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Abstract: Lithium-ion batteries (LIBs) deployed in battery energy storage systems (BESS) can reduce
the carbon intensity of the electricity-generating sector and improve environmental sustainability.
The aim of this study is to use life cycle assessment (LCA) modeling, using data from peer-reviewed
literature and public and private sources, to quantify environmental impacts along the supply chain
for cobalt, a crucial component in many types of LIBs. The study seeks to understand where in the
life cycle stage the environmental impacts are highest, thus highlighting actions that can be taken to
improve sustainability of the LIB supply chain. The system boundary for this LCA is cradle-to-gate.
Impact assessment follows ReCiPe Midpoint (H) 2016. We assume a 30-year modeling period, with
augmentation occurring at the end of the 3rd, 7th, and 14th years of operations, before a complete
replacement in the 21st year. Three refinery locations (China, Canada, and Finland), a range of ore
grades, and five battery chemistries (NMC111, NMC532, NMC622, NMC811, and NCA) are used
in scenarios to better estimate their effect on the life cycle impacts. Insights from the study are that
impacts along nearly all pathways increase according to an inverse power-law relationship with ore
grade; refining outside of China can reduce global warming potential (GWP) by over 12%; and GWP
impacts for cobalt used in NCA and other NMC battery chemistries are 63% and 45–74% lower than
in NMC111, respectively. When analyzed on a single-score basis, marine and freshwater ecotoxicity
are prominent. For an ore grade of 0.3%, the GWP values for the Canada route decrease at a rate
of 58% to 65%, and those for Finland route decrease by 71% to 76% from the base case. Statistical
analysis shows that cobalt content in the battery is the highest predictor (R2 = 0.988), followed by the
ore grade (R2 = 0.966) and refining location (R2 = 0.766), when assessed for correlation individually.
The results presented here point to areas where environmental burdens of LIBs can be reduced, and
thus they are helpful to policy and investment decision makers.

Keywords: life cycle assessment; cobalt; supply chain; lithium-ion batteries; environmental sustainability

1. Introduction

Cobalt is a key ingredient in lithium-ion batteries (LIBs). Demand for LIBs is expected
to increase by 15 times by 2030 [1,2] due to increased wind and solar generation paired
with battery energy storage systems (BESS). By 2025, the International Energy Agency
(IEA) [3] predicts that a rise in LIB demand, to meet the goals outlined in the Paris Climate
Accords, could increase the need for cobalt by 2500% (Supplementary Materials Figure S1).
LIBs used in electric vehicles (EVs) represent the main catalyst for the increased demand
of cobalt, rising with the increasing shift to low-carbon fuel technologies. Most of the
cobalt supply chain is controlled by a few countries (Table S1). For example, in 2020, the
Democratic Republic of the Congo (DRC) accounted for 69% of global mine production,
10 times greater than Russia, the next largest producer [4,5]. According to the United
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States Geological Survey [6], the DRC has the world’s largest reserves of cobalt ore, so its
dominance in the production of mined cobalt will likely continue in the foreseeable future.

Like the market for mined cobalt, refined cobalt products are centralized in a single
country, with China accounting for 67% of the world’s refined battery-grade cobalt sulfate
(CoSO4) capacity in 2020 [7]. There is little possibility for substitution in the near term
because, other than China, only Finland has significant refining capacity for cobalt materials
needed for LIBs, accounting for only 10% of total supply in 2020 [7]. The United States
recently has taken steps to increase domestic cobalt supplies with the announcement in
February 2022 of a USD 3 billion investment toward increasing domestic supplies of refined
battery metals, including cobalt [2,8]. Data and insights into the environmental impacts of
the cobalt supply chain are necessary for policy makers as they consider choices in planning
for at-scale energy systems by the middle of the 21st century.

Previous research has demonstrated human health impacts, water pollution, acid mine
drainage, greenhouse gas (GHG) pollution, and agricultural contamination associated with
cobalt mining in the DRC [9–14]. Others have found that cobalt-bearing LIB chemistries
can impart greater impacts on the environment than cobalt-free chemistries [15]. As cobalt
demand increases so too will the need to understand the environmental impacts more fully,
so they can be managed effectively and potentially mitigated or avoided altogether.

Life cycle assessment (LCA) is an internationally standardized, analytical method used
in evaluating the full scope of environmental impacts across an entire product life [16]. LCA
studies of systems or processes can identify prospects of enhancements and/or highlight
appropriate substitutions [17–21]. Recently, LCA has grown in popularity for comparing
the direct and indirect environmental burdens of energy systems, especially for renewable
technologies such as solar panels, wind turbines, battery energy storage systems (BESS),
or LIBs [22]. LIBs consist of many significant materials, including metals. LCA studies
of metals from mining to end of life have been reported in the literature. Arshad et al.
(2022) [23] presented a critical review of noteworthy LCA studies on LIBs, some of which
focus on metals and mainly on the extraction process. There are published LCA studies on
different variants of LIBs (Table S2) [24–36]. Some relevant studies of metals essential to an
LIB are cited in Table 1.

Table 1. LCA studies of metals used in LIBs.

Reference Metal under Study Life Cycle Phases Included
in System Boundary Scope of the Analysis

Schenker et al., 2022 [37] Battery-grade Li2CO3 Cradle to gate, recycling Life cycle environmental assessment

Farjana et al., 2019 (a) [38] Cobalt Extraction Life cycle environmental assessment

Mistry et al., 2015 [39] Nickel Cradle to gate Primary energy demand,
Global warming potential

Schmidt et al., 2016 [15] Nickel and cobalt Cradle to gate Life cycle environmental assessment

Engels et al., 2022 [40] Natural graphite Cradle to gate Global warming potential

Farjana et al., 2019 (b) [41] Aluminum Cradle to gate Life cycle environmental assessment

Even given the results of these studies, intercomparison is often difficult because
of lack of transparency in data sources in LCAs, or lack of data themselves, including
data on cobalt [42]. For example, in a frequently cited LCA on LIBs, Majeau-Bettez et al.
(2011) [43] used data for the production of metallic cobalt, which is not used in LIBs, due
to a lack of data availability for the refining of CoSO4. Their study did not disaggregate
the results across the cobalt supply chain processes, so differentiating impacts between
specific processes or identifying the sources contributing to the impacts is not possible.
Other studies have since relied on the results from Majeau-Bettez et al. (2011) [43] when
conducting additional LCAs [44,45], indicating that the results of these LCAs may not
reflect the impacts of the real-world cobalt supply chain. Dai et al. (2019) [35] do include
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site-specific data from their earlier study of the cobalt supply chain [46], but the results are
not disaggregated at a process level. Kelly et al. (2020) [47] analyzed CoSO4 refining in
five countries (the United States, China, Japan, South Korea, and Europe) and showed that
changing the refinery location will affect the environmental impacts of the cobalt supply
chain. However, the results also are not disaggregated. Crenna et al. (2021) [48] noted
that allocation method (i.e., how the impacts are apportioned when a process has multiple
products) in LCA can vary the results attributed to cobalt. Because cobalt was worth five
times more than copper at the time of the study, the impacts attributed to cobalt, when
allocated based on economic value, were much higher than when they were allocated based
on mass. Crenna et al. (2021) [48] also emphasized the value of disaggregating the supply
chain because, for example, varying electricity mixes used for different industrial processes
can change the results compared to an aggregated analysis.

LCAs specific to the cobalt supply chain often only include data from a single pro-
duction route, limiting identification of how the impacts vary as new refineries come
online [46,49–51]. Like other types of LCAs, studies pertaining to cobalt often rely on back-
ground databases as data sources, especially the Ecoinvent product [52], providing results
that may not be representative of products and technologies used today [38,53]. Because
data on cobalt refining in Ecoinvent (v 2.2) used for these studies were an approximation
based on data gathered from nickel refining decades prior, Arvidsson et al. (2020) [54] have
questioned the accuracy of the results. Arvidsson et al. (2022) [55] subsequently presented
the health impacts of an LIB containing cobalt using an aggregated LCA approach. A
detailed, cradle-to-gate LCA of CoSO4 production from a nickel–copper cobalt mine in
China has been reported by Zhang et al. (2021) [51].

While the studies listed above provide important information on environmental im-
pacts from LIBs containing cobalt, they tend to aggregate the results across the supply chain;
attributing impacts to specific supply chain processes is not possible. To our knowledge,
no studies have reported the environmental impacts of each process in the cobalt supply
chain that begins in the DRC, the largest producer of cobalt in the world, only a total for
the entire supply chain. Moreover, they do not consider how changes in ore grade will
manifest in environmental impacts.

This research paper presents a comprehensive disintegrated life cycle assessment of
the environmental impacts of cobalt production routes for LIBs, including a range of ore
grades. We assume that cobalt is sourced only from copper–cobalt deposits in the DRC,
although we assess different production routes. The goal of this research is to address the
following questions:

• Q1. What physical pathways and processes does cobalt undergo from extraction until
use in an LIB?

• Q2. What are the environmental (greenhouse gases (GHG), air, land, and water)
impacts of each process and life-cycle phase?

• Q3. How will changes in ore quality impact the environmental sustainability of extraction?
• Q4. How will changes in refinery location impact the environmental sustainability of

the cobalt supply chain for LIBs?
• Q5. How do the impacts of nickel manganese cobalt (NMC) and nickel cobalt alu-

minum (NCA) compare?

2. Materials and Methods
2.1. Life Cycle Assessment (LCA)

According to International Organization for Standardization (ISO) 14040—principles
and framework [56] and ISO 14044—requirements and guidelines [57], the LCA approach
consists of four main phases: (1) goal and scope definition, (2) life cycle inventory, (3) life
cycle impact assessment, and (4) interpretation and inferences. These phases are described
below. LCA model calculations used in this study were carried out using an OpenLCA
software package (version 1.10.3, Green Delta, Berlin, Germany).
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A pictorial representation of the material and energy flows of a general process is
shown in Figure 1.
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Figure 1. Definition of a unit process.

The cradle-to-gate burden vector for life cycle inventory {B} for unit production can be
expressed as in Equation (1):

{B}ctg = {B}mp + {B}mn f + {B}tr + {B}oper (1)

where ctg stands for cradle-to-gate, mp is the material production stage, mnf is the manufac-
turing stage, tr is transportation, and oper is operation. The material production energy of
any process or product is expressed as PEj which is the sum of the input energy components
(materials, fuel, and electricity) of the jth component. This can be mathematically expressed
as in Equation (2):

Emp = ∑ PE j × mj/Cj (2)

where Emp is the material production energy; j is the number of components in the process or
system; PEj is the production energy of the jth component; mj is the number of components;
and Cj is the production efficiency of putting material j into the unit in the amount mj.

2.1.1. Goal and Scope Definition

The goal of this study is to analyze the cradle-to-gate environmental impact of cobalt
when used as raw material for LIB production. The functional unit is 1 MWh of LIB
storage capacity.

The multiple geographic regions under study (Figure 2) represent prevailing condi-
tions or those expected in the future. In all scenarios, mining and processing are assumed
to be in the DRC. Three different geographic locations—China, Canada (North America),
and Finland (Europe)—are used for refining cobalt hydroxide (Co(OH)2) into battery-grade
cobalt sulfate (CoSO4). These locations were chosen given China and Finland’s dominance
in global refining capacity (67% and 10%, respectively) and the reported construction of
a new refinery in Canada. The different locations on three continents provided enough
spatial separation to show the significance of transportation distances. Cobalt supply chain
and inventory data are largely sourced from Dai et al. (2018) [46], other literature sources,
and the Ecoinvent database (version 3.8, [52]). We considered five battery technologies for
this study: NMC111, NMC532, NMC622, NMC811, and NCA. The cycle life, cobalt content,
and energy density of these different chemistries were gathered from literature sources
(Table 2). System boundaries for this analysis are shown in Figure 3.
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To ensure that environmental impacts are properly attributed to cobalt when a process
produces multiple coproducts, the material inputs and emissions are allocated based on
the mass of the coproducts. For cobalt chemicals, the impacts are allocated based on the
ratio of the molecular mass of cobalt to the molecular mass of the entire chemical, so that
the impacts are attributed only to cobalt rather than to other components [58].
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Table 2. Battery Specifications †.

Battery Cathode Formula Anode Cycle Life
(@80% DoD)

Life
(Years) ‡

Specific
Energy

(Wh/kg) [25]

Round Trip
Efficiency (%)

NMC111
Nickel manganese
cobalt (in the ratio

1:1:1)
LiNi1/3Mn1/3Co1/3O2

Graphite 7000–7300 20

143

90

NMC532
Nickel manganese
cobalt (in the ratio

0.5:0.3:0.2)
LiNi0.5Mn0.3Co0.2O2 259.26

NMC622
Nickel manganese
cobalt (in the ratio

0.6:0.2:0.2)
LiNi0.6Mn0.2Co0.2O2 269.17

NMC811
Nickel manganese
cobalt (in the ratio

0.8:0.1:0.1)
LiNi0.8Mn0.1Co0.1O2 278.75

NCA Nickel cobalt
aluminum LiNi0.8Co0.15Al0.05O2 279.12

†—Data from [59]; ‡—assuming 1 cycle/day.

The cradle-to-gate environmental impact of the system considered for analysis is given
by Equation (3):

EIctg = EI
(mining) + EI(processing) + EI(transportation) + EI(re f ining) (3)

where EI stands for environmental impact and ctg stands for cradle-to-gate. In our study,
the total environmental impact of the system within the boundary is the sum of the
impacts during mining of the ore, ore processing, transportation, and ore refining to be
used in the battery.

Referring to the general methodology in Section 2.1, material production in our study
is the sum of all the materials that go into the mining, processing, and refining stages.
Manufacturing refers to all the processes that contribute to the above stages.

2.1.2. Life Cycle Inventory

Individual processes and inventories used in the cobalt supply chain for LIBs are
identified from different geographic locations to assess how the impacts vary among
China, Canada, and Finland. Cobalt is incorporated into five types of LIBs: nickel cobalt
aluminum (NCA) and four types of nickel manganese cobalt, NMC111, NMC532, NMC622,
and NMC811, to show how the life cycle impacts vary across battery types.

The life cycle inventory (LCI) includes numerous processes and inputs that are fully
described in Section II of the Supplementary Materials section. We note that the analyses
assume an initial battery rating of 500 MW capacity and battery replenishment, due to
degradation, according to a specific schedule (Table 3).

