods are averaged. Red and blue colors indicate life cycle environmental impacts associated 263 

with EV use scenario and cascaded use scenario, respectively. Darker color indicates lower pack 264 

energy density. For all 18 impact categories, the LFP LIB is defined as the reference for 265 

normalization. 266 

Environmental impacts of battery recycling methodsError! Reference source not 267 

found.Fig. 4 and Figs. S13–S18 depict the environmental profiles of LIBs for all impact 268 

categories on a percentage basis. The environmental impacts of each category are divided into 269 

different life cycle stages, with the use phase disaggregated into EV use and stationary ESS use to 270 

better understand their independent environmental impacts. Similarly, the EOL phase is 271 
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disaggregated into two portions: one includes steps associated with environmental damages, the 272 

other is responsible for the environmental burdens avoided from material and energy recovery. 273 

All recycling methods are beneficial in most impact categories, namely, avoids more 274 

environmental burdens from material and energy recovery than causing environmental impacts 275 

from the intensive consumption of energy and chemicals. An exception to all types of LIBs is the 276 

net environmental burdens in ozone depletion of hydrometallurgical and pyrometallurgical 277 

recycling, which can be mostly explained by the direct and indirect methane emission from reagent 278 

production. Due to the recovery of less environmentally expensive cathode active materials and 279 

usages of reagents, such as citric acid and Mn2O3 for LMO recovery and H3PO4 for LFP recovery, 280 

hydrometallurgical recycling of LMO/NMC532 and LFP results in net environmental burdens in 281 

several other impact categories. More discussion is provided in the section of Environmental 282 

hotspots. In terms of natural land transformation, the positive environmental impacts of material 283 

and energy recovery are attributable to the land transformation from the mineral extraction site 284 

induced by metal recovery. Among the three recycling methods, direct cathode recycling is the 285 

most environmentally friendly regardless of battery chemistry for three reasons. First, material 286 

recovery of direct cathode recycling and hydrometallurgical recycling avoid comparable 287 

environmental impacts, but energy and materials used in hydrometallurgical recycling result in 288 

much higher environmental impacts than those used in direct cathode recycling. Second, compared 289 

to other recycling methods, pyrometallurgical recycling of LMO/NMC532, NMC, and NCA LIBs 290 

recovers much less valuable metal (96% of Ni and 62% of Co), generates a large quantity of non-291 

recyclable aluminum and lithium in slag from the smelting process, and utilizes large doses of 292 

environmentally expensive reductants. Moreover, other volatile LIB components, including the 293 

separator, electrolyte, binder, graphite, and carbon black, are combusted and evaporated in the 294 
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furnace. Third, the absence of cobalt and nickel in LMO suggests no recovery of valuable metals, 295 

and much fewer reductants are needed accordingly. However, the use of citric acid (leachate) and 296 

Mn2O3 (manganese source) causes notably higher environmental impacts in several impact 297 

categories than the LMO avoided from material recovery in hydrometallurgical recycling of 298 

LMO/NMC532.  299 
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 300 

Fig. 4. Comparison of full-spectrum environmental profiles for LMO/NMC532 LIBs across 301 

different recycling methods. Full-spectrum environmental profiles for LMO/NMC532 LIBs 302 

subjected to second life and recycled by (A) hydrometallurgical recycling (B) direct cathode 303 
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recycling (C) pyrometallurgical recycling on a percentage scale. Different colors in the stacked 304 

bars indicate different life cycle stages of LMO/NMC532 LIBs.  305 

Potential of mitigating climate change and energy demand 306 

Carbon footprint and CED are two important metrics to evaluate the climate change 307 

mitigation potential and energy performance of introducing second life and recycling into batteries’ 308 

life cycle. Adding second life reduces the carbon footprint by 8–17% and the CED by 2–6%, 309 

depending on the specific battery chemistry and recycling method. Keeping the recycling method 310 

and use scenario fixed, increased nickel content and decreased cobalt content of LIBs tend to shift 311 

their life cycle carbon footprint and CED downwards (Fig. 5A and Fig. S7A) due to less material 312 

and energy required for both production and recycling. However, as the nickel content continues 313 

to rise in LIBs, that is, NMC811 and NCA, the environmental impacts of cathode active materials 314 

increase. This counter-intuitive result is presumably due to (1) more electricity consumption for 315 

calcination of materials rich in nickel; (2) usage of more carbon- and energy-intensive lithium 316 

source of LiOH instead of Li2CO3; (3) the increasing nickel content does not only replace cobalt 317 

content, which is relatively more carbon- and energy-intensive, but also replace the relatively 318 

abundant and environmentally benign manganese content. The carbon footprint and CED of 319 

NMC811 with pyrometallurgical and direct cathode recycling are slightly higher than that of 320 

NMC622, mainly due to the employment of around twice the amount of PVDF used in other LIBs. 321 

NCA has the highest nickel content, but the usage of carbon- and energy-intensive HCl in 322 

hydrometallurgical and pyrometallurgical recycling of NCA, instead of H2SO4 for other types of 323 

