Journal Pre-proof

Life cycle assessment of lithium nickel cobalt manganese oxide (NCM) batteries for
electric passenger vehicles

Xin Sun, Xiaoli Luo, Zhan Zhang, Fanran Meng, Jianxin Yang

PII: S0959-6526(20)33051-1
DOI: https://doi.org/10.1016/j.jclepro.2020.123006
Reference: JCLP 123006

To appearin:  Journal of Cleaner Production

Received Date: 26 September 2019
Revised Date: 18 June 2020
Accepted Date: 21 June 2020

Please cite this article as: Sun X, Luo X, Zhang Z, Meng F, Yang J, Life cycle assessment of lithium
nickel cobalt manganese oxide (NCM) batteries for electric passenger vehicles, Journal of Cleaner
Production, https://doi.org/10.1016/j.jclepro.2020.123006.

This is a PDF file of an article that has undergone enhancements after acceptance, such as the addition
of a cover page and metadata, and formatting for readability, but it is not yet the definitive version of
record. This version will undergo additional copyediting, typesetting and review before it is published

in its final form, but we are providing this version to give early visibility of the article. Please note that,
during the production process, errors may be discovered which could affect the content, and all legal
disclaimers that apply to the journal pertain.

© 2020 Elsevier Ltd. All rights reserved.


https://doi.org/10.1016/j.jclepro.2020.123006
https://doi.org/10.1016/j.jclepro.2020.123006

L ife cycle assessment of lithium nickel cobalt manganese oxide

(NCM) batteriesfor electric passenger vehicles

Xin Sun®?, Xiaoli Luo*”, Zhan Zhang®®, Fanran Meng’, Jianxin Y ang™ *

& State K ey Laboratory of Urban and Regional Ecology, Research Center for Eco-Environmental Sci-

ences, Chinese Academy of Sciences, No.18 Shuangqing road, Haidian District, Beijing 100085, China

PCollege of Resources and Environment, University of Chinese Academy of Sciences, No. 80 East

Zhongguancun Road, Haidian District, Beijing, 100190, China

“China A utomotive Technology and Research Center Co., Ltd, No. 68 East Xianfeng Road, Dongli Dis-

trict, Tianjin 300300, China

4 Sustainable Process Technologies Group, Faculty of Engineering, University of Nottingham, Notting-

ham, NG7 2RD, UK



10
11

12

Wordcount: 5953

Life cycle assessment of lithium nickel cobalt manganese oxide (NCM)

batteriesfor electric passenger vehicles

Xin Surf®¢ Xiaoli Luc®®, Zhan Zhan®®, Fanran Menfy Jianxin Yang®*

@ State Key Laboratory of Urban and Regional Ecal&®gsearch Center for Eco-Environmental ScienceseSe

Academy of Sciences, No.18 Shuangqing road, Haidiatrict, Beijing 100085, China

®College of Resources and Environment, Universitgbinese Academy of Sciences, No. 80 East Zhongguman

Road, Haidian District, Beijing, 100190, China

“China Automotive Technology and Research Centerl@d, No. 68 East Xianfeng Road, Dongli Distritanijin

300300, China

9 Sustainable Process Technologies Group, Faculgngineering, University of Nottingham, NottinghaMG7

2RD, UK



13

14
15
16
17
18
19
20

21
22
23
24
25

26
27
28
29
30

31

32

Wordcount: 5953

Abstract

This study evaluated and quantified the life cyahwironmental impacts of lithium-ion power batter{&IBs)
for passenger electric vehicles to identify keystathat contribute to the overall environmentatlbn and to find
ways to reduce this burden effectively. Primaryadat the assessment were collected onsite froroeeChinese
leading LIB supplier, two leading cathode matepiaiducers and two battery recycling corporationsif2017 to
2019. Six environmental impact categories, inclgdginmary energy demand (PED), global warming pibaén
(GWP), acidification potential (AP), photochemicaidant creation potential (POCP), eutrophicatioteptial (EP)

and human toxicity potential (HTP), were consideredccordance with the ISO 14040/14044 standards.

The results indicate that material preparationestaghe largest contributor to the LIB'’s life cgdPED, GWP,
AP, POCP, EP and HTPwith the cathode active material, wrought alumirama electrolytes as the predominant
contributors. In the production stage, vacuum dyyand coating and drying are the two main procefesesl the
six impact categories. In the end-of-life stagest@d._IBs recycling could largely reduce the lifeleyPOCP and

HTP.

Sensitivity analysis results depict that optimizthg mass of cathode active material and wroughmialum
could effectively reduce the environmental impaxftthe LIB, but the recycling benefits could varitlwimpact
categories and with life cycle stages. We hopedghidy is helpful to reduce the uncertainties assed with the
life cycle assessment of LIBs in existing liter&siand to identify opportunities to improve theissvmental

performance of LIBs within the whole life cycle.