Table 3. Battery augmentation rate used for analysis.

Year End
Battery

Capacity
(% of Rating)

Augmentation
(% of Rating)

Battery Installed
Capacity (% of Rating)

Useable Capacity
(% of Rating)

0 100 - 120.5 100

3 88.7 10 118.0 100

7 82.0 10 119.3 100

14 74.5 15 123.3 100

21 64.9
112

(Battery
replacement)

122 100
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2.1.3. Life Cycle Impact Assessment

The life cycle impact assessment (LCIA) method converts the material inputs, outputs,
and emissions of the LCI into quantifiable impacts on land, air, and water resources [60].
The ReCiPe 2016 midpoint H (hierarchist) LCIA method [61], used in this study is based
on a scientific consensus of the time frame and likelihood of impact mechanisms. Because
impacts can persist after the 30-year useful life of the electricity generating option, the
time horizon for the impacts included in this LCIA method is 100 years, which is the same
standard used by the EIA (2021) [62]. Impact categories included in the analysis are given
in Table 4.

Table 4. Impact categories considered in this study.

Impact Category Abbreviation Unit Damage Pathways

Fine particulate matter formation PMFP kg PM2.5eq Increased respiratory illness

Fossil resource scarcity FFP kg oileq Scarcity in fossil resources on earth

Freshwater
ecotoxicity FETP kg 1,4-DCB Loss of plant and aquatic life; increased risk of

cancer

Freshwater
eutrophication

potential
FEP kg Peq Loss of aquatic species

Global warming potential GWP kg CO2eq
Increased flood risk, human

disease, species decline

Human
carcinogenic

toxicity
HTPc kg 1,4-DCB Increased toxicity and human

disease

Human non-
carcinogenic

toxicity
HTPnc kg 1,4-DCB Increased toxicity and human disease which are

non-carcinogenic

Ionizing radiation IRP kBq Co-60eq Increased DNA damage

Land use LOP m2a cropeq Increased land footprint

Marine ecotoxicity METP kg 1,4-DCB Loss of plant and aquatic life;
increased risk of cancer

Marine
eutrophication

potential
MEP kg Neq Loss of aquatic species

Mineral resource scarcity SOP kg Cueq Scarcity of minerals on the earth

Ozone formation, human health OFHH kg NOxeq Increased threat to human health

Ozone formation, terrestrial
ecosystems OFTE kg NOxeq

Increased threat to terrestrial
ecosystems

Stratospheric ozone depletion ODP kg CFC-11eq Increased risk of disease

Terrestrial
acidification

potential
TAP kg SO2eq Loss of plant life

Terrestrial
ecotoxicity TETP kg 1,4-DCB Loss of plant species

Water depletion potential WDP m3 Loss of aquatic species; malnutrition

2.1.4. Experimental Design and Data Analysis

To study the influence of input parameters on the LCA impact pathways, 150 scenarios
were generated that include 10 variations in ore grade, 3 refinery locations, and 5 battery
types (Table 5). The base case considers an ore grade of 0.3% [63] and NMC111 battery
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chemistry. The mining and processing location is in the DRC, and the refining is performed
in China for the base case. The details are taken from Golder Associates, 2007 [64]. The
transportation details were from [65,66].

Table 5. Description of scenarios used in the analysis.

Scenarios Ore Grade
Mining +

Processing
Location

Battery
Chemistry

Refining
Location

Base Case 0.30% DRC NMC111 China

1–30

0.1–1% DRC

NMC111

China

Canada (NA)

Finland (EU)

31–60 NMC532

China

Canada (NA)

Finland (EU)

61–90 NMC622

China

Canada (NA)

Finland (EU)

91–120 NMC811

China

Canada (NA)

Finland (EU)

121–150 NCA

China

Canada (NA)

Finland (EU)

The output from each scenario includes results for each impact category (listed
in Table 4). Stepwise regression analysis is used to identify statistically relevant
variables [67,68] when determining environmental burden. The method analyzes the
sensitivity of the dependent variable to different independent variables. This method is
performed to rule out potentially insignificant independent parameters.

y = y0 + a1xε1
1 + a2xε2

2 + a3xε3
3 + . . . anxεn

n (4)

where x1, x2, . . ., xn are the n independent variables, a1,a2. . ., an are their coefficients, and
their powers are given by ε1,ε2. . ., εn. y is the dependent variable, and y0 is the constant.

In this analysis, ore grade, refining location, and battery type are the independent
variables, and GWP is the dependent variable (Table 6).

Table 6. Variables used in sensitivity analysis.

Independent Variables
Dependent

VariableOre Grade Fossil Fuel Generation at
Refining Location (%)

Cobalt Content in the
Battery Type (kg/MWh)

0.1–1%
China

Canada
Finland

75
18
29

NMC111 394

Global
Warming
Potential
(GWP)

NMC532 230

NMC622 190

NMC811 94

NCA 143
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The regression equation for the present study is given as:

GWP = y0 + a1(g)ε1 + a2(loc)ε2 + a3(cob)ε3 (5)

where GWP is the global warming potential in kg CO2eq; g is the ore grade (percentage);
loc is the percentage of fossil fuel generation at the refining location; and cob is the cobalt
content in the battery (kg/MWh). Categorical variables were converted to nominal values,
where refining location was expressed as the percentage of the grid mix sourced from fossil
fuel generation at the location, and battery type was quantified based on the mass of cobalt
required for 1 MWh of energy storage (Table 6).

3. Results
3.1. Base Case Scenario-Analysis of Impact Factors

The base-case scenario is an NMC111 battery with refining in China and an ore grade
of 0.3%. The major environmental impacts are shown in Figure 4. Of the total GWP of
8568 kg CO2eq, refining contributed the most, relative to other life cycle phases (47.3%
of total), within which the contributions of sodium hydroxide (15.5%) and the emissions
associated with the electricity used during the refining process (14.1%) are substantial. The
burning of diesel in machinery used to mine, haul, and grind the copper–cobalt ore was
the largest single source of GWP (22.64%) (Figure 4a). The use of sulfur during processing
in its solid state and as sulfur dioxide gas contributed 16% and 15.6%, respectively. Sulfuric
acid use during refining contributed 10.8% of the total release of 70.1 kg of SO2eq of
the terrestrial acidification potential (TAP). The sodium hydroxide (8.7%) and electricity
(7.3%) used during refining also contribute to acidification (Figure 4b). Impacts from the
treatment and disposal of tailings during the processing phase dominated the freshwater
eutrophication potential (FEP) (6.19 kg Peq) along the supply chain (73.4%). For the total
marine eutrophication potential (MEP) along the supply chain (2.56 kg Neq), refining is the
largest contributor (38.7%), stemming mostly from the use of sodium hydroxide (15.2%).
Mining was the second largest contributor to marine eutrophication (36.6%) from the
burning of diesel fuel in mining machinery. Processing accounted for 18.1% of the total
impact, stemming mostly from the embodied impacts of the magnesia (11.89%) (Figure 4c).
The mineral resource scarcity (SOP) of 29.18 kg Cueq was dominated by refining processes
that contributed 87.8% (Figure 4d). Mining was the largest contributor to fine particulate
matter formation (PMFP), primarily from machinery exhaust and emissions from the
crushing, mining, and drilling of ore, road entrainment, and wind erosion (73.6% of 90.2 kg
of PM2.5eq, Figure 4e).

The treatment and disposal of tailings from the processing of Co(OH)2 accounted for
the vast majority of both freshwater (FETP) (Figure 4f) and marine ecotoxicity (METP)
(Figure 4g) (87.8% of 1989 kg 1,4-DCB and 87.1% of 1727 kg 1,4-DCB, respectively).
The terrestrial ecotoxicity (TETP) impacts are spread across the supply chain processes
(Figure 4h), where the total release was calculated as 1.1 kg of 1.4-DCB. Refining was the
largest contributor to TETP (61.4%) from hydrochloric acid (25.7%), sulfuric acid (17.2%),
and sodium hydroxide (9.7%). TETP was influenced by processing of Co(OH)2 (12.1%),
stemming from MgO (6.5%) and sulfur (3.7%). Mining accounted for 7.1% of the total
TETP impacts. Transportation contributed a higher percentage to terrestrial ecotoxicity
than any other impact category (19.0%). These impacts originated from non-exhaust emis-
sions, such as tire, road, and brake wear from the trucks used to transport cobalt products.
Refining contributed the largest impact to ozone depletion (ODP) (68.5% of 0.0016 kg
CFC-11eq), mostly from the methane tetrachloride emitted during the manufacturing
of sodium hydroxide (Figure 4i). Ozone depletion from mining (20.2%) was due to the
emissions from the combustion of diesel fuel used in the mining equipment. Processing
was the most water-intensive step in the supply chain (63.3% of the total of 192 m3),
which was mainly attributed to the loss of water from evaporation at the hydropower
facilities used to generate electricity for processing plant operations (60.3%). Although
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not as water-intensive as processing, refining still accounted for 35.5% of the total water
depletion potential (WDP) (Figure 4j). Other major environmental impacts with detailed
classification are tabulated in Table S3.

Knowing the relative proportion of environmental impacts per MWh of NMC111
storage across all life cycle stages considered in the base case (Figure S2) helps in visualizing
the environmental intensity of each life cycle stage, which provides the opportunity to
assess relative risk to local communities and natural bodies, and to identify processes in the
supply chain that can be modified. For example, electrifying the mine equipment would
significantly reduce the PMFP rate (over 66% of total inventory), thus improving conditions
for workers and potentially for local communities. Likewise, improving industrial practices
during refining could reduce kg 1,4-DCB release rates to freshwater and marine water
bodies, which in this base case represent almost 90% of the total inventory.
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Figure 4. Base-case major life cycle impacts of NMC111.

3.2. Scenario Analysis
3.2.1. Impact of Ore Grade

The life cycle impacts of mining and processing copper–cobalt ore to produce 1 ton
of Co(OH)2 were analyzed across a range of ore grades from 0.05% to 1% for NMC111.
While processing lower-grade ore may become economically infeasible, the low-grade
scenario was considered for analytical purposes. The results show that as ore grade
decreased, the GWP of mining and processing increased according to a power-law
relationship, with the GWP increasing substantially for cobalt ore grades of less than
0.3% (Figure 5). With a cobalt grade of 0.05%, the GWP of mining and processing the
same amount of Co(OH)2, using base-case assumptions except for ore grade, resulted
in a 230% increase in GWP compared to the base-case value (0.3%) (13,606 kg CO2eq
versus 4139 kg CO2eq). In the high-ore-grade scenario of 1%, or more than 3 times the
base case, the GWP was reduced by 40% compared to the base case (2482 kg CO2eq),
illustrating how increasing the ore grade led to reduced mining and processing needs
(per kg of cobalt) and, hence, a lower total GWP. Detailed results for varying the ore
grade are tabulated in Table S4. The results show that the power-law relationship with
decreasing ore grade holds true for all impact categories, though it is less pronounced for
water depletion (Figure S3), which is most likely because water consumption was mostly
through hydropower and less through hydrometallurgy or other processing routes. This
power-law relationship is consistent with observations reported by Eckelman (2010) [69],
who noted that energy consumption for mining and beneficiation for nickel, scaled
non-linearly with ore grade. Others have noted this as well for copper (e.g., [70,71]),
especially for pyrometallurgy routes that use significant fossil-fueled thermal processes.
In our case, we fitted the power-law curve to the modeled data. The impact becomes less
pronounced as the ore grade increases above 0.5%.
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3.2.2. Refining Location

Three locations were chosen for refining cobalt hydroxide to cobalt sulfate (China,
Canada, and Finland), each assuming a 0.3% ore grade. Figure 6 shows that the GWP for
the base case (8568 kg CO2eq) can be reduced by 11.7% using Canadian routes and 12.4%
using the Finland route (to 7568 and 7507 kg CO2eq, respectively) for the NMC111 battery
(base case). The largest factor contributing to reduced GWP stems from the electricity mix
for the Canada and Finland scenarios. The electricity generated in Ontario, Canada, is
dominated by low-carbon generation sources, with hydropower and nuclear being the
two largest sources (75%) of regional electricity generation and only 18% coming from
carbon-intensive sources [72]. In Finland, the electricity grid mix is composed mostly of
low-carbon generation from nuclear, wind, and hydropower sources, with only 29% of
electricity production from the high-carbon-footprint sources of coal, natural gas, and
biofuels [72].
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Freshwater and marine eutrophication and ecotoxicity are almost same for the base
case (China) and the Canada scenario, while the Finland scenario yields lesser impacts.
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Other impacts also show similar trends. Water consumption is highest for the Canada
scenario, followed by the Finland and China scenarios.

These less carbon-intensive sources in Canada and Finland contrast with the grid mix
in the State Grid Corporation of China (i.e., base case), which is dominated by coal-fired
electricity production (>75%) (Ecoinvent v 3.8, [40]). The GWP attributed to transportation
to Canada and Finland is 4% and 3% greater, respectively, compared to the base case, while
transportation only accounts for a relatively small proportion of the total GWP for the
base case (4.8%), Canada (6.7%), and Finland (5.6%). The material and energy components
that contribute to the GWP, with percentage changes for Canada (NA) and Finland (EU)
(Figure 7), show that the electricity generation mix is the main component impacting the
GWP, with a 93% decrease in footprint for Canada and a 73% decrease in Finland.
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Figure 7. Material-wise impact of refinery location on GWP. (Numbers for base case reflect kg CO2eq,
while numbers for Canada and Finland routes reflect percent change from base case).

Water depletion is the only impact category where the impacts for the base case
(191.7 m3) are lower than those for Canada (223.83 m3) and Finland (201.2 m3). This
difference can be attributed to the higher use of nuclear electricity generation, which is
water-intensive, in the Canadian and Finland grid mixes.

3.2.3. Battery Chemistry

Impacts for each category scale linearly and are directly related to the cobalt intensity
for NMC111, NMC532, NMC622, NMC811, and NCA LIBs (battery characteristics are
given in Table 2 in Section 2.1.1). The process-wise GWP impacts of cobalt for 1 MWh
of the five battery chemistries (Figure 8) show that, relative to the base case (location
based in China and an ore grade of 0.3%), refining contributes the highest percentage of
GWP, followed by processing and mining. Though NCA battery chemistry requires less
cobalt per MWh compared to NMC111, NMC532, and NMC622 due to its higher energy
density, the larger mass of cobalt required in the NCA battery itself offsets the higher
energy density, still leading to a higher environmental load than for a less-cobalt-intensive
NMC811 battery. Other impacts of the different processes, calculated from the ReCiPe 2016
Midpoint H analysis, also show similar trends, owing to the environmentally intensive
refining procedures in China.
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Figure 8. Process-wise comparison of GWP for the three battery chemistries. Numbers shown
for NMC111 show actual numbers and the percentage decrease for the other battery chemistries
(location—China and ore grade—0.3%).