LIBs, leads to increases in both carbon footprint and CED. This result suggests that the most 324 

environmentally friendly recycling option for the cathode active materials is not only to pursue the 325 
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least cobalt content, and careful life cycle environmental evaluation in production and recycling 326 

processes is needed before any generous incentive or subsidies are given.  327 

Recycling methods and use scenarios are more impactful on the carbon footprint and CED 328 

of LIBs, compared to the battery technologies. Among the three EOL scenarios, direct cathode 329 

recycling remains the least carbon- and energy-intensive for all LIBs, while the maximized 330 

material recovery of hydrometallurgical and pyrometallurgical recycling can hardly offset the 331 

carbon footprint and CED from the intensive use of energy and chemicals during the recycling 332 

processes. Pyrometallurgical recycling of LMO/NMC532 LIBs and hydrometallurgical recycling 333 

of LFP LIBs even result in a net positive carbon footprint and CED. Moreover, hydrometallurgical 334 

recycling of LMO/NMC532 LIBs and pyrometallurgical recycling of NMC622 and NCA LIBs all 335 

result in nonnegligible carbon burdens, though they are energy-saving. As cascaded use accounts 336 

for a larger portion of life cycle environmental impacts and needs more material and energy inputs 337 

for repurposing, the second life application of LIBs could hinder the environmental benefits of 338 

LIB recycling. This result illustrates the environmental tradeoff between second life application 339 

and recycling of LIBs.  340 

Advanced LIB technologies with high specific energy density do not necessarily 341 

demonstrate better potentials for mitigating climate change and energy demand, especially when 342 

the material and energy inputs for the LIB production and recycling are highly carbon- and energy-343 

intensive. The development of green recycling processes with higher material recovery rates, lower 344 

energy requirement, and utilization of less environmentally expensive materials is critical to 345 

improving the potential of mitigating environmental impacts. Moreover, their potentials for 346 

mitigating climate change and energy demand are confined by the penetration of renewable 347 

electricity. Therefore, it is essential to increase the share of renewable energy in the local power 348 
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grid. To promote the decarbonization of the LIB supply chain and renewable energy generation of 349 

LIB manufacturing, the European Union (EU) policymakers aim to regulate the LIBs traded on 350 

the EU market (53). In the next sections, we will discuss how and to what extent we can further 351 

reduce the carbon footprint and CED of all types of LIBs with different recycling methods.  352 

  353 



22 
 

Fig. 5. Overview of carbon footprint for the LFP, LMO/NMC532, NMC333, NMC532, 354 

NMC622, NMC811, and NCA LIBs with different EOL scenarios. (A) Life cycle carbon 355 

footprint for the seven types of LIBs with different EOL scenarios. (B) Breakdowns of the 356 

carbon footprint for LFP, LMO/NMC532, NMC622, and NCA LIBs with different EOL 357 

scenarios. The stacked bar plot represents the breakdowns of carbon footprint per kWh life-cycle 358 

electricity delivered to the stage level. Different colors indicate different stages throughout LIB’s 359 

life cycle, as stated in the legend. The hydrometallurgical, direct cathode, and pyrometallurgical 360 

recycling are abbreviated as hydro, direct, and pyro. 361 

Environmental hotspots 362 

Impacts of different life cycle stages of reused automotive LIBs on carbon footprint and 363 

CED have been explicated in the previous section. To further decipher environmental hotspots 364 

embedded in each stage, sunburst charts representing hierarchical results of carbon footprint and 365 

CED are depicted in Fig. 6 and Figs. S8–S12.  Sunburst charts reveal the contributions of lower-366 

level processes within upper-level life cycle stages. Absolute values of the negative carbon 367 

footprint and CED resulted from material and energy recovery are used for comparison among 368 

different life cycle stages. In addition, the use phase is identified as an overriding life cycle stage 369 

in terms of carbon footprint and CED, so it is not discussed in this section.  370 

For the cell materials production and assembly stage, cathode active material is the 371 

predominant factor of the carbon footprint for LMO/NMC532 (60%), NMC622 (65%), and NCA 372 

(67%) LIBs. On the contrary, LFP production accounts for only 41% of the carbon footprint 373 

associated with this stage. This contrast can be attributed to the high carbon footprint associated 374 

with NiSO4 and CoSO4 production, high heat and energy demand, and heavy use of the precipitant 375 

(NaOH) during the NMC and NCA production.  376 
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The battery management system (BMS) is the main contributor to the carbon footprint of 377 

LIB pack accessories production. Production of BMS and other pack accessories, including 378 

compression plates and straps, module interconnects, and a tri-layer jacket, together are 379 

responsible for nearly all of the carbon footprint associated with this stage. The dominant role of 380 