Keywords Lithium-ion power battery; Battery electric veldcLife cycle assessment; Battery recycling
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1 Introduction

To save energy and reduce environmental emissionsthe automotive industry, the Chinese governrhast
launched numerous policies and programs to promateenergy vehicles (NEVs), which include battdectic
vehicles (BEVSs), plug-in hybrid electric vehicld3HEVs), and fuel cell electric vehicles (FCVs) 2009, China
launched the “Ten Cities and Thousand Vehicles]gatdo promote NEVs. From 2009 to 2012, a total 6,000
NEVs were promoted (MOST et al., 2009). Since 2@Hina has been in the stage of large-scale promatd
application of NEVs. In 2018, the cumulative salédlEVs reached 3.0 million, accounting for moraritb3% of
global cumulative sales (Wan, 2019). China has imecthe world's largest market for NEVs. By the eh@019,

the stock of NEVs reached 3.8 million, accountiag¥.5% of the total vehicles in China (Jiang, 2020

As the core component of NEVs, the capacity of pdvedteries has also increased by a significantusutno
each year. China has been the world's largest poattery producer (MIIT, 2017). The cumulative adktd
capacity of power batteries in China reached 144h@GWthe end of 2018, which represents the langeser

battery market worldwide (MIIT, 2019).

Currently, lithium-ion power batteries (LIBs), suah lithium manganese oxide (LiMDy, LMO) battery,
lithium iron phosphate (LiFePQOLFP) battery and lithium nickel cobalt manganesiele (LiNi,Co,Mn,O,, NCM)
battery, are widely used in BEVs in China. Accogdio the data from China Automotive Technology esearch
Center Co., Ltd, NCM batteries accounted for 42%hefcumulative installed capacity of power baggiand 77%
of the cumulative installed capacity of passendgev8until 2018 in China. Current types of NCM béts in

Chinese market include old-fashioned NCM 111 (LHNIn,,5C0,20,), state-of-art NCM 622 (LiNigMng 2C0y50,)

and upcoming technology NCM 811 (LiNMng 1Ca,10,) while NCM 622 batteries have been the most contynon

used in electric passenger vehicles in China (CATARd BIT, 2019).

NEV sales will maintain long-term growth in Chinartefiting from various policy supports. The “Teclogy

Roadmap For Energy Saving And New Energy VehicTERESNEV Steering Commitee China-SAE, 2016) shows

that the total sales of NEVs is forecasted to ex&million in 2025 and 15 million in 2030. Thisogection will

lead to a huge number of demand and disposal oépbatteries in China in the near future.

With the fast expansion of NEVs, China will be fagiwith challenges of waste power battery recyciind

disposal. The capacity of decommissioned poweehast was 1.2 GWh in 2018 in China, and it is elguto be
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more than 200,000 tons by 2020, which indicatesahaut 25 GWh of power batteries need to be redyahd

reused by 2020 (MIIT, 2019).

The environmental impacts associated with LIBs imithe life cycle are key challenges that resttiet
sustainable development of NEVs. First, LIBs camtairious types of valuable metal materials, wiiah produce
large amount of pollutants in the exploitation @xtraction stages. In addition, the assembly poé&IBs can be
energy intensive (Dai et al., 2019; Ellingsen et2017). Finally, the improper recycling and wadiposal
processes may incur negative environmental poligtend human toxicity. Therefore, an environmeasakessment
is required to quantify the overall environmentapacts of LIBs in BEVs application from a full litg/cle

perspective.

To address the gaps in environmental aspects of piBduction and promote NEVs development in CHima.
this study, we aim to quantify the life cycle emrimental impacts of NCM 622 batteries for eleghassenger
vehicles using the primary data collected froml#test and representative onsite investigatior@dhima covering
material production, LIB production and batteryyelmng plants. Inventory data is also supplemetug&coinvent
3.0, GREET 2018 database (ANL GREET, 2018) wheadahle. The results can help identify the key dbuators

to the LIB life cycle environmental impacts and pose strategies to reduce these impacts effectively

2 Literaturereview

Life cycle assessment (LCA) is a tool to assespthential environmental impacts and resources used
throughout a product's life cycle, i.e., from matkepreparation, via production and use phasesatste
management (1SO, 2006). Until now, there have lseeeral LCA studies of LIBs. Notter et al. (2010hducted
an early LCA study of LMO batteries and the conttibns to the environmental burden caused by diffebattery
materials were analyzed. USEPA (2013) conducte@A &tudy to bring together and use life cycle ineeyn data
directly provided by LIB suppliers, manufactureaad recyclers. (Ellingsen et al., 2014) studiedcitaelle-to-gate
environmental impacts of NCM batteries by usingpoidt indicators, which include 13 impact categeri€im et
al. (2016) chose a commercial BEV and assessdifdlwycle greenhouse gas (GHG) emissions and atiner

emissions of traction batteries.