Detailed environmental impacts, calculated using the ReCiPe 2016 Midpoint (H)
method [49], are shown in Table S5.

The life cycle impacts were also normalized using World 2010 (H/H) normalization
factors (Figure S4) [73]. It can be seen that marine ecotoxicity and freshwater ecotoxicity
have higher impact when compared on a single-score basis.

3.2.4. Use

As mentioned in Section 2.1.2, the GWP footprint due to battery augmentation is
included as part of this research. Using original cobalt contents for the five different
batteries, the results show that the GWP is highest for NMC111 (8647 kg CO2eq/MWh), fol-
lowed by NMC622 (4287 kgCO2eq/MWh), NMC532 (3630 kg CO2eq/MWh), NCA (3211 kg
CO2eq/MWh), and NMC811 (2230 kg CO2eq/MWh), assuming other base-case conditions.
In all cases, for a battery capacity of 500 MWh and a 30-year use phase, the original battery
would need to be augmented with additional storage capacity at the end of the 3rd, 7th,
and 14th years, before a complete replacement in the 21st year. The yearly GWP emissions,
due to the original battery manufacturing and subsequent augmentation of the five battery
chemistries with 500 MWh capacity, are compared in Figure 9.
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3.2.5. Combined Scenario Analysis

We combined the results of all 150 scenarios, in which the ore grade, refinery location,
and battery chemistry are varied (see Table 5). The comparative analyses for each environ-
mental impact listed in the ReCiPe 2016 Midpoint H [61] analysis for these scenarios are
shown in Figure 10. The importance of battery chemistry (Figure 10), especially for the
most-cobalt-intensive NMC111 chemistry, exceeds those of the ore grade and location, even
given the noted importance of the former. We note, however, that, as battery chemistries
vary away from NMC111, there is still a substantial difference in GWP emission rates
by chemistry. For example, the GWP for the NCA battery chemistry and Finland route
(2111 kg CO2eq) is nearly half the GWP modeled for the NMC622 and China route (3908 kg
CO2eq), assuming a 0.3% ore grade.
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Figure 10. Variation in environmental impacts with ore grade, refining location, and battery chemistry.

For GWP and carcinogenic toxicity, in particular, the dependency of environmental
pathways on the ore grade is apparent, and this manifests in a lower (more negative) expo-
nent on the power-law relationship, as shown in Table 7. For the other impact pathways, the
dependency on the ore grade is subdued (i.e., a nearly straight-line relationship indicates an
exponent close to zero). The results also highlight the highest dependency of the NMC111
chemistry on ore grade amongst all the battery chemistries studied. Production routes with
the highest impacts follow the order of China, Canada (NA), and Finland (EU). For all five
batteries, the results suggest an 8 to 12% decrease in the GWP in the Canada route and a
12 to 18% decrease in the GWP in the Finland route. The enhanced thermal combustion
or chemical processing needed for low-quality ore will lead to impacts on some impact
pathways that are higher than others. Variations of the different environmental parameters
with ore grade, refining location, and battery chemistry are included in Table S6.

The LCA results were normalized to a common reference using factors introduced
by Sleeswijk et al. (2008) [73] for different environmental impacts. Normalized values
of all 150 scenarios were analyzed. The comparison of major normalized impacts for an
ore grade of 0.3% (Figure 11) shows that freshwater and marine ecotoxicity dominate the
environmental impacts. When compared using the actual absolute values, although the
magnitudes are less, the environmental impact of FETP and METP are more prominent in
comparison to other numbers, owing to the emissions to the marine ecosystem from the
life cycle routes. The detailed values are given in SI (Table S7).

The cumulative single score (Pt) for different battery chemistries is highest for NMC111
and lowest for NMC811 for the base case (where the refining location is in China and the
ore grade is 0.3%). For the Canada refining location, the highest impact was noted for the
NMC622 chemistry and the lowest impact for the NMC811 chemistry. The same trend
also is seen in the Finland scenario. Other environmental impacts, when represented
using a single-score scale, follow the same pattern as GWP. The results show the range of
environmental impacts for the Canada route are between 58% and 65% of the base case,
and impacts for the Finland route are between 71% and 76% of base case. This analysis
gives an insight into the sensitivity to battery chemistry and refining location for the single-
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score environmental impacts. Single-score calculations provide a first-order comparison of
overall sustainability of different LIB chemistries and cobalt supply chains.

Table 7. Results of multivariate regression analysis.

Constant Ore Grade Refining
Location-Grid Mix

Cobalt
Content in Battery R2

Global Warming
Potential (GWP)

y0 + a1(g)ε1

0.97a1 = 4866.2
ε1 = −0.271

4952.7
y0 + a2(loc)ε2

0.77
a2 = 1604.78 ε2 = 1

1490

y0 + a3(cob)ε3

0.99a3 = 51.1
ε3 = 1

y0 + a1(g)ε1 + a2(loc)ε2

0.94a1 = 4684.5 a2 = 1632.7;

ε1 = −0.271 ε2 = 1

−1122

y0 + a1(g)ε1 + a3(cob)ε3

0.95a1 = 1682.9 a3 = 62.7

ε1 = −0.8323 ε3 = 1

y0 + a2(loc)ε2 + a3(cob)ε3

0.97a2 = 4522.29 a3 = 72.4185

ε2 = 1 ε3 = 1
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Figure 11. Single-score results for major environmental impacts comparison of the different combined
scenarios (ore grade—0.3%).

3.3. Statistical Analysis

From the scenario analysis results (Table S6) focusing on GWP, the results ranged from
a high of 13,200 kg CO2eq (0.05% ore grade, Chinese refining route, and NMC111 battery)
to a low of 1700 kg CO2eq (1% ore grade, Finland refining route, and NMC811 battery). The
median was found to be 3040 kg CO2eq.
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We have already discussed that GWP varies with ore grade according to an inverse
power law (Figure 5); thus, to assess the relative importance of ore grade, relative to
other variables, the negative power coefficient was used as the independent variable term
(Table 7). The percentage of fossil fuel used in the electricity grid mix (used as a surrogate
for location) and cobalt content in the battery were other variables. Correlation coefficients
for each relationship are also shown on the right-hand side of the table. The results show
that cobalt content in the battery is the highest predictor (R2 = 0.988) of GWP, followed by
ore grade (R2 = 0.966) and refining location (R2 = 0.766), when paramaters are assessed for
correlation individually.

General factorial regression was also used to analyze the impact of the independent
variables. The results showed that ore grade and cobalt content in the battery contributed
equally to the GWP footprint. Refining location had a comparatively lesser contribution
when compared with the other two parameters.

4. Discussion

The results of this research provide several insights regarding the cobalt supply chain.
Addressing Q1 and Q2, no single process accounts for most of the contributions in all
impact categories. Impacts from mining varied substantially, depending on which impact
pathways were analyzed. Mining contributes significant levels of particulate matter forma-
tion potential but has lesser impacts on freshwater eutrophication, freshwater ecotoxicity,
marine ecotoxicity, and water depletion. The refining processes led to the highest GWP,
ozone depletion, and terrestrial ecotoxicity emissions, while refining contributed less to
freshwater eutrophication, freshwater ecotoxicity, marine ecotoxicity, and particulate matter
formation. Transportation contributed less than 10% of impacts to most categories com-
pared to other life cycle phases, except for terrestrial ecotoxicity, to which its contribution
was nearly 20%.

Addressing Q3, as ore grades decline over time below 0.3% cobalt by weight, the
environmental impacts of mining and processing could begin to increase substantially.
This finding is noteworthy because with cobalt demand expected to grow, higher ore
grades could eventually become depleted below the 0.3% level used in the DRC base case.
Alternative sources of cobalt (e.g., reprocessing of tailings or improved value chain) or
recycling of batteries may extend the time that higher ore grades are available.

Addressing Q4, additional refinery locations outside of China could reduce the en-
vironmental impacts of the cobalt supply chain, but only to a certain degree. We found
that altering location to Canada in North America and to Finland in Europe reduced the
overall GWP, even given the offset from the longer travel distances. In these cases, the lower
carbon intensiveness of the grid mix was the decisive factor. Addressing Q5, environmental
impacts from the cobalt supply chain are directly proportional to the cobalt intensity of the
battery. Reducing the cobalt intensity lowered the GWP by nearly half, as well as reducing
other environmental pathway impacts.

The impacts in the presented study have been compared with values already available
in the published literature (Table 8). The numbers shown for this study are for the base
case with a refining location in China and an ore grade of 0.3%. However, the studies
differ in several crucial aspects: battery chemistry, data sourcing and modeling—especially
regarding the energy and material requirements along the supply chain—refining location,
and the adopted LCIA method. As a result, we observe large differences among the
reported impacts. For example, GWP is the lowest in this study, while TETP is the highest
by an order of magnitude. Interestingly, the same study (Jiang et al. (2023) [74]) that
reports the lowest TETP reports an METP that is 10,000 times larger than that found in
this study (for the same battery chemistry). Peters et al. (2017) [42], in their review of the
literature at the time, reported a range of 40 to 250 kg CO2eq per kWh. The HTP in this
study is roughly in the middle of the range in the literature presented in Table 8. Overall,
these differences highlight the importance of system boundaries and input assumptions as
well as the influence of updated data sets when comparing results from different studies.
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Moreover, the presented studies deal with complete-battery LCA, with some including the
manufacturing of all the components, and do not allocate environmental impacts only to
the cobalt portion. We could not find any publications which investigate the environmental
impacts of only the cobalt supply chain on batteries; therefore, direct comparison can
lead to incorrect conclusions. At the same time, a careful analysis of these systems and
assumptions can help identify opportunities to reduce impacts if, for example, lower
impacts in a study can be explained by switching energy sources or certain processes that
use less water or energy.

Our results show that electricity used during the refining process is the major con-
tributor to global warming potential, freshwater ecotoxicity, and carcinogenic and non-
carcinogenic emissions. This stems from the diesel fuel used in refining processes that also
contributes to ozone depletion. Transportation of refined products to battery manufacturing
sites also depends on liquid fuels and can contribute to terrestrial ecotoxicity. Other mining
and material separation processes such as blasting of the ore can have direct impact as well.
It has already been reported that when the ore grade decreases, there is an increase in or no
effect on environmental impacts.

Lastly, because battery storage systems will need to be augmented to maintain capacity
and dispatch electricity more readily from intermittent generation sources, we can expect
ongoing demand for cobalt. The extent of the battery augmentation needed for future
deployments depends, in part, on how batteries are used in BESSs (e.g., for dispatching
electricity when wind and solar are inactive, for maintaining frequency from variability
of wind and solar resources, etc.). As battery technology and grid management improve
with time, the upper limit of lifetime charge/discharge cycles might improve as well, also
reducing the need for augmentation.
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Table 8. Comparative analysis with select existing literature on LIBs (The studies referred to are lithium-ion battery LCAs including all components and battery
manufacturing).

Ref
LCA

Boundary/
Method

Fun.
Unit

Battery
Impact Category

GWP
(kg CO2eq)

HTPeq
(1,4 DCBeq)

FETP
(kg 1,4-DCB)

METP
(kg 1,4-DCB)

TETP
(kg 1,4-DCB)

TAP
(kg SO2eq)

FEP
(kg Peq)

MEP (kg
Neq)

WCP
m3

Gutsch et al., 2024 [75]
Cradle to grave/

ReCiPe 2016
Midpoint

1 kWh 811 64.5

Tabrizi et al., 2024 [76]
Cradle to gate/

ReCiPe 2016
Midpoint

1 kWh
111 85
622 76
811 74

Popien et al., 2023
[77]

Cradle to gate/The
ReCiPe Midpoint (H)

V1.13
1 kWh

NCA 110.54 254.46
622 110.76 254.13
811 102.34 243.81

Jiang et al., 2023
[74]

Cradle to grave/CML-IA 1 kWh
622 132 13.5 70.3 1.77 × 105 0.199 2.76
811 121 14.4 68.8 1.76 × 105 0.189 2.65

Sun et al., 2020 [30] Cradle to grave/ReCiPe
Midpoint (H) V1.11/ 1 kWh 622 93.57 12.53 1.5 0.01 0.49 0.01 0.02

Winjobi et al. 2022
[78]

Cradle to gate/
GREET 1 kWh

111 59.5 0.44
532 59.3 0.42
622 56.4 0.39
811 55.1 0.39

Dai et al., 2019 [35] Cradle to gate/
GREET 1 kWh 111 72.87 0.752

Orozco et al., 2023 [79] Cradle to gate/
GREET 1 kWh

111 78.10
532 81.13
622 77.43
811 77.37

NCA 82.33
Peters et al., 2017

[42] Review 1 kWh NMC 40–250

This study
Cradle to gate/The

ReCiPe Midpoint (H)
V1.13

1 kWh
(Base
Case)

111 8.5 150.15 3.7 4.7 54.8 0.07 6 × 10−3 2 × 10−4 0.27
532 5.2 88.89 2.2 2.8 33.2 0.04 4 × 10−3 1 × 10−4 0.17
622 4.3 73.46 1.8 2.4 27.6 0.03 3 × 10−3 1 × 10−4 0.14
811 2.2 38.37 0.96 1.2 15.1 0.02 16 × 10−2 6 × 10−4 0.07

NCA 3.2 54.99 1.4 1.8 21.3 0.03 3 × 10−3 8 × 10−4 0.11
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5. Conclusions

The results from this study offer many opportunities for reducing the environmental
impacts of the cobalt supply chain for LIBs used in BESSs and improving environmental
sustainability. The results indicate that the largest influence on the environmental sustain-
ability of the cobalt supply chain was that of battery type selection; therefore, reducing
cobalt levels in future battery chemistries will lead to lower impacts from the cobalt, though
it is unknown whether metals replacing cobalt are more or less environmentally sustainable.
There may be additional impacts from other materials and processes, such as the refining
of nickel or graphite, that could offset any environmental gains from reduced cobalt re-
quirements. Each of the critical materials found in these batteries should be assessed in an
integrated LCA, which was not possible in this study.

