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 China’s EV market has rocketed, with over 1.256 million 
in 2018 [4], 3.8 times growth from 0.331 million in 2015 
[5].

 Due to the rapid adoption of EVs, it raises concerns about 
waste management of end-of-life batteries. 

 LIB (lithium-ion battery) recycling is not yet well-established 
[8] and its infrastructure is limited [13].

Background



Pyrometallurgy and hydrometallurgy processes are two commonly applied 
recycling methods, while direct physical recycling as a nascent but 
promising recovery method is also being developed. 

Pyrometallurgical 
recycling processes

Hydrometallurgical 
recycling processes

Direct physical 
processes

At scale

Nascent but promising

It is necessary to understand the environmental impact of LIBs [14,15]. 

Furthermore, some studies indicate that the battery recycling process is a 
crucial factor affecting the life cycle environmental impacts of LIBs.

Background
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(1) Coarse calculation. 
(2) Only one recycling method. 
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This study focuses on the Chinese context. Considering electric power sector’s 
energy portfolios differ by province in China, we assess the life cycle 
environmental impacts of LIBs at both national and provincial levels.

Innovation
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3

Three recycling methods and five cathode technologies (NMC111, NMC622, 
NMC811, NCA and LFP) are analyzed in detail.
 

1

Water consumption is calculated including the manufacturing and recycling 
stages. Furthermore, a detailed analysis into the recycling process life-cycle 
water consumption comparing different cathode materials are carried out.

Fig 2. Provincial energy mix in the electric power sector in China in 2018.



Objective 

This study aims to conduct a life-cycle analysis to evaluate the GHG 
emissions, water consumption and economic impacts of EV LIBs 
using different recycling methods in a closed loop supply chain.



Methodologies & 
Data
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Methods
2.1 Life cycle assessment

A process-based attributional LCA

GREET model

ReCell model

BatPaC model

Environmental 
assessment

Economic 
assessment

GHG 
emissions

Water 
consumption

A process-based attributional LCA is employed in this study. It is worth noting that the use 
phase of LIBs is not the focus of this paper. A hot spot analysis is conducted to identify the 
emission-intensive and water-intensive steps. 



2.2 Manufacture and recycling assumptions

Methods

Fig 1. ReCell Model Recycle Module Schematic [23].

Two types of materials, virgin materials and recycled materials recovering from the spent 
batteries or manufacturing scrap, are considered. 



Methods
2.3 Recycling methods

Fig S1. The flow diagrams of pyrometallurgy recycling 
processes.



Methods
2.3 Recycling methods

Fig S2. The flow diagrams of hydrometallurgical recycling 
processes.



Methods
2.3 Recycling methods

Fig S3. The flow diagrams of direct physical recycling 
processes.

This paper only considers the direct physical process to recycle LFP batteries because it is not 
economically feasible to recycle them by pyrometallurgical and hydrometallurgical methods.



Methods
2.4 GHG emissions, energy use and water consumption

  (2)  (2)

GHG emissions avoided and water consumption avoided are calculate to reflect the 
environmental impact of various recovery methods. Eq. (2) below shows how these are 
calculated.

The data are obtained from government reports, literature, GREET model, BatPaC model 
and ReCell model. (Table S1)

Water consumption factors are shown in Table S9. Data sources include Liao et al. [35], 
Lin, Chen [36] and the default values in the GREET model. 



Methods
2.5 Cost model

 This study employs a process-based model (PBCM) to calculate the entire cost of the 
battery production. 

 Meanwhile, in China, the spent battery market is immature, the price information is not 
sufficiently transparent and the price is volatile. Therefore, a sensitivity analysis is 
carried out to determine the maximum affordable purchase price of spent batteries at the 
breakeven recycling cost. 

 In addition, in order to assess the impact of production, we conduct a sensitivity analysis 
to analyze the cost changes of production from 1000 to 100000. 



Result
s
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Fig 3. Total estimated GHG emissions (gCO2e per kg battery) and GHG emissions avoided (%) for 

NCM111, NCM622, NCM811, NCM and LFP cells. All processes use the national electricity mix 
data.

3.1 GHG emissions



3.2 Water consumption

Fig 3. Total estimated water consumption (gallon per kg battery) and water consumption avoided 
(%) for NCM111, NCM622, NCM811, NCM and LFP cells. All processes use the national electricity 
mix data.



3.3 Impact of electricity mix structures

Fig 7. GHG emissions and water consumption in battery life cycle based on the provincial electricity mix. NCM111 
cells using hydrometallurgical recycling method are assessed. 