In addition, other scientists have provided richerspectives and deeper discussions. MajeauBéetttz e

(2011) compared the environmental impacts of thifferent LIBs, NCM, NiMH, and LFP batteries, dugin
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87  production and operation phases. They concluded\ifdH batteries have the highest environmentaten

88 followed by NCM and then LFP. Li et al. (2014) abdng et al. (2017) reported the environmental irtgpatnext-

89  generation LIBs compared with conventional LIBstpport the selection and development of futuresLIB

90 Ellingsen et al. (2017) pointed out that both No#teal. (2010) and Dunn et al. (2012) neglectetgsses in cell

91  manufacturing and therefore underestimated theggradgmand. Ellingsen et al. (2017) indicated th&EBA

92  (2013) reported very different energy use assatiafth cell manufacturing and pack assembly for N@I®P, and

93  LMO batteries without clear explanations. Peteral ef2017) provided a review of LCA studies on ldBd found

94  that only a few publications contributed origiriéé Icycle inventory (LCI) data. Peters et al. (2pp@inted that the

95  majority of existing studies focus on GHG emissiongnergy demand only, while the impacts in ottategories

96  such as toxicity might be even more important. &ail. (2019) analyzed the cradle-to-gate energy @81G

97  emissions, SQ NQ,, PM;, emissions, and water consumption associated witteist industrial production of NCM

98  Dbatteries. Dai et al. (2019) pointed out that tkisting LCA studies of LIB, including the studiesrmucted by

99  Notter et al. (2010) MajeauBettez et al. (2011), Dunn et al. (2012) @#itingsen et al., 2014) were carried out
100 when automotive LIBs were at their early commeizadlon stage which might be different from currpréctices.
101 Besides, Dai et al. (2019) also identified knowkedgps, such as the LCI data for graphite, LiRRd the

102  separator, which should be improved in future sisidi

103 Moreover, some studies have deeply discussed thwamental impacts during the recycling proceskI8fs.
104  (Dunn et al., 2012) calculated the energy consuametthe air emissions generated when recycling lbdteries
105 inthe U.S. and estimated that direct recyclingld@void 48% energy consumption associated witary

106  material production. (Hendrickson et al., 2015}idiguished hydrometallurgical and pyrometallurgieagycling
107 methods of LMO, LFP, and NCM batteries, and thelteshowed that hydrometallurgy achieves greatergy

108 savings.

109 Although several LCA studies assessed LIBs, theggmted significantly different results with large
110 uncertainties associated with data and results ¢Dal., 2019; Ellingsen et al., 2017; Peters g8l17). First, for
111 the background data, most of these studies useddary LCI databases, disunified LCI databasebtevature
112 publications as data sources. In addition, forftiheground data, most studies were conducted t@sedevious
113 literature publications, engineering calculationd aecondary data, and therefore did not reflectthrent

114  commercial-scale automotive LIB production. Furthere, for the life cycle stages, most studies émtyised on

5
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production (cradle-to-gate), while only a few halearly assessed the end-of-life stage. Therefioieessential to
assess the life cycle environmental impacts of bk primary life cycle data in the context of @hiand identify

the potential for reducing the environmental impaaftLIBs.
3 Methods
3.1 Goal and scope

The goal of this study is to assess the environahémpacts of NCM batteries within the battery Iifgcle and
to identify the key contributory processes explgiimprovement opportunities. In this study, thectional unit is
defined as 1 kWh of the NCM 622 pack for a passeB&®/. As shown in Figure 1, the system boundarimger
the life cycle stages of the LIB, including matépeeparation, production and end-of-life stagdse Tise stage is
excluded in the LIB’s system boundaries due tddhge uncertainty of some key parameters, sucheassal world
driving cycles, different charging behaviors, batteeplacement times, and the lack of unified at@n method of

the electricity consumption of the battery pack.

This study was conducted in accordance with thecjpies of the 1ISO 14040 series standards for LIS&(
2006) SimaPro 8 software (PRé Sustainability, Ngdnels) was used as a support tool to establish@femodel

and perform the impact assessment.
3.2 Methods and databases

To collect the cradle to grave primary LCI datas $tudy conducted onsite investigations in sixlieg LIB
factories (with a total China market share of oX&% in 2018), five leading LIB material producedawo battery
recycling corporations from 2017 to 2019 in Chi@ansidering the representative and completeneteainsite
data, this study chose the primary data from twimé&de leading LIB suppliers (world’s top three)ptleading
cathode material producer (world’s top five), amd battery recycling corporation (one owned bywlgld's top
three LIB supplier, and the other one is the werdading waste battery and cobalt nickel tungsiem metal

recycling corporation). A sensitivity analysis hBesen conducted to evaluate the data uncertainties.

The upstream materials and energy flows for NCM p@zursor and NCM 622 production were obtained

from onsite investigations of two leading cathodsenial producer in 2018 in China, which are ofwweld’s top

five NCM suppliers(Tables S 2 and S 3). For the LCI data of dimetlaybonate (DMC), polyvinylidene fluoride
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(PVDF) and electronic parts, the foreground dateeveequired from the GREET 2018 (Greenhouse Gases,
Regulated Emissions, and Energy Use in Transponjathodel,(ANL GREET, 2018). The background dataewe
primarily based on the China Automotive Life CyElatabase (CALCD) (Sun et al., 2015; Sun et al.,720dith
Ecoinvent 3.0 database as supplements. The CALGRahChinese LCI database developed by the China
Automotive Technology and Research Center, is age®based life cycle database. Detailed dataeourc

information is listed in Table S 1, Table S 2 arahlE S 3 in the Supporting Information.