Such an integrated LCA could also include alternatives to diesel-powered mining
equipment, which contributes most of the environmental impacts. The potential to sub-
stitute equipment powered by diesel fuel with equipment (even partially) powered by
batteries could be one strategy for reducing these impacts. A recent case study highlights
the potential to reduce the GWP of mining operations through the electrification of mining
equipment [80]. Earl et al. (2022) [81] suggest that current mining practices are unsus-
tainable and that responsible sourcing of ores, especially in the largest producer in the
world, the DRC, is needed. In addition, a circular cobalt economy is needed via recycling
and reuse. However, they observe that advances in identifying primary and secondary
sources of cobalt, mining methods, and recycling are yet to be fully optimized. The lack
of standardization of LIB chemistries and designs is offered as a particular handicap to
improving cobalt sustainability.

As also observed by Earl et al. (2022) [81], LIB recycling is a nascent industry, and no
recycling technologies are currently used at scale; the potential for environmental impact
reduction from using recycled versus virgin cobalt could be substantial. However, as
demand for cobalt continues to scale, efforts should be made to quantify the impacts of
recycling, as its share of cobalt production will likely grow in the future.

Bamana et al. (2021) [82] offer important content on the responsible mining idea by
focusing on human health and quality of life associated with cobalt mining in Lualaba,
DRC. The authors focus on artisanal mining and gather data on social impacts such as
health, safety, migration, child labor, and others to inform a social LCA approach Social
LCA can also be conducted to understand the impact on human well-being from emerging
technologies. Environmental sustainability thus should be measured not only in terms of
technical benefits, but also in terms of quality of life. They suggest that the joint use of
social and environmental LCAs will help better inform the choice of mining technologies
and practices to minimize impacts [82].

Finally, although this study focuses on cobalt, it expands on the environmental impact
pathways that are typically reported. We include results on all ReCiPe 2016 (Midpoint H)
categories that are included in the database. This choice was made to highlight the global
(CO2eq) versus local impacts (all other categories) that are manifested through acquisition of
cobalt. Our study also includes the element of time through the augmentation of the BESS,
which will be necessary to maintain usable capacity when paired with intermittent energy
generation. This more-comprehensive treatment of the supply chain and environmental
impacts could provide other opportunities for understanding where and when impacts
might occur, and how to mitigate them.

Supplementary Materials: The following supporting information can be downloaded at: https://
www.mdpi.com/article/10.3390/su16051910/s1, Figure S1: Projected cobalt demand, 2020–2040;
Figure S2: Relative proportion of environmental impacts per MWh of NMC111 storage, across all life
cycle stages considered in the base case; Figure S3: Impact of ore grade on water depletion of mining
and processing of Co(OH)2; Figure S4: Single-score results for environmental impacts comparison of
different battery chemistries (ore grade—0.3%); Table S1: Top five global producers of cobalt; Table S2:
LCA studies of LIBs published in the literature; Table S3: Base case contribution analysis results;
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Table S4: LCA results for mining and processing with varying ore grades; Table S5: LCA results for
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Section I 
 

Figure S1: Projected cobalt demand, 2020-2040 [72]. 
 

Section II 

Description of Cobalt Supply Chain Used in Study 

1. Cobalt Mining   

The first step in the supply chain is the mining of copper–cobalt ore. Mining data are based on the Tenke 
Fungurume Mine (TFM) in the DRC, which accounted for 29% of production capacity in 2017 [7]. This data set is the 
most complete available and contains primary data directly from the mine [46]. The ore grades used in this study, 
0.3% cobalt and 2.95% copper, were reported by China Molybdenum (2018) [63] on the TFM, which is representative 
of other mines in the region [12]. Open-pit mining is used to extract ore from the copper–cobalt-bearing deposits in 
the DRC. Energy consumed during the mining phase at the TFM is sourced from the combustion of diesel fuel used 
in the equipment for loading and hauling the blasted material to the crusher [46]. Overburden material is removed 
through drilling and the use of blasting agents and then hauled to the waste ore stockpile [64]. A strip ratio of 2.8 
(e.g., the ratio of waste generated per unit of ore [64]) was used to quantify the amount of waste rock produced. 

Water is consumed for dust control, drinking water, sanitation, and ore washing, and is pumped from a nearby 
groundwater well [64]. Particulate matter (PM) emissions were estimated from vehicle exhaust, run-of-mill crushing, 
mine drilling, blasting, road entrainment, and wind erosion [46]. 

2. Processing 

After the copper–cobalt ore has been mined, transported, and crushed, it is then processed to make cobalt 
hydroxide (Co(OH)2) at a plant on-site at the TFM [64]. A process yield of 80% for converting the cobalt contained in 
ore into Co(OH)2 and 95% for converting the copper content into copper cathodes was taken from Dai et al. (2018) 
[46]. All electricity consumed at the TFM for ore processing is generated from nearby hydropower facilities [64]. The 
raw ore contains cobalt in the insoluble trivalent form, Co3+, so sulfur dioxide, sulfuric acid, and water are added to 
leach the soluble divalent form, Co2+. The sulfuric acid and sulfur dioxide used in this process are produced at an on-
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site plant using sulfur and recovered sulfur dioxide from ore processing [46]. Sodium hydroxide is then added to 
neutralize the leached copper–cobalt solution [64]. Copper and cobalt are separated through solvent extraction. The 
cobalt-rich solution then undergoes a purification step where limestone and lime are added to remove iron, 
aluminum, and manganese impurities and to recover any remaining copper. Finally, Co(OH)2 is precipitated out of 
the solution through the addition of magnesia (MgO). Because the copper has been removed at this point, the impacts 
from the MgO are allocated to the Co(OH)2 [46]. The other inputs and emissions are allocated based on a ratio 
between the total mass of the Co(OH)2 and the copper cathode produced during this phase. The tailings, which 
contain toxic metals that can migrate into the environment from storage facilities, are disposed of at an on-site tailings 
pond [64,13]. Data for the quantity and impacts of tailings management at TFM were not available; thus, Ecoinvent 
(v. 3.8) background data were used. 

3. Refining 

Data for the refining of Co(OH)2 into CoSO4 was gathered from the Tongxiang plant of Huayou Cobalt [46]. In 
2017, Huayou Cobalt accounted for 34% of China’s refined cobalt production and 20% of worldwide production. The 
refining process begins with Co(OH)2 being leached with sulfuric acid and Na2S2O5. It then undergoes solvent 
extraction where kerosene and other reagents are added to the mix, separating the cobalt from any nickel, after which 
the solution is evaporated and crystallized, filtered, and dried to produce CoSO4 suitable for batteries. To allocate 
impacts of the CoSO4 appropriately to the cobalt, the inputs and outputs were multiplied by the percentage of cobalt 
by molecular mass in CoSO4. Data regarding the sources of electricity for the State Grid Corporation of China are 
based on Ecoinvent (v 3.8) background data. Refinery locations outside of China were chosen to understand how 
location may impact the LCA results. Finland’s Kokkola facility was chosen because it is the largest cobalt refinery 
outside of China (though it provides only 10% of total refined production [7]). Canada’s Electra Battery Materials 
was chosen given that this facility (now under construction) would be the first cobalt refinery in Canada (i.e., Cobalt, 
Ontario, Canada). Although site-specific data for these plants could not be located, the impacts were modeled using 
the same method as Kelly et al. (2020) [47] by adjusting the grid mix and LCI inputs of the data from the Chinese 
refinery to be representative of location-specific sources when available. 

4. Transportation 

Due to security concerns and the unreliability of rail transport in the DRC region, Co(OH)2 is transported from the 
TFM by truck [64] to Dar es Salaam, Tanzania (2030 km), for shipping; it is the closest port to the TFM used for the 
export of cobalt products [46,4]. From there, cobalt is shipped to the Port of Shanghai (12,971 km), where it is trucked 
an additional 200 km to the Tongxiang cobalt refinery [46]. For the Finland refinery scenario, Co(OH)2 is shipped 
from Dar es Salaam to the Port of Kokkola (16,325 km), which is located next to the refinery. In the Canada refining 
scenario, Co(OH)2 is shipped from Dar es Salaam to the Port of Toronto (22,970 km), where it is transported by freight 
rail an additional 505 km to the Electra Battery Materials refinery. 

Transportation distances from the specific cobalt refinery to a cathode manufacturing facility depend on the 
cathode chemistry. For NMC (111 and 811) cathodes, China, Korea, and Japan are the top manufacturers, with 55%, 
18%, and 27% market shares, respectively, while for NCA, the respective market shares are 7%, 5%, and 88% [53-54]. 
Battery-grade CoSO4 is assumed to travel by truck from the Tongxiang refinery to the Port of Shanghai for export to 
South Korea and Japan. Then, the CoSO4 is shipped to the port closest to the largest cathode manufacturer in the 
country. If the exact distance to the cathode production facility was not available, a transport distance of 200 km was 
assumed. A weighted average was calculated by multiplying the market share of each country by the total transport 
distances to move CoSO4 to the largest cathode manufacturer. Once the battery-grade CoSO4 has been refined and 
transported to a cathode manufacturing facility, there is no additional material requirement or environmental burden 
from the cobalt supply chain, so no further impacts are allocated to cobalt from the battery manufacturing processes. 

5. Use 

LIBs are used as BESSs in both utility-scale grids and microgrids. Excess generation from either wind and solar 
power sources, or from grid power, can be used to charge batteries. They are dispatched when demand is high and 
the facilities are not generating enough power to meet it. The energy densities used in this study for NMC111, NCA, 



and NMC811 [48] are 143 Wh/kg, 159 Wh /kg, and 149 Wh/kg, respectively. The highest energy density of NCA LIBs 
allows them to store more energy per unit of mass, reducing the material intensity on a per MWh basis compared to 
NMC111 and NMC811. 

 A 500 MW LIB is assumed for this study. LIBs are designed to discharge a specific number of times before 
replacement. Both the LIB chemistries are assumed to have a cycle life of 7300 cycles (approximately 1 cycle per day 
for 20 years). There are many factors that influence the efficiency and storage capacity of batteries, such as operating 
temperature, age, and internal (electrical) resistance. In the use phase, the battery capacities are augmented at specific 
intervals of time to ensure that usable storage capacity is close to 100% at all times. This research specifically includes 
the impact of battery augmentation on the total life-cycle GWP of batteries from the cobalt supply chain. 
Augmentation accounts for battery degradation (approximately 2% per year) and ensures that a battery’s installed 
capacity and usable capacity are at or above the contractually required capacity (500 MW) imposed on the company 
(Table 5 shows the schedule). 

6. End-of-life 

Given the lack of data available to quantify the impacts of recycling for different battery chemistries and the 
nascent stage of recycling in general [42,1], recycling is not included in this research. Additional LCAs of recycling, 
specifically for ESSs, will be necessary to compare the impacts of recycling with the virgin cobalt supply chain; 
however, currently there is a lack of data regarding the impacts of these recycling processes.  



 
 

Section III 
 
 
 

Table S1: Top five global producers of Cobalt [6] 
 

 

 

 

 
 

Table S.2 summarizes some recent, significant LCA studies on LIBs. Often, the results for LCAs of LIBs are inconsistent 
or difficult to intercompare due to obscure life cycle inventories (LCIs), varying methodologies, variable system 
boundaries, and different products reviewed [48]. Because EVs and BESSs use the same LIB chemistries and cells, the 
LCIs from EV LCAs can be interchanged with those of grid-scale BESSs [1].  

 

Country Production in 2022 
(Metric tons) 

Democratic Republic of Congo (DRC) 130000 
Russia 8900 

Australia 5900 
Canada 3900 

Philippines 3800 

Table S2: LCA studies of LIBs published in the literature 
 

Article LIB variant under study Application  Life cycle phases 
included in system 
boundary 

Scope of the analysis 

Tao et al. 2023 [24] Ternary Li-Ion Battery Mobility 
 

Cradle to gate, 
recycling 

Life cycle environmental 
assessment 

Guven and 
Kayalica (2023) [25] 

NMC, NCA, LFP  Passenger ferry 
 

Cradle to gate 
 

Life cycle environmental 
and cost assessment 

Jiang et al. 2022 [26] NMC111, LFP Traction 
 

Recycling Life cycle environmental 
assessment 

Yudhistira et al. 
2022 [27] 

NMC, NCA, LFP Grid storage Cradle to grave Life cycle environmental 
assessment 

Chordia et al.,2021 
[28] 

NMC811 Automotive 
applications 

Cradle to grave Life cycle environmental 
assessment 

Varlet et al. 2020 
[29] 

LFP, LMO, NCA, NMC Residential storage Cradle to gate Life cycle environmental 
analysis 

Sun et al., 2020 [30] NMC622, NMC811 Automotive 
applications 

Cradle to grave Life cycle environmental 
assessment 

Wang et al. 2020 
[31] 

Li-O2, NMC Electric vehicles Cradle to grave Life cycle environmental 
assessment 

Cusenza et al. 2019 
[32] 

NMC, LMO Plug-in hybrid 
vehicle 

Cradle to grave Life cycle environmental 
analysis 

Vandepaer et al. 
2019 [33] 

LFP Grid storage Cradle to gate,  
End of Life 

Life cycle environmental 
assessment 

Delgado et al. 2019 
[34] 

NMC Stationary storage Cradle to grave Life cycle environmental 
assessment 

Dai et al., 2019 
[35] 

NMC111 Automotive 
applications 

Cradle to gate Life cycle environmental 
assessment 



 

 

Ryan et al. 2018 [36] LFP, NMC, NCA Stationary storage 
for frequency 
regulation 

Cradle to gate 
End of life 

Life cycle environmental 
assessment 



Table S3: Base-case contribution analysis results 

Process Contributor PMFP FFP FETP FEP GWP HTPc HTPnc IRP LOP METP MEP SOP OFHH OFTE ODP TAP TETP WCP 

  
kg 

PM2.5eq 
kg oil eq kg 1,4-

DCB 
kg P eq kg CO2eq kg 1,4-

DCB 
kg 1,4-
DCB 

kBq 
Co-
60eq 

m2a 
cropeq 

kg 1,4-
DCB 

kg N eq kg Cu 
eq 

kg 
NOx 

eq 

kg NOx 
eq 

kg CFC-
11 eq 

kg SO2 eq kg 1,4-
DCB 

m3  

Mining Mining 
equipment 

66.3 
 (73.6%) 