 It reveals the conflict between GHG 
emissions and water, i.e. the savings of water 
consumption and the corresponding GHG 
emissions penalty of the life cycle LIB.



3.4 Breakeven cost

Pyro Hydro Direct
NCM111 3.81% 7.34% 14.90%
NCM622 1.97% 5.36% 12.97%
NCM811 1.60% 5.02% 12.57%
NCA 8.79% 11.73% 18.10%
LFP 14.67%

Table 5. Cost reduction (%).

Fig 9. Purchase price of spent batteries 
at breakeven point. 



3.4 Breakeven cost

Fig 10. NCM111 battery cost varies 

with throughput. (unit:$)

Fig 11. Cell manufacturing cost breakdown. 
“GSA” represents general, sales and administration.
 R&D means research and development.



Discussion & 
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 Results demonstrates that direct physical recycling process has the lower environmental 
burdens and higher economic feasibility over the other methods, excluding LFP cells in 
which mitigated carbon emissions and higher economic viability are observed but meanwhile 
direct recycling process water consumption increases. 

 It should be noted that provinces with higher proportions of hydropower contributions 
generate lower carbon emissions but have higher water consumption due to reservoir 
evaporations.

 It shows that the three objectives, i.e. carbon emission reduction, water consumption 
reduction and economic development, may not be met simultaneously, which requires further 
studies on their trade-offs and synergies.



References

5



1. Gu, H., Liu, Z., Qing, Q.: Optimal electric vehicle production strategy under subsidy and battery recycling. Energy Policy 109, 579-
589 (2017). doi:https://doi.org/10.1016/j.enpol.2017.07.043

2. Li, L., Dababneh, F., Zhao, J.: Cost-effective supply chain for electric vehicle battery remanufacturing. Applied Energy 226, 277-286 
(2018). doi:https://doi.org/10.1016/j.apenergy.2018.05.115

3. Qiao, Q., Zhao, F., Liu, Z., Hao, H.: Electric vehicle recycling in China: Economic and environmental benefits. Resources, 
Conservation and Recycling 140, 45-53 (2019). doi:https://doi.org/10.1016/j.resconrec.2018.09.003

4. Manufactures, C.A.o.A.: The Economic Operation Situation of the Automobile Industry in 2018. . 
http://www.caam.org.cn/xiehuidongtai/20170112/1505203997.html. (2019). 

5. Manufactures, C.A.o.A.: The Economic Operation Situation of the Automobile Industry in 2015. . 
http://www.caam.org.cn/xiehuidongtai/20160112/1705183569.html (2016). 

6. Council, G.O.o.t.S.: Energy Saving and New Energy Vehicle Industry Planning from 2012 to 2020.  (2012). 
7. Saxena, S., Le Floch, C., MacDonald, J., Moura, S.: Quantifying EV battery end-of-life through analysis of travel needs with vehicle 

powertrain models. Journal of Power Sources 282, 265-276 (2015). doi:https://doi.org/10.1016/j.jpowsour.2015.01.072
8. Gaines, L., Richa, K., Spangenberger, J.: Key issues for Li-ion battery recycling. MRS Energy & Sustainability 5, E14 (2018). 

doi:10.1557/mre.2018.13
9. Tang, Y., Zhang, Q., Li, Y., Wang, G., Li, Y.: Recycling mechanisms and policy suggestions for spent electric vehicles' power battery -A 

case of Beijing. Journal of Cleaner Production 186, 388-406 (2018). doi:https://doi.org/10.1016/j.jclepro.2018.03.043
10. Ziemann, S., Müller, D.B., Schebek, L., Weil, M.: Modeling the potential impact of lithium recycling from EV batteries on lithium 

demand: A dynamic MFA approach. Resources, Conservation and Recycling 133, 76-85 (2018). doi:https
://doi.org/10.1016/j.resconrec.2018.01.031

11. Olivetti, E.A., Ceder, G., Gaustad, G.G., Fu, X.: Lithium-Ion Battery Supply Chain Considerations: Analysis of Potential Bottlenecks 
in Critical Metals. Joule 1(2), 229-243 (2017). doi:https://doi.org/10.1016/j.joule.2017.08.019

12. Habib, K., Hamelin, L., Wenzel, H.: A dynamic perspective of the geopolitical supply risk of metals. Journal of Cleaner Production 
133, 850-858 (2016). doi:https://doi.org/10.1016/j.jclepro.2016.05.118

13. Ciez, R.E., Whitacre, J.F.: Examining different recycling processes for lithium-ion batteries. Nature Sustainability 2(2), 148-156 
(2019). doi:10.1038/s41893-019-0222-5