The CML-IA baseline V3.02 method developed by th&titute of Environmental Sciences of Leiden
University is selected as the base method. Six éinpategories, including primary energy demand (Rg@bal
warming potential (GWP), acidification potentialRfy photochemical oxidant creation potential (PQCP)
eutrophication potential (EP) and human toxicitygmtial (HTP) are chosen from this approach tossstee impact
characterization results, and these categoriesamity communicated, of general interest, and it@mbwith

respect to LIBs As a comparison, ReCiPe Midpoint (H) V1.11 / WdRdcipe H method is applied to present ten

impact categories. The normalization and weighgihgses are not included in this study.

3.3 Lifecycleinventory analysis

3.3.1Material preparation

For the investigated NCM 622 pack in this studyichtis used by one passenger car, the pack enepacity
is 72.5 kWh, the pack weight is 630 kg, and thdeclite is 2000 times or 10 yearsThe energy density of the
battery is 180 Wh/kg at the cell level and 115 Vgtdk the pack level. Figure 2 shows the materiaisitions of
a 1 kwh LIB pack, including the cell materials drattery components. The cathode active materiaMNg2,
accounts for 26.7% of the total LIB mass. The anadt®&e material, graphite, accounts for 15.3%heftbtal LIB
mass. The wrought aluminum used for the cathoddrelte and enclosure represents 23.0% of thelttBamass.
The copper used for the anode electrode and ternepeesents 8.6% of the total LIB mass. The etdyies,
including LiPF;, Ethylene Carbonate (EC) and DMC, account for %B8d5 the total LIB mass. The polypropylene
used for the separator comprises 1.5% of the tdBamass. The battery components, including stéelmal
insulation, coolant electronic parts and wroughtrahum, account for 9.3% of the LIB mass. Detaiteaterial

compositions of NCM 622 pack are presented in T&bdein the Supporting Information.
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3.3.2Production stage

The production stage of NCM 622 battery includdsrnanufacturing, module and pack assembly. Cell
manufacturing consists of the mixing, coating andnd), vacuum drying and formation processes. Tiiragry data
are based on a cell production capacity of ned@8Vh/yr. A process-based and attributional appgraeas used

to compile the inventory data.

In order to manufacture 1 kwWh of cell, 72.0 MJ Ilefotricity and 34.0 MJ of steam are consumed. Tdaging
and drying process (dry room) consumes 25.2 MJ j35%lectricity and 17.0 MJ (50%) of steam for
dehumidification. Subsequently, the electrode vatduying process consumes 28.8 MJ (40%) of eleégtrand
17.0 MJ (50%) of steam. Then, the formation processumes 10.8 MJ (15%) of electricity. In addifitire
mixing process and module and pack assembly precessmes 3.6 MJ (5%) of electricity, respectivElgergy

consumption for per kWh NCM 622 battery productéma presented in Table S6 in the Supporting Inftiona

Therefore, considering the 4 MJ/kWh electricityuigd to fully charge the battery, it is estimatledt the total
energy consumption of the LIB production is 110.0/kh. The vacuum drying contributes the largeatrsh
(42%) of the total energy demand, followed by thating and drying process (38%). Formation accofant$0%
of the total energy demand. While the contributtbmixing process and module and pack assemblyegsoare
relatively lower than the other processes, accagrftr 3%, respectively. Besides, 33.9 kg watersisd in the

mixing process, an@0 g particulate matter is emitted during the 1 kdgh manufacturing.

3.3.3End-of-life stage

The current main recycling technology for waste ifBlude physical dismantling (Saeki et al., 20@dang et
al., 2007), pyrometallurgy (Bahat et al., 2007; &enal., 2013) and hydrometallurgy (Chen et @15 Nayaka et
al., 2016; Sun and Qiu, 2012). In hydrometallurgg materials in LIBs are selectively dissolved lnemical
solvents and the metal elements are separatedeinetithate. It could be used alone or in combinatidth
pyrometallurgy and does not require high equiprmemd processing cost (Nayaka et al., 2016). Undémaged
experimental conditions the recovery efficiency9& 7% for Ni, 97.1% for Mn, 98.2% for Co and 81.066 Li
could be attained (Chen et al., 2015). Due to tliewapplication of hydrometallurgical methods fecycling waste
LIBs in China and in order to simplify our modelis assumed that used NCM 622 batteries are 1@M#cted and

recycled by hydrometallurgical methods to feed iNtOGM 622 production loop and thus avoid the prouncof
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primary materials, such as steel, aluminum, polgglene and copper. From the onsite investigationgwio

Chinese large waste battery recycling corporatior@duding the one owned by the world’s top thrdB kupplier

(Xie et al., 2015), and the other one that is tleldis leading waste battery and cobalt nickel steg rare metal

recycling corporation, the inventory data assodiatéh the recycling of 1 kWh of waste LIBs are shmoin Table

1. The primary data is based on a waste batteaynent capacity of 3,000t/yr.

Table 1 Inventory Data for the Recycling of 1 kWiastéeé NCM 622 Lithium-lon Power Battery