539.34 
(22.6%) 

5.3 
(0.27%) 

0.1 
(1%) 

1957.9 
(22.64%) 

137.9 
(12.6%) 

18843 
(12.6%) 

1.08 
(0.3%) 

2.24 
(0.3%) 

5.1 
 (0.3%) 

0.9 
(36.56%) 

0.11 
(0.3%) 

6.31 
(12.6
%) 

6.40 
(12.6%) 0 (20.14%) 15.6 (22.26%) 

0.1 
(7.51%) 

1.7 
(0.87%) 

Treatment of 
overburden 

0  
(0%) 

0.00 0 
(0%) 

0 
(0%) 

0 (0%) 0.00 
(0%) 

0.00 
(0%) 

0.00 
(0%) 

0.00 
(0%) 

0 (0%) 0 (0%) 0.00 
(0%) 

0.00 
(0%) 

0.00 
(0%) 

0 
(0%) 

0 (0%) 0 
(0%) 

0 (0%) 

Processing Magnesia 6.3  
(6.97%) 

510.20 
(21.4%) 

44.6 
 (2.24%) 

0.1 
(2.21%) 

1852.1 
(21.42%) 

124.6 
(11.4%)  

17019 
(11.4%)  

0.68 
(0%) 

1.40 
(0.2%) 

38.6 
(2.23%) 

0.3 
(11.89%) 

0.07 
(0.2%) 

5.70 
(11.4
%)  

5.78 
(11.4%)  

0 
(1.45%) 

3.4  
(4.78%) 

0.1 
(6.48%) 

2.6 
(1.36%) 

Sulfur 2.3  
(2.59%) 

41.57 
(1.7%) 

2.4 
(0.12%) 

0 
(0.15%) 

150.9 
 (1.75%) 

19.05 
(1.7%)  

2601 
(1.7%)  

5.51 
(1.7%) 

11.44 
(1.7%) 

1.1 
 (0.06%) 

0 (0.75%) 0.58 
(1.7%)  

0.87 
(1.7%)  

0.88 
(1.7%)  

0 
(1.12%) 

11.2 (16.01%) 0 
(3.67%) 

0.2 
(0.11%) 

Sodium 
hydroxide 

0.2 
 (0.25%) 

23.70 
(0.9%) 

2.9 
(0.15%) 

0 
(0.68%) 

86  
(1%) 

10.86 
(0.9%)  

1483 
(0.9%)  

3.14 
(0%) 

6.52 
(0%) 

2.7  
(0.15%) 

0 (0.97%) 0.33 
(0%) 

  

0.50 
(0.9%)  

0.50 
(0.9%)  

0 
(3.28%) 

0.4  
(0.55%) 

0 
(0.62%) 

2.3 
(1.18%) 

Electricity 
production 

0.1  
(0.09%) 

7.07 
(0.3%) 

0.5 
(0.03%) 

0 
(0.09%) 

25.7 
(0.3%) 

68.73 
(6.3%)  

9385 
(6.3%)  

0.94 
(0%) 

1.94 
(0%) 

0.5 
 (0.03%) 

0 (0.18%) 0.10 
(0%) 

3.14 
(6.3%)  

3.19 
(6.3%)  

0 
(0.08%) 

0.1 
 (0.12%) 

0 
(0.18%) 

115.7 
(60.3%) 

Lime 0.1 
 (0.11%) 

6.69 
(0.3%) 

1.1 
(0.05%) 

0 
(0.15%) 

24.3 
 (0.28%) 

35.81 
(3.2%) 

4890 
(3.2%) 

0.89 
(0%) 

1.84 
(0%) 

1  
(0.06%) 

0 (0.26%) 0.09 
(0%) 

1.64 
(3.2%) 

1.66 
(3.2%) 

0 
(0.08%) 

0.1  
(0.21%) 

0 
(0.63%) 

0.5 
(0.28%) 

Limestone 0.1  
(0.13%) 

1.16 
(0%) 

0 (0%) 0 
(0.01%) 

4.2 
(0.05%) 

55.11 
(5%) 

7525 
(5%) 

0.1(0%) 0.32 
(0%) 

0 (0%) 0 (0.16%) 0.02 
(0%) 

2.52 
(5%) 

2.56 
(5%) 

0 
(0.03%) 

0.1 
 (0.1%) 

0 
(0.06%) 

0.1 
(0.07%) 

Treatment of 
tailings 

0 
 (0%) 

0.00 
(0%) 

1695.7 
 (85.2%) 

4.3 
(70.13%) 

0 (0%) 0.00 
(0%) 

0.00 
(0%) 

266.83 
(84.5%) 

554.31 
(84.5%

) 

1460.7 
(84.59%) 

0.1 
(3.85%) 

27.91 
(84.59

%) 

0.00 
(0%) 

0.00 
(0%) 

0 
(0%) 

0  
(0%) 

0 
(0.41%) 

0 
(0%) 

Sulfur 
dioxide 

2.2 
 (2.43%) 

0.00 
(0%) 

0 
 (0%) 

0 
(0%) 

0 (0%) 0.00 
(0%) 

0.00 
(0%) 

0.00 
(0%) 

0.00 
(0%) 

0 (0%) 0 (0%) 0.00 
(0%) 

0.00 
(0%) 

0.00 
(0%) 

0 
(0%) 

10.9 (15.6%) 0 (0%) 0 (0%) 

Transportat
ion 

Transportatio
n 

1.88 
 (2.09%) 

134.15 
(5.6%) 

3.04 
 (0.15%) 

0.03 
(0.51%) 

486.99 
(5.63%) 

61.47 
(5.6%) 

8394 
(5.6%) 

0.18 
(0%) 

0.37 
(0%) 

4.17 
(0.24%) 

0.17 
(6.63%) 

0.02 
(6.63%

) 

2.81 
(5.6%) 

2.85 
(5.6%) 

0 
(5.21%) 

4.69 (6.69%) 0.21 
(19%) 

0.69 
(0.36%) 

Refining Sodium 
hydroxide 

3.6  
(3.96%) 

369.94 
(15.5%) 

46 
(2.31%) 

0.7 
(10.62%) 

1342.9 
(15.53%) 

169.5 
(15.5%) 

23148 
(15.5%) 

0.49 
(0%) 

1.02 
(0%) 

41.5 
(2.41%) 

0.4 
(15.16%) 

0.05 
(0%) 

7.75 
(15.5
%) 

7.86 
(15.5%) 

0 (51.27%) 6.1  
(8.66%) 

0.1 (9.68%) 35.3 
(18.42%) 

Electricity 
production 

2.7  
(2.97%) 

336.76 
(14.1%) 

10.9 
 (0.55%) 

0.2 
(3.79%) 

1222.5 
(14.14%) 

154.3 
(14.1%) 

21072 
(14.1%) 

0.45 
(0%) 

0.93 
(0%) 

10.1 
(0.58%) 

0.2 
(7.51%) 

0.05 
(0%) 

7.06 
(14.1
%) 

7.16 
(14.1%) 

0 
(0.28%) 

5.1  
(7.28%) 

0 
(2.43%) 

3.1 
(1.64%) 

Hydrochloric 
acid 

1.4  
(1.59%) 

133.44 
(5.6%) 

33.2 
 (1.67%) 

0.2 
(3.86%) 

484.4  
(5.6%) 

61.15 
(5.6%)  

8349 
(5.6%)  

17.67 
(5.6%) 

36.71 
(5.6%) 

31.8 
(1.84%) 

0.1 (5.1%) 1.85 
(5.6%) 

2.80 
(5.6%)  

2.84 
(5.6%)  

0 
(11.6%) 

2.9 
 (4.1%) 

0.3 (25.74%) 10.7 
(5.55%) 

Heat 0.2 
 (0.18%) 

113.87 
(4.8%) 

1.7 
(0.08%) 

0 
(0.09%) 

413.4  
(4.78%) 

52.18 
(4.7%) 

7125 
(4.7%) 

1.51 
(0%)  

3.13 
(0%) 

  

1 
 (0.06%) 

0 (0.72%) 0.16 
(0%) 

  

2.39 
(4.7%) 

2.42 
(4.7%) 

0 
(2.32%) 

0.5 
 (0.7%) 

0 
(1.4%) 

0.6 
(0.29%) 

Ammonium 
bicarbonate 

0.6  
(0.64%) 

100.25 
(4.2%) 

10.7  
(0.54%) 

0.1 
(1.63%) 

363.9  
(4.21%) 

45.94 
(4.2%)  

6273 
(4.2%)  

13.28 
(4.2%) 

27.58 
(4.2%) 

9.4 
 (0.55%) 

0.1 
(2.76%) 

1.39 
(4.2%)  

2.10 
(4.2%)  

2.13 
(4.2%)  

0 
(0.67%) 

1.2  
(1.65%) 

0 
(4.23%) 

3.9 
(2.05%) 

Sulfuric acid 2  
(2.21%) 

44.17 
(1.8%) 

129.6 
 (6.51%) 

0.3 
(4.72%) 

160.3  
(1.85%) 

20.24 
(1.8%) 

2764 
(1.8%) 

0.58 
(0%) 

1.22 
(0%) 

117.2 
(6.79%) 

0.1 (2.9%) 0.06 
(0%)  

0.93 
(1.8%) 

0.94 
(1.8%) 

0 
(0.88%) 

7.5 (10.75%) 0.2 (17.24%) 13.2 
(6.87%) 

Soda ash 0.1 
 (0.08%) 

11.51 
(0.3%) 

1.5 
(0.08%) 

0 
(0.21%) 

41.8 
 (0.48%) 

5.27 
(0%) 

720.06 
(0%) 

1.52 
(0%)  

3.17 
(0%) 

1.4 
 (0.08%) 

0.1 
(4.25%) 

0.16 
(0%)  

0.24 
(0%) 

0.24 
(0%) 

0 
(0.11%) 

0.2 
 (0.24%) 

0 
(0.4%) 

0.8 
(0.39%) 

Sodium 
metabisulfite 

0  
(0.05%) 

4.56 (0%) 0.6 
(0.03%) 

0 
(0.13%) 

16.5 
 (0.19%) 

2.09 
(0%) 

285.06 
(0%) 

0.60 
(0%) 

1.25 
(0%) 

0.5  
(0.03%) 

0 (0.19%) 0.06 
(0%)  

0.10 
(0%) 

0.10 
(0%) 

0 
(0.63%) 

0.1  
(0.11%) 

0 
(0.12%) 

0.4 
(0.23%) 

Kerosene 0  
(0.03%) 

2.40 
(0%) 

0.1 
(0%) 

0 
(0.01%) 

8.7  
(0.1%) 

66.59 
(6.1%) 

9093 
(6.1%) 

0.32 
(0%) 

0.66 
(0%) 

0.1 
 (0%) 

0 (0.07%) 0.03 
(0%)  

3.04 
(0%) 

3.09 
(0%) 

0 
(0.74%) 

0.1  
(0.12%) 

0 
(0.15%) 

0 
(0.01%) 

Lime 0  
(0%) 

0.10 
(0%) 

0 
(0%) 

0 
(0%) 

0.4  
(0%) 

0.05 
(0%)  

6.33 
(0%)  

0.01 
(0%) 

0.03 
(0%) 

0  
(0%) 

0 (0%) 0.00 
(0%)  

0.00 
(0%) 

0.00 
(0%) 

0 
(0%) 

0 (0%) 0 
(0.01%) 

0 
(0%) 

Limestone 0 
 (0%) 

0.02 
(0%) 

0 
(0%) 

0 
(0%) 

0.1 
 (0%) 

0.01 
(0%) 

1.02 
(0%) 

0.00 
(0%) 

0.00 
(0%) 

0  
(0%) 

0 (0%) 0.00 
(0%)  

0.00 
(0%) 

0.00 
(0%) 

0 
(0%) 

0 (0%) 0 (0%) 0 
(0%) 

Disposal Disposal 0 
 (0.02%) 

1.18 
(0%) 

0 
(0%) 

0 
(0%) 

4.3 
 (0.05%) 

0.54 
(0%) 

73.75 
(0%) 

0.16 
(0%) 

0.32 
(0%) 

0 
 (0%) 

0 (0.07%) 0.02 
(0%)  

0.02 
(0%) 

0.03 
(0%) 

0 
(0.1%) 

0 (0.05%) 0 
(0.04%) 

0 
(0.01%) 

 
Total 31.48 2382.09 3714 6.18 8647.26 1091 149057 315.44 655.29 4730.5 0.22 33.00 49.91 50.62 0.00 65.69 54741 273.11 



 

Table S4: LCA results for mining and processing with varying ore grades 

Ore 
Grade 

(% 
Co) 

PMFP FFP FETP FEP GWP HTPc HTPnc IRP LOP METP MEP SOP OFHH OFTE ODP TAP TETP WCP 

Unit kg 
PM2.5eq 

kg oil eq kg 1,4-
DCB 

kg P 
eq 

kg CO2eq kg 1,4-
DCB 

kg 1,4-DCB kBq Co-
60eq 

m2a 
cropeq 

kg 1,4-
DCB 

kg N 
eq 

kg Cu 
eq 

kg NOx 
eq 

kg NOx 

eq 
kg 

CFC-11 
eq 

kg 
SO2 eq 

kg 1,4-
DCB 

m3 

0.05% 29.0 1563.9 4181.6 5.3 13606.8 2092.4 180322 229.2 634.4 5397.1 0.1 8.7 42.8 43.5 0.0027 52.7 11011.0 214.4 

0.10% 23.7 1238.0 3673.4 4.9 7988.5 1320.4 156361 133.1 592.7 4697.4 0.1 6.7 34.4 34.9 0.0020 43.8 7312.0 202.9 

0.15% 21.8 1121.1 3503.8 4.7 6094.1 1062.1 148369 100.8 573.9 4463.9 0.1 5.9 31.3 31.8 0.0018 40.5 6046.0 197.3 

0.20% 20.7 1056.6 3418.9 4.7 5131.4 932.4 144370 84.4 561.0 4346.9 0.1 5.5 29.6 30.1 0.0017 38.7 5389.3 193.3 

0.25% 20.0 1013.4 3367.8 4.6 4541.8 854.1 141967 74.3 550.5 4276.6 0.1 5.3 28.5 29.0 0.0016 37.4 4977.0 189.9 

0.30% 19.4 980.8 3333.7 4.6 4139.1 801.4 140363 67.5 541.4 4229.6 0.1 5.1 27.6 28.1 0.0015 36.4 4687.6 186.8 