14. Dunn, J.B., Gaines, L., Sullivan, J., Wang, M.Q.: Impact of Recycling on Cradle-to-Gate Energy Consumption and Greenhouse Gas 
Emissions of Automotive Lithium-Ion Batteries. Environmental Science & Technology 46(22), 12704-12710 (2012). 

https://doi.org/10.1016/j.enpol.2017.07.043
https://doi.org/10.1016/j.enpol.2017.07.043
https://doi.org/10.1016/j.apenergy.2018.05.115
https://doi.org/10.1016/j.apenergy.2018.05.115
https://doi.org/10.1016/j.resconrec.2018.09.003
https://doi.org/10.1016/j.resconrec.2018.09.003
http://www.caam.org.cn/xiehuidongtai/20170112/1505203997.html
http://www.caam.org.cn/xiehuidongtai/20160112/1705183569.html
https://doi.org/10.1016/j.jpowsour.2015.01.072
https://doi.org/10.1016/j.jpowsour.2015.01.072
https://doi.org/10.1016/j.jclepro.2018.03.043
https://doi.org/10.1016/j.jclepro.2018.03.043
https://doi.org/10.1016/j.resconrec.2018.01.031
https://doi.org/10.1016/j.resconrec.2018.01.031
https://doi.org/10.1016/j.joule.2017.08.019
https://doi.org/10.1016/j.joule.2017.08.019
https://doi.org/10.1016/j.jclepro.2016.05.118
https://doi.org/10.1016/j.jclepro.2016.05.118


15. Sullivan, J.L., Gaines, L.: Status of life cycle inventories for batteries. Energy Conversion and Management 58, 134-148 (2012). 
doi:https://doi.org/10.1016/j.enconman.2012.01.001

16. Erickson, E.M., Schipper, F., Penki, T.R., Shin, J.-Y., Erk, C., Chesneau, F.-F., Markovsky, B., Aurbach, D.: Review—Recent Advances 
and Remaining Challenges for Lithium Ion Battery Cathodes: II. Lithium-Rich, xLi2MnO3⋅(1-x)LiNiaCobMncO2. Journal of The 
Electrochemical Society 164(1), A6341-A6348 (2017). doi:10.1149/2.0461701jes

17. (IEA), I.E.A.: Global EV Outlook 2018.  (2018). 
18. Onat, N.C., Kucukvar, M., Tatari, O.: Well-to-wheel water footprints of conventional versus electric vehicles in the United States: A 

state-based comparative analysis. Journal of Cleaner Production 204, 788-802 (2018). doi:https
://doi.org/10.1016/j.jclepro.2018.09.010

19. Chao, Z., Anadon, L.D., Mo, H., Zhao, Z., Zhu, L.: The Water-Carbon Trade-off for Coal Power Industry in China. Environ.sci.technol 
(2014). 

20. Liao, X., Chai, L., Pang, Z.: Water resource impacts of future electric vehicle development in China. Journal of Cleaner Production 
205, 987-994 (2018). doi:https://doi.org/10.1016/j.jclepro.2018.09.091

21. Kim, H.C., Wallington, T.J., Mueller, S.A., Bras, B., Guldberg, T., Tejada, F.: Life Cycle Water Use of Ford Focus Gasoline and Ford 
Focus Electric Vehicles. Journal of Industrial Ecology 20(5), 1122-1133 (2016). 

22. Clift, R.: Sustainable development and its implications for chemical engineering. Chemical Engineering Science 61(13), 4179-4187 
(2006). doi:https://doi.org/10.1016/j.ces.2005.10.017

23. Tagliaferri, C., Evangelisti, S., Acconcia, F., Domenech, T., Ekins, P., Barletta, D., Lettieri, P.: Life cycle assessment of future electric 
and hybrid vehicles: A cradle-to-grave systems engineering approach. Chemical Engineering Research & Design 112, 298-309 
(2016). 

24. Laboratory, A.N.: ReCell. 
https://www.marketscreener.com/news/Argonne-National-Laboratory-Closing-the-loop-on-battery-recycling--25870957/ (2018). 