BMS and other pack accessories can be attributed to the production of printed wiring boards and 381 

aluminum-made outer and inner layers of the battery jackets, respectively.   382 

The roles of EOL steps in carbon footprint depend on the battery chemistry and the 383 

specificities of EOL scenarios. First, material and energy recovery during hydrometallurgical and 384 

direct cathode recycling reduces slightly less carbon footprint than the amount added by the cell 385 

materials production and assembly stage. On the contrary, pyrometallurgical recycling is deficient 386 

in material recovery because it retrieves nickel as Ni(OH)2 and recovers cobalt in the form of ionic 387 

solutions. Moreover, it only recovers aluminum during the dismantling of the LIB pack, but does 388 

not recover lithium and aluminum from the subsequent smelting step. This may present a challenge 389 

as the EU proposed to mandate the recycling of valuable metals (53). Specifically, in descending 390 

order, recovery of cathode active material, aluminum, and LiPF6 constitute the vast majority of 391 

carbon footprint reduced by direct cathode recycling; recovery of cathode active material and 392 

aluminum dominate the carbon footprint reduction for hydrometallurgical recycling; Ni(OH)2 393 

recovery of pyrometallurgical recycling is the major source to reduce carbon footprint. Second, 394 

other than direct cathode recycling, hydrometallurgical recycling of NMC622 and NCA generate 395 

less greenhouse gas emissions than avoided from their material and energy recovery. Among these 396 

greenhouse gas emitting steps, waste sludge treatment is the most influential one for both 397 

hydrometallurgical and pyrometallurgical recycling. This is because they both adopt 398 

hydrometallurgical steps, such as leaching, solvent extraction, and precipitation, that eventually 399 
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discharge a large amount of waste solvent sludge. Instead, liquid CO2, which consumes plenty of 400 

electricity, is much more energy-intensive than other energy-consuming EOL steps for direct 401 

cathode recycling. Moreover, graphite combustion remains one of the most influential steps for all 402 

three recycling methods, which suggests a need to suppress graphite combustion to further mitigate 403 

carbon footprint. Soaking and recovery of the binder solvent NMP is also a major carbon footprint 404 

and CED contributor for both hydrometallurgical and direct cathode recycling. This can be mainly 405 

attributed to the need for steam and wastewater treatment for NMP recovery. To further reduce the 406 

carbon footprint and CED of battery recycling, especially for hydrometallurgical and direct 407 

cathode recycling, research and development on replacing or avoiding the step of binder solvent 408 

recovery are highly recommended. Last, according to the battery chemistry, different leaching 409 

agents and precipitants with a variety of reaction conditions are selected to recover the cathode 410 

active materials for hydrometallurgical and pyrometallurgical recycling, resulting in multiple 411 

levels of carbon burden. It is worth mentioning that these EOL steps’ contributions to the carbon 412 

footprint and CED are relatively comparable, and none of them are dominant.  413 
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 414 

Fig. 6. Carbon footprint hotspots of LFP, LMO/NMC532, NMC622, and NCA LIBs with 415 

hydrometallurgical recycling. The surrounding sunburst charts represent the hierarchical results 416 

of the carbon footprint from the life-cycle stages to the process level. The inner circle represents 417 

the upper-level stages, while the outer circle represents the lower-level processes of each stage. 418 

The colors of stages and their corresponding processes are consistent, and the value of each 419 
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process and stage is proportional to the angle of concentric circles. Moreover, starting from the 420 

top, the shares of the carbon footprint for stages become smaller in a clockwise order; within 421 

each stage, the shares of the carbon footprint for lower-level processes become smaller in the 422 

same manner.  423 

 424 

To explicitly identify the environmental hotspots across the full spectrum of impact 425 

categories, we aggregate the normalized life cycle inventory (LCI) data to process-level and 426 

visualize them using a heat map, as shown in Fig. 7 and Figs. S19–S20.  427 

For all types of LIBs, recovery of cathode active material, Ni(OH)2, and metals are major 428 

contributors to alleviate environmental impacts. Notably, LFP, LMO/NMC532, and Ni(OH)2 429 

recovery are not as environmentally valuable as NMC and NCA recovery in all environmental 430 

impact categories, suggesting the necessity of waste LIB sorting by battery chemistry prior to the 431 

recycling. In addition, disassemble LIBs into constituents of cathode, anode, and casing for the 432 

hydrometallurgical and direct cathode recycling approaches prevents the subsequent anode-433 

cathode separation and diminishes cathode active material loss and contamination. On the other 434 

hand, manual disassembly is labor-intensive and could potentially cause hazards through thermal 435 

runaways and toxic chemicals (2). On the contrary, the direct comminution of LIB cells is labor-436 

saving but mixes waste streams in the black mass, complicates the downstream processing of metal 437 

recovery, lowers the product purity, and results in more environmental impacts (47, 48). LiPF6 438 

recovery of direct cathode recycling is another moderate contributor to reduce environmental 439 

impacts from the categories of agricultural land occupation, climate change, fossil depletion, 440 

ionizing radiation, marine eutrophication, ozone depletion, terrestrial ecotoxicity, and water 441 
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depletion. The result also suggests that cathode active material production is the major contributor 442 

to environmental impacts.  443 

Environmental hotspots are specific to recycling methods. For both hydrometallurgical and 444 

pyrometallurgical recycling of LMO/NMC532, NMC, and NCA, the production of leaching agent 445 

and precipitant are more impactful in contributing to ozone depletion, terrestrial ecotoxicity, and 446 

water depletion than to other impact categories. However, for hydrometallurgical recycling of LFP, 447 

the production of H3PO4 as a leaching agent accounts for more than 10% of life cycle metal and 448 

water depletion. Due to the large electricity consumption, liquid CO2 production of direct cathode 449 

recycling for different second-life LIBs contribute substantially to climate change (23–35%), fossil 450 

depletion (38–50%), ionizing radiation (89–92%), ozone depletion (39–55%), and urban land 451 

occupation (59–81%) associated with the EOL steps causing environmental damages.  452 