0.35% 18.9 954.5 3309.2 4.6 3843.7 763.5 139216 62.5 533.1 4195.9 0.1 4.9 26.9 27.4 0.0015 35.5 4468.8 184.0 

0.40% 18.5 932.3 3290.8 4.6 3615.4 734.9 138353 58.6 525.3 4170.5 0.0 4.8 26.3 26.8 0.0015 34.8 4294.7 181.4 

0.45% 18.2 912.8 3276.5 4.6 3432.2 712.3 137681 55.5 518.0 4150.7 0.0 4.7 25.8 26.2 0.0014 34.2 4150.6 178.9 

0.50% 17.8 895.3 3264.9 4.5 3280.8 694.1 137143 52.9 511.1 4134.8 0.0 4.6 25.3 25.7 0.0014 33.6 4027.8 176.5 

0.55% 17.5 879.4 3255.5 4.5 3152.5 679.0 136701 50.8 504.4 4121.8 0.0 4.5 24.9 25.3 0.0014 33.0 3920.8 174.2 

0.60% 17.3 864.6 3247.5 4.5 3041.9 666.2 136332 48.9 498.0 4110.9 0.0 4.4 24.5 24.9 0.0013 32.5 3825.8 171.9 

0.65% 17.0 850.8 3240.8 4.5 2944.9 655.3 136019 47.3 491.8 4101.6 0.0 4.4 24.1 24.5 0.0013 32.0 3740.3 169.8 

0.70% 16.7 837.8 3235.0 4.5 2858.7 645.9 135750 45.9 485.8 4093.5 0.0 4.3 23.7 24.1 0.0013 31.6 3662.4 167.7 

0.75% 16.5 825.5 3229.9 4.5 2781.3 637.5 135516 44.6 480.0 4086.6 0.0 4.2 23.4 23.8 0.0013 31.1 3590.8 165.6 

0.80% 16.3 813.8 3225.5 4.5 2711.1 630.2 135311 43.4 474.3 4080.4 0.0 4.2 23.0 23.4 0.0013 30.7 3524.3 163.6 

0.85% 16.1 802.6 3221.6 4.5 2646.9 623.6 135130 42.4 468.8 4075.0 0.0 4.1 22.7 23.1 0.0012 30.3 3462.2 161.7 

0.90% 15.9 791.9 3218.0 4.5 2587.8 617.6 134968 41.4 463.5 4070.1 0.0 4.1 22.4 22.8 0.0012 29.9 3403.9 159.8 

0.95% 15.7 781.5 3214.9 4.5 2533.0 612.2 134823 40.5 458.3 4065.7 0.0 4.0 22.1 22.5 0.0012 29.6 3349.0 158.0 

1% 15.5 771.6 3212.0 4.5 2482.0 607.3 134691 39.6 453.2 4061.8 0.0 3.9 21.9 22.2 0.0012 29.2 3296.8 156.2 

 

 

 

 



 

Table S5: LCA results for three different battery chemistries for an ore grade of 0.3% and a refining location in China 

 

LIB PMFP FFP FETP FEP GWP HTPc HTPnc IRP LOP METP ME
P 

SOP OFH
H 

OFTE ODP TAP TETP WCP 

 kg 
PM2.5eq 

kg oil 
eq 

kg 1,4-
DCB 

kg P 
eq 

kg CO2eq kg 1,4-
DCB 

kg 1,4-
DCB 

kBq Co-
60eq 

m2a 
cropeq 

kg 1,4-
DCB 

kg N 
eq 

kg Cu 
eq 

kg NOx 
eq 

kg NOx 

eq 
kg CFC-11 
eq 

kg SO2 eq kg 1,4-
DCB 

m3 

NMC1
11 

31.48 2383 3714.91 6.18 8647.2 1091.54 149057 315.4 655.29 4730.5 0.22 33.0 49.91 50.62 0.00 65.6 54741.6 273.1 

NMC5
32 

19.21 1427 2226.07 3.69 5189.80 648.67 88245. 187.5 389.14 2837.5 0.14 19.6 29.83 30.25 0.00 39.9 33171.9 164.9 

NMC6
22 

15.91 1186 1840.10 3.05 4287.2 537.10 72922. 155.3 322.08 2345.6 0.11 16.3 24.78 25.13 0.00 33.1 27638.9 136.3 

NMC8
11 

8.39 639.1 962.76 1.60 2230.5 283.58 38088. 82.15 169.68 1227.5 0.06 8.68 13.31 13.50 0.00 17.50 15078.0 71.25 

NCA 11.98 902.4 1378.40 2.28 3211.2 404.17 54589. 117.0 242.53 1757.3 0.08 12.3 18.85 19.12 0.00 24.98 21223.6 102.0 

 

Table S6: LCA results for the combined scenarios 

# Grade Refining 
Location 

LIB PMFP FFP FETP FEP GWP HTPc HTPnc IRP LOP METP MEP SO
P 

OFH
H 

OFTE ODP TAP TETP WCP 

    kg 
PM2.5eq 

kg oil eq kg 1,4-
DCB 

kg P 
eq 

kg CO2eq kg 1,4-
DCB 

kg 1,4-
DCB 

kBq 
Co-60eq 

m2a 
cropeq 

kg 1,4-
DCB 

kg N 
eq 

kg 
Cu eq 

kg NOx 
eq 

kg NOx 

eq 
kg 
CFC-
11 eq 

kg 
SO2 eq 

kg 1,4-
DCB 

m3 

1 0.1 0.75 394 33.67 2640.35 3842.98 6.29 13208.6 1610.57 165058 381.13 706.63 4906.93 0.23 34.5 56.66 57.47 0.00 69.56 55836.5 284.98 

2 0.2 0.75 394 32.35 2458.91 3757.76 6.22 9958 1222.51 153064 332.33 674.90 4789.56 0.23 33.4 51.93 52.67 0.00 67.25 55134.6 278.55 

3 0.3 0.75 394 31.48 2383.09 3714.91 6.18 8647.2 1091.54 149057 315.44 655.29 4730.51 0.22 33.0 49.91 50.62 0.00 65.69 54741.6 273.11 

4 0.4 0.75 394 30.80 2334.55 3689.01 6.16 8499.89 1024.94 147047 306.56 639.23 4694.82 0.22 32.7 48.60 49.29 0.00 64.46 54474.7 268.19 

5 0.5 0.75 394 30.22 2297.57 3671.61 6.14 8260.95 984.15 145836 300.92 624.96 4670.82 0.22 32.5 47.59 48.27 0.00 63.40 54272.7 263.64 

6 0.6 0.75 394 29.71 2266.84 3659.06 6.13 8077.73 956.32 145025 296.91 611.87 4653.51 0.22 32.3 46.75 47.41 0.00 62.46 54109.3 259.37 

7 0.7 0.75 394 29.52 2240.06 3649.56 6.12 7930.08 935.93 144443 293.85 599.67 4640.40 0.22 32.2 46.01 46.66 0.00 61.60 53971.1 255.35 

8 0.8 0.75 394 29.11 2216.03 3644.30 6.11 7892.3 920.22 144004 291.39 588.21 4635.30 0.22 32.0 45.34 45.98 0.00 61.20 53912.2 253.40 

9 0.9 0.75 394 28.82 2194.09 3642.10 6.11 7806.78 907.66 143660 289.35 577.37 4630.09 0.22 31.9 44.73 45.36 0.00 60.81 53850.7 251.54 

10 1.0 0.75 394 28.43 2173.80 3636.06 6.10 7701.02 897.32 143384 287.60 567.09 4621.75 0.22 31.8 44.16 44.78 0.00 60.08 53743.6 247.91 

11 0.1 0.18 394 34.67 2617.50 4114.11 6.34 12575.9 1608.22 164973 1028.6 714.55 5280.87 0.26 36.5 53.52 54.35 0.01 70.48 65110.5 327.92 



12 0.2 0.18 394 31.65 2436.07 3859.53 6.13 9718.21 1220.16 152979 979.82 682.82 4930.33 0.24 35.4 48.78 49.55 0.00 65.33 63187.4 318.29 

13 0.3 0.18 394 30.34 2360.24 3774.31 6.06 8325.76 1089.19 148972 962.93 663.20 4812.96 0.24 34.9 46.77 47.51 0.00 63.03 62485.6 311.86 

14 0.4 0.18 394 29.47 2311.71 3731.46 6.02 8201.93 1022.59 146961 954.06 647.14 4753.92 0.23 34.7 45.46 46.18 0.00 61.47 62092.6 306.42 

15 0.5 0.18 394 28.78 2274.72 3705.56 6.00 7867.2 981.80 145751 948.41 632.87 4718.22 0.23 34.4 44.45 45.15 0.00 60.23 61825.7 301.50 

16 0.6 0.18 394 28.21 2244.00 3688.16 5.98 7628.26 953.97 144940 944.40 619.78 4694.22 0.23 34.3 43.60 44.29 0.00 59.17 61623.7 296.95 

17 0.7 0.18 394 27.70 2217.21 3675.61 5.97 7445.04 933.58 144358 941.34 607.59 4676.91 0.23 34.1 42.86 43.54 0.00 58.23 61460.2 292.69 

18 0.8 0.18 394 27.23 2193.19 3666.11 5.96 7297.39 917.87 143919 938.89 596.12 4663.80 0.23 34 42.19 42.86 0.00 57.38 61322 288.66 

19 0.9 0.18 394 26.81 2171.25 3658.65 5.95 7174.09 905.31 143575 936.84 585.29 4653.49 0.23 33.9
3 

41.58 42.24 0.00 56.59 61201.7 284.85 

20 1.0 0.18 394 26.41 2150.95 3652.61 5.95 7068.33 894.98 143299 935.10 575.00 4645.15 0.23 33.8 41.01 41.66 0.00 55.85 61094.5 281.22 

21 0.1 0.29 394 34.09 2529.16 3867.41 6.12 12119 1549.13 160484 787.43 15536.4 4960.34 0.24 20.1 51.16 51.94 0.01 70.11 35698.6 308.63 

22 0.2 0.29 394 31.07 2347.73 3612.83 5.91 9261.23 1161.08 148490 738.62 15504.7 4609.80 0.23 18.9 46.42 47.14 0.00 64.96 33775.5 299.01 

23 0.3 0.29 394 29.76 2271.90 3527.61 5.84 8068.78 1030.11 144483 721.73 15485.1 4492.44 0.22 18.4 44.41 45.10 0.00 62.65 33073.7 292.58 

24 0.4 0.29 394 28.89 2223.37 3484.76 5.81 7744.95 963.51 142473 712.86 15469.0 4433.39 0.22 18.2 43.10 43.77 0.00 61.10 32680.7 287.14 

25 0.5 0.29 394 28.20 2186.38 3458.86 5.78 7410.22 922.72 141262 707.21 15454.8 4397.70 0.22 18 42.09 42.74 0.00 59.86 32413.8 282.22 

26 0.6 0.29 394 27.63 2155.66 3441.46 5.77 7171.28 894.88 140451 703.20 15441.7 4373.70 0.22 17.8 41.24 41.89 0.00 58.80 32211.8 277.67 

27 0.7 0.29 394 27.12 2128.87 3428.92 5.75 6988.06 874.49 139869 700.14 15429.5 4356.39 0.21 17.6 40.50 41.13 0.00 57.86 32048.4 273.40 

28 0.8 0.29 394 26.65 2104.85 3419.42 5.74 6840.41 858.79 139430 697.69 15418 4343.27 0.21 17.5 39.83 40.45 0.00 57.01 31910.2 269.38 

29 0.9 0.29 394 26.23 2082.91 3411.95 5.73 6717.11 846.23 139087 695.64 15407.2 4332.96 0.21 17.4 39.22 39.83 0.00 56.21 31789.8 265.57 

30 1.0 0.29 394 25.83 2062.61 3405.92 5.73 6611.35 835.89 138810 693.90 15396.9 4324.62 0.21 17.3 38.65 39.25 0.00 55.48 31682.7 261.94 

31 0.1 0.75 230 21.78 1579.06 2427.16 3.85 6426.54 955.84 97715.8 226.45 419.53 3114.45 0.15 20.6 33.82 34.30 0.00 44.38 34725.4 174.45 

32 0.2 0.75 230 19.99 1471.68 2276.50 3.73 5734.8 726.18 90617.5 197.57 400.75 2906.99 0.14 19.9 31.02 31.46 0.00 41.33 33587.2 168.75 

33 0.3 0.75 230 19.21 1426.81 2226.07 3.69 5189.80 648.67 88245.8 187.58 389.14 2837.53 0.14 19.6 29.83 30.25 0.00 39.97 33171.9 164.95 

34 0.4 0.75 230 18.70 1398.08 2200.70 3.66 4837.87 609.25 87056.2 182.32 379.64 2802.58 0.13 19.5 29.05 29.47 0.00 39.05 32939.3 161.73 

35 0.5 0.75 230 18.29 1376.20 2185.38 3.65 4639.77 585.11 86339.6 178.98 371.19 2781.46 0.13 19.3 28.45 28.86 0.00 38.31 32781.3 158.82 

36 0.6 0.75 230 17.95 1358.01 2175.08 3.64 4498.36 568.64 85859.7 176.61 363.44 2767.25 0.13 19.2 27.95 28.35 0.00 37.69 32661.8 156.13 

37 0.7 0.75 230 17.65 1342.16 2167.65 3.63 4389.92 556.57 85515.1 174.80 356.23 2757.01 0.13 19.2 27.51 27.90 0.00 37.13 32565.0 153.60 

38 0.8 0.75 230 17.38 1327.94 2162.03 3.63 4302.54 547.28 85255.3 173.34 349.44 2749.25 0.13 19.1 27.12 27.50 0.00 36.63 32483.3 151.22 

39 0.9 0.75 230 17.12 1314.95 2157.61 3.62 4229.57 539.84 85052.1 172.13 343.03 2743.15 0.13 19.0 26.76 27.13 0.00 36.16 32412 148.96 

40 1.0 0.75 230 16.89 1302.94 2154.04 3.62 4166.98 533.73 84888.5 171.10 336.94 2738.21 0.13 18.2 26.42 26.79 0.00 35.72 32348.6 146.82 

41 0.1 0.18 230 21.22 1655.18 2439.93 3.88 6193.42 966.87 97916.8 231.53 430.18 3132.48 0.15 21.1 32.44 32.93 0.00 42.89 38853.3 175.04 