Category Name Value Unit
Materials Waste NCM battery 1.0 kwh
H,SO, (98%) 9.6 kg
HCI (30%) 0.3 kg
NaOH (30%) 16.3 kg
Na,COq 0.2 kg
Ammonia (28%) 1.0 kg
Extracting reagent P507 17.4 g
Kerosene 42.5 g
H,0O, 3.2 kg
Industrial water 121.6 kg
Li,CO; 11 kg
Energy Electricity 20.3 kWh
Natural gas 1.2 m3
Emissions Wastewater 86.9 kg
Ammonia nitrogen 0.5 g
CO, 0.6 kg
SO, 0.01 kg
Dust 3.1 kg
Recycled Polypropylene 0.1 kg
Substances  Copper 0.7 kg
Aluminum 1.8 kg
Steel 0.1 kg
NCM Precursor 2.1 kg

4 Results and Discussion

4.1 Life cycle assessment results

The LCA results for the six environmental impactegories are shown in Figure 3. The material prajar

stage is the primary contributor to all of the sixvironmental impact categories, accounting forertban 95% of

the total value, respectively. These impacts armlgattributed to the production of the cathodé¢iec material

9
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(NCM 622), wrought aluminum and DMC. For POCP anidPtthe contribution from the material preparattege
takes account of around 200%, largely due to tredymtion of wrought aluminum. The contribution dfet
production stage is relatively lower than the niatgoreparation stage, accounting for 20.3% of tital GWP,
12.8% of the total PED and 9.2% of the total AR .of the total POCP, around 2% of the total EP i,
respectively. In the production stage, cell mantfieg is the main contributor (around 95%) for sik impact
categories due to the high energy consumptionalf@ix impact categories, the end-of-life stagatdbutions are
negative. Waste NCM 622 battery recycling in thd-eftlife stage can reduce 0.03 kgHz e (105.2%) of the life
cycle POCP and 41.6 kg 1,4-DB e (139.8%) of theedifcle HTP, mainly because of the recycling ofteagought
aluminum. Besides, waste NCM 622 battery recyctingld also reduce 30.9 kg G@ (33.0%) of the life cycle
GWP and 158.3 MJ (14.7%) of the life cycle PED, tlu¢he reproducing of NCM 622. The life cycle asseent

results for per kg NCM 622 battery are shown inl&&h7 in the Supporting Information.

Table 2 presents the LCIA results of 10 types gfast categories by using the ReCiPe Midpoint (H)I\LY
World Recipe H RECIPE method. It is found that tesults of GWP, AP, POCP, EP and HTP are simildhdse

assessed by the CML-IA baseline V3.02 method.

Table 2 Life cycle assessment results for per kVZiMN\622 battery (ReCiPe Midpoint (H) V1.11/ World dRee H)

Impact category Unit Material  Production  End-oklif Total
Climate Change (GWP) kg Geq 105.47 19.01 -30.91 93.57
Terrestrial acidification (AP) kg SCeq 0.47 0.05 -0.03 049
Photochemical oxidant formation (POCP) kg NMVOC 2.3 0.04 -0.09 0.29
Freshwater eutrophication (EP) kg P eq 0.01 0.00 000. 0.01
Marine eutrophication (EP) kg N eq 0.13 0.00 -0.110.02
Human toxicity (HTP) kg 1,4-DB eq 26.01 0.61 -14.092.53
Terrestrial ecotoxicity kg 1,4-DB eq 0.03 0.00 -0.02 0.01
Freshwater ecotoxicity kg 1,4-DB eq 21.43 0.00 -19.93 15
Particulate matter formation kg PM10 eq 0.15 0.01 0.0% 0.15
Metal depletion kg Fe eq 6.06 0.00 1.73 7.79
Fossil depletion kg oil eq 24.67 3.12 -3.65 24.14

4.2 ldentification of significant environmental impacts

Figure 4 presents the relative contributions inrttegerial preparation stage of 1 kWh NCM 622 bgttEor
the PED and GWP, the cathode active material (NQR) @nd wrought aluminum are the top two contribsjto
together accounting for around 75% of the batteayemials. 60% of the AP, more than 40% of the PB® @WP is

contributed by the NCM 622. Wrought aluminum is thest substantial contributor to the POCP and HTP,

10
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accounting for more than 60% and 70% of the batteaterials, respectively. For the EP, however ptteelominant
contributor is the electrolytes DMC (73.3%), follesvby NCM 622 (15.4%). Graphite contributes 10.8%ilhe

PED, 6.9% for the GWP, 4.2% for the AP and less 24 in the other three impact categories in theera
preparation stage. For all the six impact categodepper, LiPfFand electronic parts account for less than 4%, 7%

and 7% of the battery materials, respectively.

Figure 5 shows the relative contributions in thedarction stage of 1 kWh NCM 622 battery. Vacuuniryy
process accounts for the largest proportion (nuaa 840%) for all the six environmental impact categg,
followed by the coating and drying (around 36%)e duithe large share of the energy demand in these
processes. Formation contributes to 10%~15% fosithenvironmental impact categories. The mixingcess and
module and pack assembly process account forhass5% for the six environmental impact categories,

respectively.