Notably, environmental hotspots are not always extensively distributed across the impact 453 

categories. For example, copper recovery is not comparable with aluminum recovery in terms of 454 

climate change and fossil depletion. However, copper recovery can largely reduce environmental 455 

impacts through the categories of freshwater ecotoxicity, freshwater eutrophication, human 456 

toxicity, marine ecotoxicity, metal depletion, and terrestrial ecotoxicity; in addition to fossil 457 

depletion, aluminum recovery leads to much environmental burden on freshwater and marine 458 

ecotoxicity; NMP soaking and recovery contributes to a large portion of the marine eutrophication, 459 

although it only makes a minor contribution to most of the impact categories. 460 

 461 
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 462 

Fig. 7. Full-spectrum environmental hotspots for LFP, LMO/NMC532, NMC622, and NCA 463 

LIBs with hydrometallurgical recycling. (A) Full-spectrum environmental hotspots for LFP 464 

with hydrometallurgical recycling. (B) Full-spectrum environmental hotspots for LMO/NMC532 465 

with hydrometallurgical recycling. (C) Full-spectrum environmental hotspots for NMC622 with 466 
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hydrometallurgical recycling. (D) Full-spectrum environmental hotspots for NCA with 467 

hydrometallurgical recycling. Use phases are excluded from the system boundary. Colors 468 

represent values corresponding to the environmental impacts of each process under each impact 469 

category. The values are normalized using the min-max normalization method and vary 470 

according to the colors presented on the color bar. In particular, the red color represents positive 471 

values and suggests damage to the environment; the blue color represents negative values and 472 

indicates an avoidance of environmental burden. Moreover, the darker color along each column 473 

implies more environmental impacts on the corresponding impact category. 474 

Temporal and geographical variability 475 

Previous results show that environmental impacts associated with the use phase are 476 

overwhelming and unavoidable. Since electricity consumption is the only process in the use phase 477 

that causes damages to the environment, an effective approach to minimizing the environmental 478 

impacts of the use phase is to make the electricity production less carbon intensive. To test the 479 

sensitivity of second life LIB’s environmental performance to the temporal and spatial variability 480 

of electricity production, we establish a prospective LCA model by integrating the projected 481 

electricity production for 2020–2050 from the U.S. Energy Information Administration (EIA) on 482 

the basis of the reference static LCA (54, 55). In particular, the year-specific environmental 483 

impacts of electricity production are based on the projected proportion of energy sources, as shown 484 

in Fig. S33. Moreover, the U.S. and China are selected for this sensitivity analysis because these 485 

two largest LIB manufacturers and consumers contribute to a combined total of 88% of global LIB 486 

production capacity and 62% of global EV stock (56-58). Notably, only the environmental profile 487 

of electricity production is altered for the manufacturing of cathode active materials and LIBs, use 488 

phase, and recycling processes according to the geographical and temporal variation in the power 489 
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grid. The supply chains of raw materials for the cathode active materials, other LIB components, 490 

and material inputs for the recycling processes are consistent with those in the baseline case.  491 

Fig. 8 demonstrates the life cycle carbon footprint and CED for the LFP, LMO/NMC532, 492 

NMC622, and NCA LIBs produced each year. Compared to the electricity generation in 2020, 493 

greenhouse gas emission in 2050 is reduced by 20% for LIBs produced, consumed, and recycled 494 

in the U.S. and by 28.5% for those in China. This difference in carbon footprint mitigation potential 495 

is attributed to the critical difference in energy sources of electricity generation in 2020 for the 496 

U.S. and China. To be specific, coal, which is relatively carbon-intensive, accounts for 62% of 497 

electricity generation in China in 2020, and its share decreases to 30% in 2050 by projection (54). 498 

On the contrary, coal-fired power generation only accounts for 24% of the total electricity 499 

production in the U.S. in 2020 and will decrease to 12% in 2050 (55). The share of renewable 500 

sources in China will increase substantially from 36% in 2020 to 63% in 2050. Similarly, the share 501 

of renewable sources in the U.S. increases from 40% to 56% during 2020–2050. This suggests that 502 

for regions without a strong penetration of renewables in the power grid, energy systems 503 

decarbonization has a great potential to substantially cut down LIB’s life cycle carbon footprint. 504 

In fact, natural gas, which is a relatively clean energy source, will remain the leading energy source 505 

in the U.S. for the next three decades accounting for 38% to 32% of the electricity production from 506 

2020 to 2050, according to EIA’s projection (55). Although electricity production in China shows 507 

greater climate change mitigation potential in the next three decades, the life cycle carbon footprint 508 

of LIBs in China would remain higher than that in the U.S. from 2020 through 2050. This trend is 509 

consistent with a recent study, although they projected the carbon footprint for only the use phase 510 

in 2030 (59). 511 
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Similarly, the results show that LIBs produced, consumed, and recycled in China lead to 512 

more energy-saving than those in the U.S. for the next three decades, although the CED for average 513 

electricity production in the U.S. is 12% higher than that in China for 2020. This is mainly 514 

attributed to the higher CED required for coal-fired electricity production in the U.S. CED of 515 

generating 1 kWh electricity, and it is directly related to the energy efficiency of the power plants. 516 