42 0.2 0.18 230 19.43 1547.79 2289.25 3.76 5480.02 737.18 90817.4 202.64 411.40 2924.99 0.14 20.4 29.64 30.09 0.00 39.84 37715.0 169.35 



43 0.3 0.18 230 18.66 1502.91 2238.81 3.71 4944.38 659.66 88445.4 192.64 399.79 2855.52 0.14 20.2 28.45 28.88 0.00 38.48 37299.6 165.54 

44 0.4 0.18 230 18.14 1474.18 2213.44 3.69 4603.11 620.23 87255.6 187.39 390.28 2820.57 0.14 20.0 27.67 28.09 0.00 37.55 37067 162.32 

45 0.5 0.18 230 17.74 1452.29 2198.11 3.68 4410.51 596.09 86538.9 184.05 381.84 2799.45 0.14 19.9 27.08 27.49 0.00 36.82 36909 159.41 

46 0.6 0.18 230 17.39 1434.10 2187.81 3.67 4273.30 579.61 86058.9 181.67 374.09 2785.24 0.14 19.8 26.58 26.98 0.00 36.20 36789.4 156.72 

47 0.7 0.18 230 17.09 1418.25 2180.38 3.66 4136.09 567.54 85714.3 179.86 366.87 2775.00 0.14 19.7 26.14 26.53 0.00 35.64 36692.7 154.19 

48 0.8 0.18 230 16.82 1404.03 2174.76 3.65 4051.56 558.25 85454.5 178.41 360.08 2767.23 0.14 19.6 25.74 26.13 0.00 35.13 36610.9 151.81 

49 0.9 0.18 230 16.57 1391.04 2170.34 3.65 3981.05 550.81 85251.2 177.20 353.67 2761.13 0.14 19.6 25.38 25.76 0.00 34.67 36539.6 149.55 

50 1.0 0.18 230 10.16 1340.23 2132.92 3.58 3920.63 530.87 83634.1 159.21 173.74 2709.02 0.13 17.9 25.30 25.67 0.00 33.59 35124.9 85.65 

51 0.1 0.29 230 21.39 1575.26 2428.13 3.85 6025.02 954.72 97743.6 226.67 421.18 3115.92 0.15 20.5 32.60 33.07 0.00 43.38 35290.2 174.51 

52 0.2 0.29 230 19.60 1467.87 2277.44 3.73 5295.62 725.03 90644.2 197.78 402.40 2908.43 0.14 19.8 29.80 30.23 0.00 40.33 34151.9 168.81 

53 0.3 0.29 230 18.83 1422.99 2227.00 3.69 4857.12 647.51 88272.3 187.78 390.79 2838.96 0.14 19.6 28.60 29.02 0.00 38.97 33736.5 165.00 

54 0.4 0.29 230 18.31 1394.26 2201.64 3.67 4433.52 608.08 87082.5 182.53 381.28 2804.01 0.13 19.4 27.83 28.24 0.00 38.04 33503.9 161.78 

55 0.5 0.29 230 17.91 1372.37 2186.31 3.65 4244.82 583.94 86365.8 179.19 372.83 2782.88 0.13 19.3 27.23 27.63 0.00 37.31 33345.9 158.87 

56 0.6 0.29 230 17.26 1338.33 2168.58 3.63 4110.72 555.39 85541.2 175.00 357.87 2758.43 0.13 19.1 26.29 26.67 0.00 36.13 33129.6 153.65 

57 0.7 0.29 230 16.99 1324.11 2162.96 3.63 4008.12 546.10 85281.3 173.55 351.08 2750.67 0.13 19.0 25.90 26.27 0.00 35.62 33047.8 151.27 

58 0.8 0.29 230 16.74 1311.12 2158.54 3.62 3925.62 538.66 85078.1 172.34 344.67 2744.56 0.13 19.0 25.53 26.10 0.00 35.15 32976.5 149.01 

59 0.9 0.29 230 17.56 1354.18 2176.01 3.64 3856.82 567.46 85885.8 176.81 365.09 2768.67 0.13 19.2 26.73 25.12 0.00 35.68 33226.3 156.18 

60 1.0 0.29 230 10.33 1300.23 2121.12 3.55 3798.02 560.72 83461.0 164.35 164.74 2692.46 0.12 18.7 26.46 24.53 0.00 33.08 31561.8 150.11 

61 0.1 0.75 190 18.02 1311.79 2006.25 3.18 6521.29 790.89 80746.3 187.48 347.18 2574.44 0.12 17.0 28.08 28.48 0.00 36.75 28922.4 144.17 

62 0.2 0.75 190 16.55 1223.08 1881.77 3.08 5123.94 601.14 74881.6 163.62 331.67 2403.04 0.12 16.5 25.76 26.13 0.00 34.23 27982 139.47 

63 0.3 0.75 190 15.91 1186.00 1840.10 3.05 4287.33 537.10 72922.1 155.36 322.08 2345.65 0.11 16.3 24.78 25.13 0.00 33.10 27638.9 136.32 

64 0.4 0.75 190 15.48 1162.27 1819.15 3.03 4182.52 504.53 71939.3 151.02 314.22 2316.78 0.11 16.1 24.13 24.48 0.00 32.34 27446.7 133.66 

65 0.5 0.75 190 15.15 1144.18 1806.49 3.02 4018.84 484.59 71347.2 148.26 307.25 2299.32 0.11 16.0 23.64 23.98 0.00 31.73 27316.2 131.26 

66 0.6 0.75 190 14.86 1129.16 1797.98 3.01 4002.01 470.98 70950.7 146.30 300.85 2287.59 0.11 15.9 23.23 23.56 0.00 31.22 27217.4 129.03 

67 0.7 0.75 190 14.61 1116.06 1791.84 3.00 3992.42 461.01 70666 144.80 294.88 2279.13 0.11 15.9 22.86 23.19 0.00 30.76 27137.5 126.95 

68 0.8 0.75 190 14.39 1104.32 1787.20 3.00 3940.22 453.33 70451.4 143.60 289.28 2272.71 0.11 15.8 22.54 22.86 0.00 30.34 27069.9 124.98 

69 0.9 0.75 190 14.18 1093.59 1783.55 2.99 3879.93 447.19 70283.5 142.60 283.98 2267.67 0.11 15.8 22.24 22.55 0.00 29.95 27011.1 123.11 

70 1.0 0.75 190 13.99 1083.66 1780.60 2.99 3828.22 442.13 70148.3 141.75 278.95 2263.59 0.11 15.7 21.96 22.27 0.00 29.59 26958.7 121.34 

71 0.1 0.18 190 63.10 4922.10 7256.12 11.5 6109.5 2875.35 291196 688.53 1279.30 9315.69 0.46 62.9 96.48 97.93 0.01 127.5 115538 520.56 

72 0.2 0.18 190 57.79 4602.72 6807.98 11.1 4713.2 2192.26 270083 602.62 1223.44 8698.63 0.43 60.9 88.15 89.48 0.01 118.4 112152 503.62 

73 0.3 0.18 190 55.48 4469.25 6657.98 11.0 3908.1 1961.71 263028 572.89 1188.92 8492.03 0.42 60.1 84.60 85.88 0.01 114.4 110917 492.30 



74 0.4 0.18 190 53.94 4383.81 6582.54 10.9 3791.2 1844.47 259490 557.26 1160.64 8388.10 0.41 59.6 82.29 83.54 0.01 111.6 110225 482.72 

75 0.5 0.18 190 52.74 4318.71 6536.96 10.9 3628.5 1772.67 257359 547.33 1135.53 8325.26 0.41 59.3 80.52 81.74 0.01 109.5 109755 474.07 

76 0.6 0.18 190 51.73 4264.62 6506.32 10.9 3602.4 1723.68 255931 540.27 1112.48 8283.01 0.41 59.0 79.03 80.23 0.01 107.6 109400 466.06 

77 0.7 0.18 190 50.83 4217.47 6484.24 10.8 3585.0 1687.78 254906 534.88 1091.02 8252.55 0.41 58.7 77.72 78.90 0.01 105.9 109112 458.55 

78 0.8 0.18 190 50.01 4175.18 6467.52 10.8 3530.91 1660.13 254134 530.56 1070.84 8229.46 0.40 58.5 76.54 77.70 0.01 104.4 108869 451.46 

79 0.9 0.18 190 49.27 4136.56 6454.38 10.8 3470.71 1638.03 253529 526.96 1051.76 8211.31 0.40 58.3 75.47 76.61 0.01 103.0 108657 444.75 

80 1.0 0.18 190 48.57 4100.84 6443.75 10.8 3355.6 1619.83 253043 523.89 1033.66 8196.63 0.40 58.1 74.47 75.59 0.01 101.7 108468 438.37 

81 0.1 0.29 190 63.61 4684.97 7221.09 11.4 5888.0 2839.31 290682 674.10 1252.57 9266.51 0.44 61.0 96.95 98.36 0.01 129.0 104959 518.97 

82 0.2 0.29 190 58.30 4365.60 6772.96 11.0 4492.3 2156.21 269569 588.20 1196.71 8649.46 0.41 59.1 88.62 89.91 0.01 119.9 101574 502.02 

83 0.3 0.29 190 55.99 4232.12 6622.95 10.9 3704.2 1925.67 262515 558.47 1162.19 8442.86 0.40 58.3 85.07 86.31 0.01 115.8 100338 490.71 

84 0.4 0.29 190 54.45 4146.69 6547.51 10.9 3580.9 1808.43 258976 542.84 1133.91 8338.92 0.40 57.8 82.76 83.97 0.01 113.1 99646.4 481.13 

85 0.5 0.29 190 53.25 4081.58 6501.93 10.8 3418.6 1736.63 256845 532.90 1108.79 8276.09 0.40 57.4 80.99 82.17 0.01 110.9 99176.5 472.47 

86 0.6 0.29 190 52.24 4027.49 6471.29 10.8 3387.5 1687.63 255417 525.85 1085.75 8233.84 0.39 57.1 79.50 80.66 0.01 109.1 98820.9 464.46 

87 0.7 0.29 190 51.34 3980.34 6449.21 10.8 3365.9 1651.74 254393 520.46 1064.29 8203.37 0.39 56.9 78.19 79.33 0.01 107.4 98533.2 456.95 

88 0.8 0.29 190 50.52 3938.06 6432.49 10.7 3310.8 1624.09 253620 516.13 1044.11 8180.29 0.39 56.7 77.02 78.14 0.01 105.9 98290.0 449.87 

89 0.9 0.29 190 49.77 3899.43 6419.35 10.7 3250.6 1601.98 253015 512.54 1025.03 8162.14 0.39 56.4 75.94 77.04 0.01 104.5 98078.1 443.16 

90 1.0 0.29 190 49.08 3863.71 6408.72 10.7 3199.08 1583.79 252529 509.47 1006.93 8147.45 0.39 56.3 74.94 76.02 0.01 103.2 97889.5 436.77 

91 0.1 0.75 94 9.50 704.78 1049.46 1.67 3364.4 416.01 42171.5 98.91 182.78 1346.94 0.07 9.08 15.03 15.25 0.00 19.40 15747.8 75.35 

92 0.2 0.75 94 8.73 658.49 984.51 1.61 2635.24 316.99 39111.1 86.46 174.69 1257.50 0.06 8.79 13.82 14.02 0.00 18.09 15257.1 72.89 

93 0.3 0.75 94 8.39 639.14 962.76 1.60 2230.52 283.58 38088.6 82.15 169.68 1227.55 0.06 8.68 13.31 13.50 0.00 17.50 15078.0 71.25 

94 0.4 0.75 94 8.17 626.76 951.83 1.59 2198.35 266.58 37575.8 79.88 165.58 1212.49 0.06 8.61 12.98 13.16 0.00 17.10 14977.7 69.86 

95 0.5 0.75 94 8.00 617.32 945.22 1.58 2120.94 256.18 37266.8 78.44 161.94 1203.38 0.06 8.56 12.72 12.90 0.00 16.79 14909.6 68.61 

96 0.6 0.75 94 7.85 609.48 940.78 1.58 2055.97 249.07 37059.9 77.42 158.60 1197.26 0.06 8.51 12.50 12.68 0.00 16.52 14858.1 67.45 

97 0.7 0.75 94 7.72 602.65 937.58 1.57 1959.22 243.87 36911.4 76.64 155.49 1192.84 0.06 8.48 12.31 12.49 0.00 16.28 14816.4 66.36 

98 0.8 0.75 94 7.60 596.52 935.16 1.57 1900.55 239.86 36799.4 76.01 152.57 1189.50 0.06 8.44 12.14 12.31 0.00 16.06 14781.1 65.33 

99 0.9 0.75 94 7.49 590.92 933.25 1.57 1850.09 236.66 36711.7 75.49 149.80 1186.86 0.06 8.41 11.99 12.16 0.00 15.86 14750.4 64.36 

100 1.0 0.75 94 7.39 585.74 931.71 1.57 1819.1 234.02 36641.2 75.05 147.18 1184.74 0.06 8.39 11.84 12.01 0.00 15.67 14723.1 63.43 

101 0.1 0.18 94 8.85 668.14 1049.75 1.62 3209.71 410.40 42094.4 262.47 182.37 1347.47 0.07 9.32 13.66 13.87 0.00 17.99 16626.2 83.67 

102 0.2 0.18 94 8.08 621.85 984.80 1.56 2480.54 311.38 39034.1 250.02 174.27 1258.03 0.06 9.04 12.45 12.65 0.00 16.67 16135.5 81.21 

103 0.3 0.18 94 7.74 602.50 963.05 1.55 2157.31 277.96 38011.6 245.71 169.27 1228.08 0.06 8.93 11.94 12.13 0.00 16.08 15956.5 79.57 

104 0.4 0.18 94 7.52 590.11 952.12 1.54 2093.65 260.97 37498.7 243.44 165.17 1213.02 0.06 8.85 11.60 11.79 0.00 15.69 15856.2 78.18 



105 0.5 0.18 94 7.35 580.68 945.51 1.53 2008.24 250.56 37189.7 242.00 161.53 1203.91 0.06 8.80 11.35 11.53 0.00 15.37 15788.1 76.93 

106 0.6 0.18 94 7.20 572.84 941.07 1.53 1947.28 243.46 36982.8 240.98 158.19 1197.79 0.06 8.76 11.13 11.31 0.00 15.10 15736.5 75.77 