25. Laboratory, A.N.: GREET. https://greet.es.anl.gov/greet.models. Accessed Oct 10 2018 
26. Laboratory., A.N.: BatPaC. http://www.cse.anl.gov/batpac/downloads/. Accessed June 28 2018
27. Council), C.C.E.: National Power Industry Statistics 2016. 

http://www.cec.org.cn/guihuayutongji/tongjxinxi/niandushuju/2017-01-20/164007.html (2017). Accessed 25 May 2017 2017
28. Peng, T., Ou, X., Yan, X.: Development and application of an electric vehicles life-cycle energy consumption and greenhouse gas 

emissions analysis model. Chemical Engineering Research and Design 131, 699-708 (2018). doi:https
://doi.org/10.1016/j.cherd.2017.12.018

29. Win.d: Win.d. http://www.wind.com.cn/en/Default.html. 

https://doi.org/10.1016/j.enconman.2012.01.001
https://doi.org/10.1016/j.enconman.2012.01.001
https://doi.org/10.1016/j.jclepro.2018.09.010
https://doi.org/10.1016/j.jclepro.2018.09.010
https://doi.org/10.1016/j.jclepro.2018.09.091
https://doi.org/10.1016/j.jclepro.2018.09.091
https://doi.org/10.1016/j.ces.2005.10.017
https://doi.org/10.1016/j.ces.2005.10.017
https://www.marketscreener.com/news/Argonne-National-Laboratory-Closing-the-loop-on-battery-recycling--25870957/
https://greet.es.anl.gov/greet.models
http://www.cse.anl.gov/batpac/downloads/
http://www.cec.org.cn/guihuayutongji/tongjxinxi/niandushuju/2017-01-20/164007.html
https://doi.org/10.1016/j.cherd.2017.12.018
https://doi.org/10.1016/j.cherd.2017.12.018
http://www.wind.com.cn/en/Default.html


30. Ziemann, S., Müller, D.B., Schebek, L., Weil, M.: Modeling the potential impact of lithium recycling from EV batteries on lithium 
demand: A dynamic MFA approach. Resources Conservation & Recycling 133, 76-85 (2018). 

31. Linda, G.: Lithium-ion battery recycling processes: Research towards a sustainable course. Sustainable Materials and 
Technologies. 

32. Dunn, J.B., Gaines, L., Barnes, M., Wang, M.Q., Sullivan, J.: Material and energy flows in the materials production, assembly, and 
end-of-life stages of the automotive lithium-ion battery life cycle. Office of Scientific & Technical Information Technical Reports 
(2012). 

33. Majeau-Bettez, G., Hawkins, T.R., Strømman, A.H.: Life Cycle Environmental Assessment of Lithium-Ion and Nickel Metal Hydride 
Batteries for Plug-In Hybrid and Battery Electric Vehicles. Environmental Science & Technology 45(10), 4548-4554 (2011). 
doi:10.1021/es103607c

34. Dunn, J.B.a.G., L. and Kelly, J.C., James, C., Gallagher, K.G.: The significance of Li-ion batteries in electric vehicle life-cycle energy 
and emissions and recycling{'}s role in its reduction. Energy Environ. Sci. 8(1), 158-168 (2015). doi:10.1039/C4EE03029J

35. Dunn, J.B., Gaines, L., Kelly, J.C., Gallagher, K.G.: Life Cycle Analysis Summary for Automotive Lithium-Ion Battery Production and 
Recycling.  (2016). 

36. Liao, X., Zhao, X., Hall, J.W., Guan, D.: Categorising virtual water transfers through China’s electric power sector. Applied Energy 
226, 252-260 (2018). doi:https://doi.org/10.1016/j.apenergy.2018.05.132

37. Lin, L., Chen, Y.D.: Evaluation of Future Water Use for Electricity Generation under Different Energy Development Scenarios in 
China. Sustainability 10(1), 30 (2018). 

38. Sakti, A., Michalek, J.J., Fuchs, E.R.H., Whitacre, J.F.: A techno-economic analysis and optimization of Li-ion batteries for light-duty 
passenger vehicle electrification. Journal of Power Sources 273, 966-980 (2015). doi:https
://doi.org/10.1016/j.jpowsour.2014.09.078

39. Ciez, R.E., Whitacre, J.F.: Comparison between cylindrical and prismatic lithium-ion cell costs using a process based cost model. 
Journal of Power Sources 340, 273-281 (2017). doi:https://doi.org/10.1016/j.jpowsour.2016.11.054

40. Shi, Y., Chen, G., Chen, Z.: Effective regeneration of LiCoO2 from spent lithium-ion batteries: a direct approach towards high-
performance active particles. Green Chemistry 20(4), 851-862 (2018). doi:10.1039/C7GC02831H