Existing studies and government data suggest that the average energy efficiency of China’s coal-517 

fired power plants surpasses the average energy efficiency of coal-fired power plants in the U.S. 518 

(60, 61). While the average energy efficiency of other energy sources, including natural gas, wind, 519 

geothermal, solar photovoltaics, and hydropower, in the U.S. are higher than those in China, the 520 

resulting decrease in CED cannot offset the increase in CED caused by the relatively lower energy 521 

efficiency of coal-fired electricity. Also, the projected reduction of coal-fired electricity in the U.S. 522 

is less than that in China for 2020–2050. As a consequence, the gap of CED for average electricity 523 

generation between the U.S. and China is further widening, varying from 12% in 2020 to 23% in 524 

2050.  525 

The shaded areas in Fig. 8 represent the variation of recycling methods, suggesting that the 526 

effect of both battery chemistry and recycling method on life cycle carbon footprint and CED are 527 

negligible relative to the impact of renewable penetration in the power grid. Though the best-528 

available projection for 2020–2050 from the U.S. EIA is integrated into this study, we are aware 529 

that the current results may be conservative, and the potential of mitigating climate change and 530 

energy demand for 2050 can be even greater, given the recent ambitious climate policies of the 531 

U.S. and China.   532 
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 533 

Fig. 8. Sensitivity analysis of temporal and spatial variations in electricity generation from 534 

2020 to 2050 in the U.S. and China. The horizontal axis represents the year when the LIBs are 535 

produced.  The vertical axis represents the life cycle carbon footprint and CED for LIBs 536 

produced each year. Notably, the carbon footprint and CED of electricity production depend on 537 

the starting year of each life cycle stage.  538 

Discussion 539 

Towards the urgent need of prolonging the driving-range of EV, the nickel-rich low-cobalt 540 

cathode is at the forefront of achieving higher energy density and reducing the supply risk of cobalt 541 

(3, 62). Previous studies showed that the increase of nickel content would trigger severe capacity 542 

fading and thermal safety hazards (63). Nevertheless, a recent study has demonstrated promising 543 

performances of single-crystal NMC532: mild capacity fading and outstanding lifetimes of over 1 544 

million miles (3, 64, 65). There is still room for improvement of the production cost, specific 545 

capacity, and rate capability for these new-generation single-crystal high-nickel LIBs. Moreover, 546 
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due to the requirement of high temperature, above 930 ℃ for 12 hours, for production (65), more 547 

inferior environmental performance is expected as compared to the results in this study (Fig. 3 and 548 

Fig. 5). Our results show that the strategy of substituting cobalt with nickel tends to improve the 549 

environmental performance of LIBs, but this benefit is very susceptible to the choice of recycling 550 

method and use scenario. Moreover, the environmental impacts of global nickel production are 551 

hindered by the uncontrolled SO2 emissions from the Norilsk Nickel plant in Russia (52). 552 

Additionally, substituting cobalt with nickel may pose a 60-times increase in nickel demand by 553 

2030 and up to 190 times by 2050, compared with the 2017 values, and further investigation on 554 

the nickel supply is required (45). Owing to its low specific energy density, the production of LFP 555 

LIBs is found to be the most detrimental to the environment, despite its cobalt- and nickel-free 556 

characteristics. The recent revolution in cell-to-pack technology could narrow the gap between the 557 

battery pack energy density of LFP and its NMC/NCA counterparts and subsequently lower the 558 

demand in material and energy for packing by optimizing the design and assembly of LIB cells 559 

(66, 67). Due to the reduced material and energy input, the environmental impacts of LIB 560 

manufacturing can be mitigated. Nevertheless, the cell-to-pack technology can also facilitate the 561 

automation of disassembly and consequently improve the recycling efficiency (48).  562 

LIBs retain a rather high energy storage capacity after their first life in EV, so the resources 563 

used for battery production are not fully exploited if they are sent to EOL directly after EV use. 564 

However, by reusing automotive LIBs in less demanding second-life applications, the recovery 565 

and recirculation of valuable metals can be delayed for many years, leading to increasing supply 566 

risks (14, 15). With second life, less reduction of carbon footprint and CED can be achieved by 567 

the high-nickel NMC and NCA compared to the widely used LFP. Uncertainty in the lifetime of 568 

EV use and ESS use does not affect this conclusion despite their strong impact on the life cycle 569 
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carbon footprint and CED of LIBs (Figs. S24–S28). It should be noted that this conclusion is 570 

premised based on the same pack energy capacity for a fair comparison across battery chemistries. 571 

Future LIBs may have higher pack energy capacities (up to 100 kWh per EV) (68). With a higher 572 

pack energy capacity, LIBs show worse environmental performances due to more resources 573 

consumed for LIB production and recycling. The environmental benefits of high-capacity LIBs 574 

from the second life application are more prominent than those of the lower-capacity ones. 575 