107 0.7 0.18 94 7.07 566.00 937.87 1.52 1900.53 238.26 36834.3 240.20 155.08 1193.37 0.06 8.72 10.94 11.11 0.00 14.86 15694.8 74.68 

108 0.8 0.18 94 6.95 559.87 935.45 1.52 1862.85 234.25 36722.3 239.57 152.15 1190.02 0.06 8.69 10.77 10.94 0.00 14.64 15659.6 73.65 

109 0.9 0.18 94 6.84 554.27 933.54 1.52 1831.39 231.05 36634.7 239.05 149.39 1187.39 0.06 8.66 10.61 10.78 0.00 14.44 15628.9 72.68 

110 1.0 0.18 94 6.74 549.10 932.00 1.52 1804.41 228.41 36564.1 238.60 146.77 1185.26 0.06 8.63 10.47 10.63 0.00 14.25 15601.5 71.76 

111 0.1 0.29 94 8.70 645.62 986.81 1.56 3093.16 395.32 40949.2 200.92 3964.26 1265.69 0.06 5.12 13.06 13.26 0.00 17.89 9122.29 78.75 

112 0.2 0.29 94 7.93 599.32 921.85 1.51 2364 296.31 37888.8 188.47 3956.16 1176.25 0.06 4.83 11.85 12.03 0.00 16.58 8631.6 76.29 

113 0.3 0.29 94 7.59 579.98 900.11 1.49 2110.77 262.89 36866.3 184.16 3951.16 1146.30 0.06 4.72 11.34 11.51 0.00 15.99 8452.53 74.65 

114 0.4 0.29 94 7.37 567.59 889.17 1.48 1977.11 245.90 36353.5 181.90 3947.06 1131.24 0.06 4.65 11.00 11.17 0.00 15.59 8352.26 73.26 

115 0.5 0.29 94 7.20 558.16 882.57 1.48 1891.7 235.49 36044.5 180.46 3943.42 1122.13 0.06 4.59 10.74 10.91 0.00 15.28 8284.15 72.01 

116 0.6 0.29 94 7.05 550.32 878.13 1.47 1830.74 228.39 35837.6 179.43 3940.08 1116.01 0.05 4.55 10.53 10.69 0.00 15.01 8232.60 70.85 

117 0.7 0.29 94 6.92 543.48 874.93 1.47 1783.99 223.19 35689.1 178.65 3936.97 1111.59 0.05 4.51 10.34 10.50 0.00 14.77 8190.90 69.76 

118 0.8 0.29 94 6.80 537.35 872.50 1.47 1746.31 219.18 35577 178.03 3934.04 1108.24 0.05 4.48 10.17 10.33 0.00 14.55 8155.65 68.73 

119 0.9 0.29 94 6.69 531.75 870.60 1.46 1714.85 215.97 35489.4 177.51 3931.28 1105.61 0.05 4.45 10.01 10.17 0.00 14.35 8124.93 67.76 

120 1.0 0.29 94 6.59 526.58 869.06 1.46 1687.87 213.34 35418.9 177.06 3928.66 1103.48 0.05 4.42 9.87 10.02 0.00 14.16 8097.60 66.83 

121 0.1 0.75 143 13.57 996.50 1502.72 2.39 4394.2 594.06 60443.9 141.06 261.32 1928.56 0.09 12.8 21.32 21.62 0.00 27.71 22184 107.96 

122 0.2 0.75 143 12.47 930.12 1409.58 2.31 3660.81 452.08 56055.8 123.21 249.71 1800.31 0.09 12.4 19.59 19.87 0.00 25.82 21480.4 104.44 

123 0.3 0.75 143 11.98 902.38 1378.40 2.28 3211.2 404.17 54589.6 117.03 242.53 1757.37 0.08 12.3 18.85 19.12 0.00 24.98 21223.6 102.09 

124 0.4 0.75 143 11.67 884.62 1362.73 2.27 2806.62 379.80 53854.2 113.78 236.66 1735.77 0.08 12.2 18.37 18.63 0.00 24.41 21079.9 100.09 

125 0.5 0.75 143 11.42 871.09 1353.25 2.26 2620.074 364.87 53411.2 111.71 231.44 1722.71 0.08 12.1 18.00 18.26 0.00 23.96 20982.2 98.30 

126 0.6 0.75 143 11.20 859.84 1346.88 2.26 2487.464 354.69 53114.5 110.25 226.65 1713.93 0.08 12.0 17.69 17.94 0.00 23.57 20908.3 96.63 

127 0.7 0.75 143 11.02 850.04 1342.29 2.25 2386.11 347.23 52901.5 109.13 222.19 1707.60 0.08 12.0 17.42 17.67 0.00 23.23 20848.5 95.07 

128 0.8 0.75 143 10.85 841.26 1338.82 2.25 2304.68 341.49 52740.9 108.23 217.99 1702.80 0.08 11.9 17.18 17.42 0.00 22.91 20797.9 93.60 

129 0.9 0.75 143 10.69 833.23 1336.09 2.24 2236.83 336.89 52615.3 107.48 214.03 1699.03 0.08 11.9 16.95 17.19 0.00 22.62 20753.9 92.20 

130 1.0 0.75 143 10.55 825.80 1333.88 2.24 2178.77 333.11 52514.2 106.84 210.26 1695.97 0.08 11.9 16.75 16.98 0.00 22.35 20714.7 90.88 

131 0.1 0.18 143 12.72 961.87 1505.43 2.32 4116.79 588.93 60365.6 376.55 262.14 1932.48 0.09 13.3 19.69 19.99 0.00 25.87 24023.3 120.00 

132 0.2 0.18 143 11.61 895.49 1412.28 2.24 3367.37 446.95 55977.4 358.69 250.53 1804.23 0.09 12.9 17.95 18.23 0.00 23.99 23319.7 116.47 

133 0.3 0.18 143 11.13 867.75 1381.11 2.22 2927.20 399.03 54511.3 352.51 243.36 1761.29 0.09 12.8 17.22 17.49 0.00 23.14 23062.9 114.12 

134 0.4 0.18 143 10.81 850.00 1365.43 2.20 2544.09 374.67 53775.9 349.26 237.48 1739.69 0.09 12.7 16.74 17.00 0.00 22.57 22919.1 112.13 

135 0.5 0.18 143 10.56 836.46 1355.95 2.20 2365.62 359.74 53332.9 347.20 232.26 1726.63 0.08 12.6 16.37 16.63 0.00 22.12 22821.5 110.33 



136 0.6 0.18 143 10.35 825.22 1349.59 2.19 2239.11 349.56 53036.2 345.73 227.47 1717.85 0.08 12.5 16.06 16.31 0.00 21.73 22747.6 108.67 

137 0.7 0.18 143 10.16 815.42 1345.00 2.19 2142.64 342.10 52823.2 344.61 223.01 1711.52 0.08 12.5 15.79 16.04 0.00 21.39 22687.8 107.11 

138 0.8 0.18 143 10.00 806.63 1341.52 2.18 2065.27 336.35 52662.6 343.71 218.81 1706.72 0.08 12.4 15.54 15.79 0.00 21.08 22637.2 105.63 

139 0.9 0.18 143 9.84 798.60 1338.79 2.18 2000.91 331.76 52537 342.97 214.85 1702.95 0.08 12.4 15.32 15.56 0.00 20.79 22593.2 104.24 

140 1.0 0.18 143 9.48 929.55 1246.32 2.10 1909.82 310.31 51723.4 322.30 5684.96 1582.63 0.08 12.3
6 

15.30 14.56 0.00 20.38 21793.2 95.86 

141 0.1 0.29 143 12.50 863.17 1415.17 2.24 3967.58 425.33 54335.2 270.44 5673.35 1815.21 0.09 6.95 17.09 17.35 0.00 25.74 13262.5 112.94 

142 0.2 0.29 143 11.40 835.42 1322.03 2.16 3209.5 377.42 52869.1 264.26 5666.18 1686.96 0.08 6.79 16.35 16.61 0.00 23.85 12558.9 109.42 

143 0.3 0.29 143 10.92 817.67 1290.85 2.14 2774.48 353.05 52133.7 261.02 5660.30 1644.02 0.08 6.69 15.87 16.12 0.00 23.01 12302.1 107.07 

144 0.4 0.29 143 10.60 804.13 1275.17 2.13 2402.92 338.12 51690.7 258.95 5655.08 1622.42 0.08 6.61 15.50 15.74 0.00 22.44 12158.3 105.08 

145 0.5 0.29 143 10.35 792.89 1265.69 2.12 2228.79 327.94 51394 257.48 5650.29 1609.36 0.08 6.55 15.19 15.43 0.00 21.98 12060.7 103.28 

146 0.6 0.29 143 10.14 783.09 1259.33 2.11 2105.5 320.48 51181 256.36 5645.83 1600.58 0.08 6.50 14.92 15.15 0.00 21.60 11986.7 101.61 

147 0.7 0.29 143 9.95 774.30 1254.74 2.11 2011.71 314.73 51020.4 255.47 5641.63 1594.25 0.08 6.45 14.68 14.91 0.00 21.25 11926.9 100.05 

148 0.8 0.29 143 9.78 766.28 1251.26 2.10 1936.52 310.14 50894.7 254.72 5637.67 1589.45 0.08 6.41 14.45 14.68 0.00 20.94 11876.4 98.58 

149 0.9 0.29 143 9.63 791.18 1248.53 2.10 1874.0 327.98 52435.8 242.33 211.09 1585.68 0.08 6.37 15.11 15.35 0.00 20.65 11832.4 97.18 

150 1.0 0.29 143 9.48 758.85 1246.32 2.10 1820.71 306.36 50793.6 234.08 5633.91 1582.63 0.08 6.37 14.25 14.47 0.00 20.38 11793.2 95.86 
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Figure S2: Relative proportion of environmental impacts per MWh of NMC111 storage, across all life 
cycle stages considered in the base case 



 

 

 

 

 

 

 

 

  

0

50

100

150

200

250

0.00% 0.10% 0.20% 0.30% 0.40% 0.50% 0.60% 0.70% 0.80% 0.90% 1.00%
W

D
P(

m
3 )

Ore grade (%)

Figure S3: Impact of ore grade on water depletion of mining and processing of Co(OH)2  
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Figure S4: Single-score results for environmental impacts comparison of different battery 
chemistries (location—China and ore grade—0.3%) 



 

 

Table S7: Single score results for battery chemistries and locations for an ore grade of 0.3% 

 

    PMFP FFP FETP FEP GWP HTPc HTPnc IRP LOP METP MEP SOP OFHH OFTE ODP TAP TETP WCP Total 

NMC111 Base Case (China) 1.23 2.43 3027.65 9.52 1.08 394.05 1000.17 0.66 0.11 4583.86 0.05 0.00 2.43 2.85 0.00 1.60 52.83 273.11 9353.62 

Canada (NA) 1.19 2.41 3076.06 9.33 1.04 393.20 999.60 2.00 0.11 4663.76 0.05 0.00 2.27 2.67 0.00 1.54 60.30 311.86 9527.40 

Finland (EU) 1.16 2.32 2875.00 8.99 1.01 371.87 969.48 1.50 2.51 4353.17 0.05 0.00 2.16 2.54 0.00 1.53 31.92 292.58 8917.79 

NMC532 Base Case (China) 0.75 1.46 1814.25 5.68 0.65 234.17 592.13 0.39 0.06 2749.57 0.03 0.00 1.45 1.70 0.00 0.98 32.01 164.95 5600.03 

Canada (NA) 0.73 1.53 1824.63 5.71 0.62 238.14 593.47 0.40 0.06 2767.00 0.03 0.00 1.38 1.63 0.00 0.94 35.99 165.54 5637.61 

Finland (EU) 0.74 1.45 1815.01 5.68 0.61 233.75 592.31 0.39 0.06 2750.95 0.03 0.00 1.39 1.63 0.00 0.95 32.56 165.00 5602.31 

NMC632 Base Case (China) 0.62 1.21 1499.68 4.70 0.54 193.89 489.31 0.32 0.05 2272.93 0.02 0.00 1.20 1.41 0.00 0.81 26.67 136.32 4629.70 

Canada (NA) 2.17 4.56 5426.25 16.94 0.49 708.18 1764.92 1.19 0.19 8228.78 0.09 0.00 4.11 4.84 0.17 2.79 107.03 492.30 16765.00 

Finland (EU) 2.19 4.32 5397.70 16.79 0.46 695.17 1761.48 1.16 0.19 8181.13 0.09 0.00 4.13 4.86 0.17 2.83 96.83 490.71 16660.19 

NMC811 Base Case (China) 0.33 0.65 784.65 2.46 0.28 102.37 255.57 0.17 0.03 1189.50 0.01 0.00 0.65 0.76 0.00 0.43 14.55 71.25 2423.66 

Canada (NA) 0.30 0.61 784.89 2.39 0.27 100.34 255.06 0.51 0.03 1190.01 0.01 0.00 0.58 0.68 0.00 0.39 15.40 79.57 2431.05 

Finland (EU) 0.30 0.59 733.59 2.29 0.26 94.90 247.37 0.38 0.64 1110.76 0.01 0.00 0.55 0.65 0.00 0.39 8.16 74.65 2275.51 

NCA Base Case (China) 0.47 0.92 1123.40 3.51 0.40 145.91 366.30 0.24 0.04 1702.89 0.02 0.00 0.92 1.08 0.00 0.61 20.48 102.09 3469.26 

Canada (NA) 0.44 0.89 1125.60 3.42 0.37 144.05 365.77 0.73 0.04 1706.69 0.02 0.00 0.84 0.98 0.00 0.56 22.26 114.12 3486.78 

Finland (EU) 0.43 0.83 1052.04 3.30 0.35 127.45 349.82 0.54 0.92 1593.06 0.02 0.00 0.77 0.91 0.00 0.56 11.87 107.07 3249.93 



 


	Introduction 
	Materials and Methods 
	Life Cycle Assessment (LCA) 
	Goal and Scope Definition 
	Life Cycle Inventory 
	Life Cycle Impact Assessment 
	Experimental Design and Data Analysis 


	Results 
	Base Case Scenario-Analysis of Impact Factors 
	Scenario Analysis 
	Impact of Ore Grade 
	Refining Location 
	Battery Chemistry 
	Use 
	Combined Scenario Analysis 

	Statistical Analysis 

	Discussion 
	Conclusions 
	References