4.3 Comparative analysis

We compare the GHG emissions of NCM battery pradodimaterial preparation and production) with
existing literature studies in Figure 6. The t@&#lG emissions are disaggregated and associated@litmaterials,
battery components, cell manufacturing, module@aak assembly and others. Figure 6 reports gregticen in
the overall production GHG emissions with resudiisging between 73 and 200 kg £€kWh, showing different
contributions from cell materials, battery compasenell manufacturing and module and pack asseriibly result
for NCM battery production GHG emissions in thigdstis 124.5 kg C®e/kWh, which is similar to that reported
by USEPA (2013) The production GHG emissions determined by MajesdieR et al. (2011) where inventory data
from Ecoinvent 2.2 database were used are neadyitaes higher than this study. They based thedrggndata on
industry reports published nearly 15 years agtheit early commercialization stagéherefore it might not reflect
current NCM battery production practices (Dai et 2019; Rydh and Sandén, 2005). It seems thatgskin et al.
(2014) and Kim et al. (2016) where inventory datarf Ecoinvent 3.1 database were used overestintateehergy
consumption during the cell manufacturing procegsch are more than three times higher than thoseis study.
The GHG emissions of the plant in the study ofrigiiien et al. (2014) and the underutilization ofgtaat in the
study of Kim et al. (2016) would lead to the ovéiraation of energy intensity for cell productiongiet al., 2019).

The GHG emissions for cell manufacturing of thisdst(NCM 622) is similar with those of the studyldi et al.

11
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(2019) (NCM 111), because the energy consumptiten afathis process are both based on Chinese festdrhe
GHG emissions for cell materials of this study isctm higher than Dai et al. (2019) where inventatadvere also
supplemented by GREET model, as our study is folIN22 which represents the state-of-art technologyhina,
while Dai et al. (2019) analyzed NCM 111 which esg@nts the old-fashioned technology in China. Thegrtion
of GHG emissions in the module and pack assembbsgsthan 1% for all the studies except MajeaeRedt al.

(2011) (3%).

4.4 Sensitivity analysis

As shown in the section 4.1, the material prepanagtage is the primary contributor to all the six
environmental impact categories, especially fordathode active material, NCM622. The current trehdCM
battery technology is to replace NMC622 by NMC8IHerefore, the sensitivity analysis is performeeévaluate
the impacts of replacing NMC622 by NMC811. Basedxrpert consultation, the mass of cathode activieeriad
and battery energy density of the LIB are assuradzbtnot change despite the changes of the catiutide
material chemistry . The sensitivity analysis resahow that the total life cycle GWP, AP and PQGRId be
increased by around 1%, while the total life cyelED, EP and HTP could be increased slightly bytless 0.3%.
This is primarily because the increased conteiNisf,in the production of NCM 811 Precursor results in
increased consumptions of steam, LiOH and oxygethfofinal production of NCM 811 relative to pey & NCM

622 (see Table S 2 and S 3 in the Supporting Irddom).

5 Conclusions

In this study, the environmental impacts of the noasnmonly used NCM 622 battery for passenger BI&Vs
China were assessed throughout the life cycle. &yimdata were collected from two Chinese leadirg) slippliers
(world’s top three), two leading cathode materiaducer (world’s top five), and two battery recygjicorporations
(one is owned by the world’s top three LIB suppleand the other one is the world's leading wastietyeand
cobalt nickel tungsten rare metal recycling corgiorg from 2017 to 2019. The evaluation is preserieterms of
six impact categories following the CML-IA baseli%8.02 method: primary energy demand (PED), global
warming potential (GWP), acidification potential#y photochemical oxidant creation potential (PQCP)

eutrophication potential (EP), and human toxicibtygmtial (HTP). The study results can be listetbdsws.
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Firstly, the material preparation stage is thedatgontributor to all the six environmental impeategories,
largely due to the production of the cathode acthaterial (NCM 622), wrought aluminum and electtety The
contribution of the production stage is relatividyer than the material preparation stage. WasBerkekycling in
the end-of-life stage could largely reduce the tifele POCP and HTP of LIB, mainly because of #eycling of
waste wrought aluminum. Secondly, in the materi@ppration stage, the battery cell materials, ihidg the
cathode active material and wrought aluminum aeeptedominant contributors to the PED and GWP. \ghou
aluminum is the most substantial contributor to BF@CP and HTP, while the electrolytes are the prédant
contributor to the EP. Besides, electronic make®rsiderable contribution to the HTP. In the prditurc stage,
vacuum drying and coating and drying processeshar¢op two contributors. Finally, from the senasfyi analysis,

replacing NMC622 by NMC811 as the cathode activéenel could increase all the six environmental aTis.

However, the use stage is not included in the NQ®! Iattery’s system boundaries due to the largentaiaty
of some key parameters, such as the real worldndrisycles, different charging behaviors, batteyylacement
times, and the lack of unified allocation methodhaf electricity consumption of the battery packefiefore, when
considering the whole LIB life cycle, it could cauguite different results for different impacts whacluding the
use stage which shall be evaluated in the futwdiest when the key information is available. Ineortb better
perform LIB eco-design, future LIB technologies slibalso emphasize by optimizing of the cathodi&vect

material with the preference on the impacts ofedéht life cycle stages.