However, with the same pack energy capacity, the findings of this study remain the same for high-576 

capacity LIBs. Moreover, the second life application of LIBs hinders the environmental benefits 577 

of recycling, as it contributes to a larger portion of life cycle environmental impacts and requires 578 

additional resources for repurposing. Sensitivity analysis results on use parameters suggest a great 579 

potential to further reduce carbon footprint and CED of reused LIBs. Even with a rather 580 

conservative transition towards more than 50% penetration of renewable energy sources into the 581 

power grid, the carbon footprint of second life LIBs can be reduced by 20% in the U.S. and by 582 

28.5% in China. As the power grid transitions to all-renewable energy sources, substantial 583 

environmental impacts can be further reduced for LIBs. For the sake of climate change and energy 584 

demand, direct cathode recycling should be the fate of waste LIBs, even though it has less ideal 585 

recovery rates of materials, as shown in Figs. S21–S23.  586 

Implications on LIB recycling 587 

Direct cathode recycling is a strong candidate for enhancing the sustainability of LIBs and 588 

promoting the circular economy, as illustrated by existing studies (31, 47, 69). Through modeling 589 

of maximized material recovery, our results show that direct cathode recycling is even more 590 

environmentally favorable compared to the existing literature (Fig. S2) (31). Considering the 591 

increasing demand for LIBs and a potential shortage of cobalt in 30 years (1, 8), deployment of 592 
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direct cathode recycling with a 95% recovery rate of cathode active materials could largely 593 

mitigate the risk of metal depletion and relieve the pressure of metal supply on the global market. 594 

For this reason, it is crucial to gain more insights into its scalability and potentials for improvement. 595 

First, the electrolyte extraction efficiency for liquid CO2 with additives of propylene carbonate and 596 

acetonitrile should be improved. Moreover, the current electrolyte extraction technology can be 597 

replaced by less energy-intensive and more environmentally friendly alternatives. The 598 

combination of acutely toxic, irritating binder solvent NMP and mutagenic binder polyvinylidene 599 

fluoride could be replaced by greener alternatives, which resonates with previous studies. For 600 

example, the combinations of aqueous binders and corresponding binder solvents (i.e., water) have 601 

the properties of fluorine-free, ease of disposal, and availability from renewable resources (70, 71). 602 

Moreover, water is used as the binder solvent that does not need to be recovered, so the 603 

environmental burdens caused by solvent recovery can be avoided. Although the field of aqueous 604 

binders is rather unexplored, previous studies show promising results on the enhanced 605 

electrochemical performance of LIBs (72-74). Furthermore, the combustion of graphite and carbon 606 

black takes a great share of carbon burdens caused by the EOL phase. Recycling graphite from 607 

waste LIBs at the laboratory scale has been assessed and could be further explored and scaled up 608 

(75, 76). Lastly, the energy-intensive hydrothermal and annealing process can be coupled with 609 

other exothermic processes to reduce the energy demand. However, due to the rapid evolutions in 610 

cathode chemistry of LIBs and the delayed recycling processes by decades, the scale-up of direct 611 

cathode recycling could be impeded by its limited flexibility to generate the state-of-the-art 612 

cathode active materials (2, 47). The prerequisite of waste LIB sorting also renders direct cathode 613 

recycling less attractive to the recyclers (2, 44).  614 
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For pyrometallurgical recycling, maximized material and energy recovery of LIBs cannot 615 

offset the carbon footprint caused by the intensive use of energy and chemicals. Thus, battery 616 

design with less aluminum use and alternative anode materials, such as silicon-based anode, could 617 

enable more sustainable pyrometallurgical recycling of LIBs. Additionally, further research is 618 

required to study the substitution of the current environmentally detrimental leaching agents and 619 

precipitants with green alternatives that would not decrease the high recovery rates. 620 

Hydrometallurgical recycling induces environmental burdens for battery chemistry with less 621 

valuable metal utilization (e.g., LFP, LMO/NMC). Thus, waste LIBs should be carefully sorted. 622 

Waste LIB sorting by battery chemistry can also benefit the environmental sustainability of 623 

pyrometallurgical and hydrometallurgical recycling by avoiding excessive use of environmentally 624 

expensive chemicals (77). 625 

Materials and Methods 626 

Goal and scope definition 627 

The “cradle-to-grave” LCA study in this work investigates the carbon footprint, CED, and 628 

full-spectrum environmental impacts associated with the production, consumption, and EOL of 629 

seven automotive LIBs, namely LFP, LMO/NMC532, NMC333, NMC532, NMC622, NMC811, 630 

and NCA, after second life in stationary ESS. The designed specific energy densities in the BatPac 631 

model are 177, 229, 234, 243, 255, 265, and 262 Wh/kg for LFP, LMO/NMC532, NMC333, 632 

NMC532, NMC622, NMC811, and NCA LIB packs, respectively (34). The life cycle stages within 633 

the scope of this study are listed as below: 634 

 Cell material production and assembly 635 

 Module accessories production and assembly 636 

 Pack accessories production and assembly 637 
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 Use phase (EV use or EV+ESS use) 638 

 Repurpose (accompany with the cascaded use scenario) 639 

 EOL phase (can be divided into EOL steps with environmental damage and EOL 640 

steps with environmental burden) 641 

 Transportation 642 

The functional unit of 1 kWh life cycle electricity delivery is used to quantify the 643 

environmental impact based on the life cycle energy provision of LIBs. Working parameters of 644 