41. CCMN: Price of nickel and cobalt. https://ni.ccmn.cn/niprice/2019-04-26/1ad87e82fa844bd8a5840b5c22793956.html;
https://www.ccmn.cn/xiaojinshu/xiaojinshuprice/2019-04-26/94aa60064bc84128bd461ff407a62528.html (2019). 
42. Liu, J., Zhao, D., Gerbens-Leenes, P.W., Guan, D.: China's rising hydropower demand challenges water sector. Scientific reports 5, 

11446-11446 (2015). doi:10.1038/srep11446
43. Macknick, J., Newmark, R., Heath, G., Hallett, K.C.: Operational water consumption and withdrawal factors for electricity 

generating technologies: a review of existing literature. Environmental Research Letters 7(4), 045802 (2012). doi:10.1088/1748-
9326/7/4/045802

https://doi.org/10.1016/j.apenergy.2018.05.132
https://doi.org/10.1016/j.apenergy.2018.05.132
https://doi.org/10.1016/j.jpowsour.2014.09.078
https://doi.org/10.1016/j.jpowsour.2014.09.078
https://doi.org/10.1016/j.jpowsour.2016.11.054
https://doi.org/10.1016/j.jpowsour.2016.11.054
https://ni.ccmn.cn/niprice/2019-04-26/1ad87e82fa844bd8a5840b5c22793956.html
https://www.ccmn.cn/xiaojinshu/xiaojinshuprice/2019-04-26/94aa60064bc84128bd461ff407a62528.html


44. Recycle spent batteries. Nature Energy 4(4), 253-253 (2019). doi:10.1038/s41560-019-0376-4
45. Andor, M.A., Frondel, M., Sommer, S.: Equity and the willingness to pay for green electricity in Germany. Nature Energy 3(10), 

876-881 (2018). doi:10.1038/s41560-018-0233-x
46. Peters, G.P., Hertwich, E.G.: A comment on “Functions, commodities and environmental impacts in an ecological–economic 

model”. Ecological Economics 59(1), 1-6 (2006). doi:https://doi.org/10.1016/j.ecolecon.2005.08.008
47. Finnveden, G., Hauschild, M.Z., Ekvall, T., Guinée, J., Heijungs, R., Hellweg, S., Koehler, A., Pennington, D., Suh, S.: Recent 

developments in Life Cycle Assessment. Journal of Environmental Management 91(1), 1-21 (2009). doi:https
://doi.org/10.1016/j.jenvman.2009.06.018

48. Zhao, S., You, F.: Comparative Life-Cycle Assessment of Li-Ion Batteries through Process-Based and Integrated Hybrid Approaches. 
ACS Sustainable Chemistry & Engineering 7(5), 5082-5094 (2019). doi:10.1021/acssuschemeng.8b05902

49. Gao, J., You, F.: Integrated Hybrid Life Cycle Assessment and Optimization of Shale Gas. ACS Sustainable Chemistry & Engineering 
6(2), 1803-1824 (2018). doi:10.1021/acssuschemeng.7b03198

50. Treloar, G.J., Love, P.E.D., Faniran, O.O., Iyer-Raniga, U.: A hybrid life cycle assessment method for construction. Construction 
Management & Economics 18(1), 5-9 (2000). doi:10.1080/014461900370898

51. Ji, S., Cherry, C.R., Zhou, W., Sawhney, R., Wu, Y., Cai, S., Wang, S., Marshall, J.D.: Environmental Justice Aspects of Exposure to PM2.5 Emissions from Electric 
Vehicle Use in China. Environmental Science & Technology 49(24), 13912-13920 (2015). doi:10.1021/acs.est.5b04927

https://doi.org/10.1016/j.ecolecon.2005.08.008
https://doi.org/10.1016/j.ecolecon.2005.08.008
https://doi.org/10.1016/j.jenvman.2009.06.018
https://doi.org/10.1016/j.jenvman.2009.06.018


THANKS



 There have some certain limitations in this work. Some studies point out that process-based 
LCA applied in this study have cutoff errors because it overlooks many upstream processes 
and is affected by system boundary truncation [46-49]. Thus, as the uncertainty of the results 
is reduced, an integrated hybrid LCA is recommended for future studies, which integrates the 
economic input-output system and the process-based LCA [50]. 

 Furthermore, Ji et al. [51] reveal that replacing the conventional automobiles with the electric 
vehicles transfers the GHG emissions from city (exhaust pipes) to predominant countryside 
(electricity power plant), because the power source of automobiles is provided by electricity 
instead of fossil fuels. Therefore, evaluating the transferring of other negative environmental 
impacts, such as water consumption, of using LIBs is also an interesting and worth exploring 
issue.

Limitations
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