In addition, with the progress of LIB technologgntinued environmental LCA efforts combined witle tost
analysis based on primary data, especially forgbgcling stage, are necessary to provide efficttegies for
full life cycle environmental impact reduction ifBs and the whole value chain in sustainable dgrmaknt of

BEVs.
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309 Nomenclature

Name Abbreviation
Acidification potential AP

Battery electric vehicles BEVs

China automotive life cycle database CALCD
Dimethyl carbonate DMC
Ethylene carbonate EC
Eutrophication potential EP

Fuel cell electric vehicles FCVs

Global warming potential GWP
Human toxicity potential HTP

Life cycle assessment LCA

Life cycle inventory LCI

Lithium iron phosphate LiFePQ, LFP
Lithium manganese oxide LiMn ;04, LMO
Lithium nickel cobalt manganese oxide LiNiCo,Mn,0,, NCM
Lithium-ion power batteries LIBs
Lithium-ion power battery LIB

New energy vehicles NEVs
Photochemical oxidant creation potential POCP
Plug-in hybrid electric vehicles PHEVs
Polyvinylidene fluoride PVDF
Primary energy demand PED
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Figure captions

Figure 1 System boundaries of NCM 622 batteriesueliteg use phase

Figure 2 Material compositions of per kWh NCM 624tbry

Figure 3 Life cycle assessment results for per RW@M 622 battery (CML-IA baseline V3.02)
Figure 4 Relative contributions of per kWh NCM @2&tery material

Figure 5 Relative contributions of per kWh NCM @2&ttery production

Figure 6 GHG emissions of per kWh NCM battery picithn
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Mass (kg/kwh)

Cell materials

Material name

B Active Material: NCM622
Graphite

[ Binder: Polyvinylidene Fluoride (PVDF)
Copper

B Wrought Aluminum

[ Electrolyte: LiPF6

¥ Electrolyte: Ethylene Carbonate
Electrolyte: Dimethyl Carbonate

B Plastic: Polypropylene

[ Steel

B Thermal Insulation

[ Coolant: Glycol

M Electronic Parts

== ==

Battery components

energy density x the material mass percentageeqgbaiak) x¥1000

Figure 2 Material compositions of per kWh NCM 62&tbry. The material masses per kWh is calculayeghck
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Life cyle stage  PED (MI) GWP (kgCO2¢) AP (kg$02¢) POCP (kgC2H4¢) EP (kgPO43-¢) HTP (kgl4-DBe)
Material 1,097.80 105.47 0.51 0.05 0.24 70.79
Production 137.51 19.01 0.05 0.00 0.00 0.56
End-of life -158.29 30,01 0.02 0.03 0.01 ~41.60
00 Grand Total 1,077.01 03.56 0.54 0.03 0.23 20.75
4

401 Figure 3 Life cycle assessment results for per RWaIIM 622 battery (CML-IA baseline V3.02)

402
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405  Figure 4 Relative contributions of per kwWh NCM @2#tery material
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Impact category

PED (MJ)

GWP (kg CO2 €)

AP (kg SO2 ¢)

POCP (kg C2H4 €)

EP (kg PO43-¢)
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Process name

M Module and pack assembly M Coating and drying
B Formation M Mixing
M Vacuum drying

407

408 Figure 5 Relative contributions of per kWh NCM @2&tery production
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Figure 6 GHG emissions of per kWh NCM battery pretthn

22



10

11

12

13

14

Supporting Information

Life cycle assessment of lithium nickel cobalt manganese oxide

(NCM) batteriesfor electric passenger vehicles

Xin Sun®®, Xiaoli Luo®®, Zhan Zhang®®, Fanran Meng®, Jianxin Y ang?® *

& State Key Laboratory of Urban and Regional Ecology, Research Center for Eco-Environmental
Sciences, Chinese Academy of Sciences, No.18 Shuangging road, Haidian District, Beijing 100085,

China

PCollege of Resources and Environment, University of Chinese Academy of Sciences, No. 80 East

Zhongguancun Road, Haidian District, Beijing 100190, China

“China A utomotive Technology and Research Center Co., Ltd, No. 68 East Xianfeng Road, Dongli

District, Tianjin 300300, China

dFaculty of Engineering, University of Nottingham, Nottingham, NG7 2RD, UK

1/6



15

16

17

18

19

20

21

22

23

Asshown in Table S1, LCI data of metals (copper, wrought aluminum, steel and graphite), plastic

(polypropylene), electrolytes (LiPFs and ethylene carbonate (EC)), coolant, energy and resources

(electricity, steam, natural gas and water) were acquired from China Automotive Life Cycle Database

(CALCD).

CALCD represents the Chinese automotive industry and includes more than 20,000 unit

processes, such as basic processes and product data (transportation and waste treatment as well as

metals, minerals, plastics, water, chemicals, fuels, energy production, etc.) and life cycle data of auto

parts, conventional vehiclesand NEVs.