LIBs for both EV and stationary ESS use are provided in Table S1. Other than transportation, the 645 

whole life cycle of the LIBs, including production, EV use, repurpose, stationary ESS use, and 646 

recycling, is assumed to be located in the NYS in 2018 under the baseline case, without considering 647 

the temporal and spatial variations in the power grid. For this reason, the environmental impacts 648 

associated with electricity consumption remain constant in the baseline case, and the 649 

environmental profile of electricity production is determined by the energy sources of the NPCC 650 

in 2018. The carbon footprint and CED of electricity generation in other areas of the U.S. can be 651 

found in Fig. 2. Besides, under the cascaded use scenario, LIBs undergo the repurpose processes, 652 

which dismantle the LIB packs to the module level, change a part of the components (such as 653 

antifreeze agents, LIB pack casing, and module interconnects), test the cells, and reassemble 450-654 

kWh LIB packs for stationary ESS use.   655 

Because one of the primary objectives of this study is to investigate the environmental 656 

benefits of the second life for different LIBs, two use scenarios are considered, as shown in Fig. 657 

1. The first one is the EV use scenario, of which the system boundary involves stages of cell 658 

materials production and assembly, module accessories production and assembly, pack accessories 659 

production and assembly, EV use, and EOL recycling. The other one is the cascaded use scenario, 660 
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which has a system boundary, including stationary ESS use (second use) and repurpose, in addition 661 

to all the stages of the aforementioned EV use scenario. Transportations are also included in both 662 

system boundaries and are estimated from existing studies, as shown in Table S23 (21, 31). 663 

Another goal of this study is to evaluate the environmental impacts of various recycling methods, 664 

so three EOL scenarios, including hydrometallurgical, pyrometallurgical, and direct cathode 665 

recycling, are systematically analyzed and compared. It is worth mentioning that only 666 

hydrometallurgical and direct cathode recycling are adopted for LFP due to the lack of valuable 667 

metals that are recyclable using pyrometallurgical recycling. Moreover, hydrometallurgical and 668 

direct cathode recycling are closed-loop recycling processes, which recovers the cathode active 669 

materials from the spent LIBs. On the contrary, pyrometallurgical recycling is an open-loop 670 

recycling process as it recovers nickel as Ni(OH)2 and cobalt as a salt, both for re-entering in the 671 

battery supply chain (78). The environmental impact of the open-loop pyrometallurgical process 672 

is equivalent to its closed-loop counterpart because replacing the cobalt source of the cathode 673 

active material production with the recycled cobalt salt would result in only the avoided 674 

environmental burden from the recycled cobalt salt. More details about use scenarios and EOL 675 

scenarios are provided in the next sections and Supplementary Materials.   676 

For the computation of the full-spectrum environmental impacts, 18 ReCiPe midpoint 677 

indicators from the hierarchist perspective are adopted to examine the severity of the 678 

environmental impact categories (33). These indicators account for agricultural land occupation, 679 

climate change, fossil depletion, freshwater ecotoxicity, freshwater eutrophication, human toxicity, 680 

ionizing radiation, marine ecotoxicity, marine eutrophication, metal depletion, natural land 681 

transformation, ozone depletion, particulate matter formation, photochemical oxidant formation, 682 



39 
 

terrestrial acidification, terrestrial ecotoxicity, urban land occupation, and water depletion. This 683 

ReCiPe model is frequently used in LCA studies on LIBs (20, 25, 29, 79). 684 

Life cycle inventory analysis 685 

During the LCI analysis phase of LCA, energy and material flows are quantified and 686 

compiled across all life cycle stages of the LIBs. Within the production stages, LCIs of an EV 687 

battery pack are presented in Tables S2–S6. LCIs of a stationary ESS LIB pack after automotive 688 

use are provided in Table S7. The EOL stage involves three EOL scenarios that correspond to 689 

LCIs summarized in Tables S10–S11, S12–S13, and S15–S16. Because the LCIs of cathode active 690 

materials production are unavailable in the existing LCI database, their manufacturing routes are 691 

extracted from the literature, as shown in Fig. S3 and LCIs are established and compiled by 692 

modeling the detailed manufacturing processes, as shown in Tables S9 and S14.  693 

Life cycle impact assessment method  694 

In this study, carbon footprint, CED, and ReCiPe impact categories are selected to 695 

demonstrate and compare the life cycle greenhouse gas emissions, energy consumption, and full-696 

spectrum environmental impacts, respectively. In the life cycle impact assessment stage of LCA, 697 