Table S 1 Data Source List

Name Data source

Material

NCM Precursor Factory survey

Active Material: NCM Factory survey

Graphite Factory survey

Binder: PVDF GREET 2018, CALCD 2018
Copper CALCD 2018

Wrought Aluminum CALCD 2018

Electrolyte: LiPFg CALCD 2018

Electrolyte: EC CALCD 2018

Electrolyte: DMC GREET 2018, CALCD 2018
Plastic: Polypropylene CALCD 2018

Steel CALCD 2018

Thermal Insulation CALCD 2018

Coolant; Glycol CALCD 2018

Electronic Parts
Energy and resources

GREET 2018, CALCD 2018

Electricity CALCD 2018
Steam CALCD 2018
Natural gas CALCD 2018
Water CALCD 2018
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24  Table S2 Materials and Energy Flows for per kg NCM Precursor Production

Unit NCM622 NCM811 Data source

Material inputs
NiSO, kg 1.0 13 Factory survey
CoS0;, kg 0.3 0.2 GREET 2018, CALCD 2018
MnSO, kg 0.3 0.2 Factory survey
NaOH (100%) kg 0.9 0.9 Ecoinvent 3.0
NH,4OH (100%) kg 0.1 0.1 Ecoinvent 3.0
Energy consumption
Natural gas m’ 11 11 CALCD 2018
Water consumption
Water m’ 0.6 0.6 CALCD 2018

25

26  Table S3 Materials and Energy Flows for per kg NCM Production

Unit NCM622 NCM811 Data source

Material inputs
Precursor kg 10 10 Factory survey
Li,COg kg 0.4 -- Ecoinvent 3.0
LiOH kg -- 04
Oxygen m® 3.0 32 Ecoinvent 3.0
Energy consumption
Electricity MJ 36.0 36.0 CALCD 2018
Steam MJ 6.8 11.9 CALCD 2018
Water consumption
Water m’ 0.0003 0.0009 CALCD 2018

27

28

29
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Table S4 Life Cycle Inventory for per kg Li,COs, LiOH and LiPFg Production

Unit Li,COs LiOH LiPFg
Inputs
Calcite kg 0.9 33 10.7
Cod kg 0.6 12 8.1
Fluorspar g 0.0 0.0 148.2
Gravel kg 22 35 75
Crude oil kg 0.3 0.6 1.8
Sodium chloride kg 0.9 14 16
Carbon dioxide g 85.5 151.8 901.6
Fluorine g 0.0 0.0 342.9
Iron g 374 72.5 301.0
Phosphorus g 0.1 0.2 1369.3
Emission to air
Carbon dioxide kg 0.2 1.0 23.6
Carbon monoxide g 5.1 14.6 137.7
Phosphorus trichloride g 0.0 0.0 348.3
Sulfur dioxide g 10.0 21.2 241.1
Sulfate g 10.5 19.9 123.0
Emission to water
Calcium g 62.0 131.8 35.0
Chloride g 159.8 245.8 229.8
Magnesium g 0.2 0.5 3.0
Silicon g 4.0 8.7 38.5
Sodium g 105 19.9 123.0
Suspended solids g 6.5 16.4 123.7
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Table S5 BOM of the reference 72.5 kWh NCM 622 battery pack

Material name Mass (kg) Percentage Material type

Active Material: NCM 622 168.3 26.7% Cell materials

Graphite 96.2 15.3% Cell materials

Binder: Polyvinylidene Fluoride 12.0 1.9% Cell materias

(PVDF)

Copper 54.1 8.6% Cell materials

Wrought Aluminum 145.1 23.0% 18.1% for cell materials, 4.9%
for battery components

Electrolyte: LiPFg 7.2 1.1% Cell materials

Electrolyte: Ethylene Carbonate 75.2 11.9% Cell materials

Electrolyte: Dimethyl Carbonate  34.3 5.4% Cell materials

Plastic: Polypropylene 9.6 1.5% Cell materials

Steel 6.3 1.0% Battery components

Thermal Insulation 19 0.3% Battery components

Coolant; Glycol 101 1.6% Battery components

Electronic Parts 9.5 1.5% Battery components

Table S 6 Energy consumption for per kWh NCM 622 battery production

Cell manufacturing

Module and pack
. Coating and Vacuum _ Totd
Mixing , _ Formation assembly
drying drying

Electricity (MJKkWh) 3.6 252 28.8 10.8 36 720
Steam (MJkWh) 17.0 17.0 34.0
Water (kg/kWh) 339 339
Table S 7 Life cycle assessment results for per kg NCM 622 battery
Impact category Raw material Production End-of-life Total
PED (MJ) 118.3396 9.5002 -11.0553 116.7845
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GWP (kg CO, €) 11.4301 1.9852 -2.9232 10.4920
AP (kg SO; €) 0.0539 0.0053 0.0019 0.0610
POCP (kg C,H, €) 0.0055 0.0002 -0.0029 0.0028
EP (kg PO, €) 0.0311 0.0006 0.0031 0.0348
HTP (kg 1,4-DB ¢€) 9.6152 0.0473 -3.8837 5.7788
Table S 8 Life cycle assessment results for per kg Li,COs, LiOH and LiPFg Production

I mpact category Li,COg LiOH LiPFg
PED (MJ) 33.5528 71.4924 317.4423
GWP (kg CO;, €) 2.6085 6.2171 29.2780
AP (kg SO, €) 0.0203 0.0401 0.3417
POCP (kg C;H,4 €) 0.0007 0.0017 0.0164
EP (kg PO,* ) 0.0032 0.0066 0.0286
HTP (kg 1,4-DB €) 0.7016 1.5142 29.6353
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