LCIs are computed based on the functional unit through characterization factors to quantify their 698 

environmental impacts for each impact category. We collect most of the characterization factors 699 

from Ecoinvent, and lists of these characterization factors can be found in Table S25 (80). However, 700 

characterization factors for some processes, such as LFP, NMC, and NCA production, are 701 

inaccessible from the Ecoinvent database. CoSO4 and Ni(OH)2, which are raw materials of cathode 702 

active materials (for cobalt-containing LIBs and nickel-metal hydride batteries), do not have 703 

readily available LCI data either. Then, we need to construct the LCI from the upstream processes 704 
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(i.e., Ni(OH)2, CoSO4, NMC, and NCA production estimated from upstream energy and material 705 

inputs detailed in Supplementary Materials).   706 

Sensitivity analysis 707 

Sensitivity analysis is performed to evaluate the key assumptions of electricity generation 708 

and EOL scenarios. According to the results shown in Fig. 5 and Fig. S7, the use phase is the 709 

leading factor of the life cycle carbon footprint and CED. Moreover, the use phase is the main 710 

contributor for most of the environmental impact categories, as shown in Fig. 4. We also conclude 711 

that the full-spectrum environmental impact profiles of LIBs are largely affected by the energy 712 

sources of electricity generation and the characteristics of those energy sources. To assess the 713 

temporal and spatial variation in electricity production, we integrate the projected power grid of 714 

the U.S. and China from 2020 to 2050 into our model. The U.S. and China are chosen as they are 715 

two countries with the largest production capacities of automotive LIBs and the largest EV markets 716 

in the Eastern and Western Hemisphere (54-56). The environmental impacts associated with 1 717 

kWh electricity generated in each year are computed as a weighted sum of the unit environmental 718 

impacts for electricity production from various energy sources. The weights are the shares of 719 

different energy sources. The unit environmental impact for electricity production from each 720 

energy source in each location is obtained from the Ecoinvent database (80). The electricity 721 

generation by energy source from 2020 to 2050 in the U.S. and China is presented on a percentage 722 

basis in Fig. S33. The manufacturing of cathode active materials and LIBs, use phase, and 723 

recycling processes are considered to be in the U.S. and China, while the supply chains of raw 724 

materials for the cathode active materials, other LIB components, and material inputs for the 725 

recycling processes are consistent with those in the baseline case. LIBs produced in each year from 726 

2020 to 2050 are used by EVs for 8 years, according to the current calendar life warranty periods 727 
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provided by OEMs. After retiring from EV use, LIBs are repurposed to start their second life. After 728 

the 10-year second life, whose lifetime is considered based on the most common assumption from 729 

existing literature, LIBs are disposed of and recycled.  For example, a LIB pack can be produced 730 

in 2020, repurposed in 2028, and recycled in 2037, with the first life in 2020–2027 and the second 731 

life in 2028–2037. It is worth mentioning that all of the other assumptions related to battery 732 

parameters, LIB production, repurpose, and LIB recycling, remain unchanged. Sensitivity analyses 733 

on other battery parameters, including LIB lifetime, roundtrip efficiency, energy consumption rate 734 

in EV, are conducted separately, and the results are presented in Figs. S24–S28 and Figs. S30-S31. 735 

And we do not consider the technology development of batteries and power grid across time, such 736 

as the increase in charge-discharge efficiency and transmission efficiency, the transition towards 737 

novel materials, and the improvement of power generation technologies and energy consumption 738 

during EV use (30). Based on the functional unit of 1 kWh life cycle electricity delivery, life cycle 739 

carbon footprint and CED are calculated for LFP, LMO/NMC532, NMC622, and NCA LIBs over 740 

the period of 2020–2050. Note that the energy sources of electricity generation vary in the 18-year 741 

life cycle of LIBs, and we assume the power grid will remain invariant after 2050 due to the lack 742 

of projected power grid data for both countries after 2050.  743 

The investigated parameters regarding EOL scenarios are considered according to the 744 

carbon and energy hotspots identified in Fig. 6 and Figs. S8–S12. In particular, the following 745 

parameters are included for all three EOL scenarios: the recovery rate of chromium steel 18/8, 746 

aluminum, copper, and graphite. The recovery rate of cathode active materials and NMP are 747 

evaluated for hydrometallurgical and direct cathode recycling. Specifically, the recovery rate of 748 

LiPF6 is assessed for direct cathode recycling; recovery rate of goethite, cobalt, and Ni(OH)2 are 749 

investigated for pyrometallurgical recycling; recovery rate of Mn2O3 and citric acid are evaluated 750 
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exclusively for hydrometallurgical recycling of LMO/NMC532. Ranges of parameters are 751 

presented in Tables S19–S22, and impacts of these parameters are shown in Figs. S21–S23. The 752 

results of sensitivity analyses are discussed in Supplementary Materials.  753 

Min-max normalization 754 

To intuitively present the life cycle environmental impacts across each impact category, 755 

we adopt the min-max normalization method to process data.  For a set of data points X1, X2, …, 756 

Xn (i.e., environmental impacts of all processes for each category), this normalization method 757 

linearly maps each data point to the range of 0 to 1 according to Equation (1), where X’, Xa, Xmax, 758 

Xmin represent each data point after normalization, each data point before normalization, the 759 

minimum of the data set, and the maximum of the data set, separately.  760 

 a min

max min

X XX '
X X





  (1) 761 

Nevertheless, the environmental impacts associated with the avoided environmental 762 

burden in the EOL phase are negatively signed. Hence, the magnitude of both negative and positive 763 

values should be shown on the same basis, while the orientation of environmental favorability (i.e., 764 

the negative signs) for each process is preserved. However, the Equation (1) is not able to preserve 765 

negative signs. To address this issue, we first take absolute values of the negative numbers, and 766 

then apply min-max normalization according to the Equation (1), and finally change the sign of 767 

those who were negative to negative.   768 

  769 
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