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Abstract: Sustainable battery production with low environmental footprints requires a systematic
assessment of the entire value chain, from raw material extraction and processing to battery pro-
duction and recycling. In order to explore and understand the variations observed in the reported
footprints of raw battery materials, it is vital to re-assess the footprints of these material value
chains. Identifying the causes of these variations by combining engineering and environmental
system analysis expands our knowledge of the footprints of these battery materials. This article
disaggregates the value chains of six raw battery materials (aluminum, copper, graphite, lithium
carbonate, manganese, and nickel) and identifies the sources of variabilities (levers) for each process
along each value chain. We developed a parametric attributional process-based life cycle model
to explore the effect of these levers on the greenhouse gas (GHG) emissions of the value chains,
expressed in kg of CO,e. The parametric life cycle inventory model is used to conduct distinct life
cycle assessments (LCA) for each material value chain by varying the identified levers within defined
engineering ranges. 570 distinct LCAs are conducted for the aluminum value chain, 450 for copper,
170 for graphite, 39 for lithium carbonate via spodumene, 20 for lithium carbonate via brine, 260 for
manganese, and 440 for nickel. Three-dimensional representations of these results for each value
chain in kg of CO,e are presented as contour plots with gradient lines illustrating the intensity of lever
combinations on the GHG emissions. The results of this study convey multidimensional insights into
how changes in the lever settings of value chains yield variations in the overall GHG emissions of the
raw materials. Parameterization of these value chains forms a flexible and high-resolution backbone,
leading towards a more reliable life cycle assessment of lithium-ion batteries (LIB).

Keywords: life cycle assessment; battery minerals; parametric life cycle modelling; greenhouse
gas emissions

1. Introduction

The growing need for electric vehicles (EVs) as a solution for the deep decarbonization
of land transport systems and as a climate mitigation strategy has directly increased the
demand for battery minerals [1-3]. In the wake of lowered prices for large cell EV batteries,
grid storage, solar parks, and virtual grids are emerging as additional areas of battery
storage applications [4-7], which further contributes to the increase in demand for battery
minerals. This increase in demand has consequently raised concerns about the environmen-
tal burdens of the battery material value chains [7]. To ensure sustainability throughout
the entire value chains of batteries, we must robustly evaluate all of the production steps
of key materials and the production phases of batteries for EVs. Previously, the life cycle
assessment (LCA) has been widely used to quantify the environmental impacts of batteries
in order to avoid problem shifting (emission shifting) [8-11]. However, a significant vari-
ation has been observed in the results of several previous LCAs of lithium-ion batteries
(LIB) [12]. These variations in the reported impacts are predominantly observed for the
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lithium nickel manganese cobalt oxide (NMC) chemistry but also involve other chemistries
such as those for lithium nickel cobalt aluminum (NCA), lithium manganese oxide (LMO),
and lithium iron phosphate (LFP). For an NMC battery pack, Ellingsen et al. [8] evaluated
the cradle to gate lifecycle emissions at 172 kg of CO,e/kWh, while Majeau-Bettez et al. [13]
evaluated this value at 200 kg of CO,e/kWh. Furthermore, the United States Environ-
mental Protection Agency (USEPA) [14] evaluated this value for an NMC battery pack
at 121 kg of CO,e/kWh battery. Other similar LCAs of LFP battery chemistries have
evaluated life cycle emissions at 151 kg of CO,e/kWh [14], 156266 kg of CO,e/kWh [9],
and 250 kg of CO,e/kWh [13]. Ellingsen et al. [15] outlined in a comprehensive review
some of the key factors responsible for this observed variation in greenhouse emissions
(GHG). They further illustrated these variations for each phase of the battery value chain
(from cell material supply chains to battery assembly). Dai et al. [16] carried out an LCA
of an NMC battery pack with increased details on the bill of materials used in the cell.
They found that approximately 80% of the total cell emissions of 72.9 kg of CO,e/kWh
are allocated to cell materials. They concluded that the upstream production of battery
materials consumes more energy and generates more environmental burdens than the cell
production and pack assembly processes. They further highlighted that using different
background databases produces variations in the overall impacts of the battery material
supply chain and consequently the impacts of the battery. With the observed variations in
the GHG emissions of batteries and the significant contributions of cell materials in the
overall battery emissions [15-17], it is therefore important to re-assess the emissions of key
raw material value chains.

There have been setbacks in the way raw battery materials have been modeled when
conducting LCAs of LIB. The first significant challenge is the adoption of generic back-
ground processes from LCA databases [18]. These databases often use highly aggregated
data, resulting in low-resolution inventories with substantial dilution in the data preci-
sion [19-21]. Furthermore, mineral extraction depends on process parameters and factors,
whose variations in LCA modelling could potentially alter the results. For example, changes
in material and resource quality (such as ore grade, ore hardness, and mine depth) could
yield variations in the LCA results [22]. In addition, the approaches and assumptions
adopted in the LCA study, including aspects pertaining to allocation methods for co-
products, can produce different results [23]. These challenges are not often appropriately
addressed in the LCA of LIB value chains.

To increase knowledge of the footprints of LIB material value chains, it is of utmost im-
portance to disaggregate individual material value chains and identify sources of variations
in them. This permits an understanding of the process parameters and production stages
that affect the overall footprint of the raw battery materials. Through this knowledge, one
can determine and implement the best possible strategies to reduce their environmental
impacts. This paper aims to study the value chains of six (6) key battery minerals and to
investigate the effect of levers on the overall GHG emissions measured in terms of kg COze.
The six battery minerals are aluminum, copper, graphite, lithium, manganese, and nickel,
which are typical elements found in a conventional NMC battery chemistry. The six battery
materials modeled in this study are best covered in the existing scientific literature. More-
over, these selected battery minerals have energy and emission-intensive value chains [16]
and play a pivotal role in battery manufacturing. Other battery materials such as cobalt,
silicon, sulphur, phosphorous, and graphene, which are equally vital components in battery
cell production, will be included in subsequent versions of the model. The underlying
research questions prompting this study are as follows:

e  What factors are responsible for variabilities in the impacts of battery raw materials?
e  Whatis the degree of influence that these factors have on the footprints of these materials?
To provide a comprehensive response to these questions, we designed a parametric

attributional process-based LCA model with the flexibility to fully harness the sources of
variabilities throughout the value chain of primary (virgin) battery raw materials.
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This article comprises five main sections, with this introduction making up Section 1.
In Section 2, we review the literature to highlight the global warming potential (GWP) of
the key material value chains studied in this paper as a precursor to a full understanding
of the existing variabilities. Section 3 describes the value chains and their corresponding
levers, followed by the parametric model and data sources. Then, in Section 4, we present
key findings of our model and provide an analysis of these results. Finally, we discuss the
results, limitations of the model and provide conclusions in Section 5.

2. Review of Variability in the Impacts of Battery Value Chains

Variability in LCA refers to the quantitative description in the range or spread of
the impact potentials for a given functional unit [24]. Variability in LCA results can be
spatial, temporal, and technological [25]. Discrepancies in environmental impacts of a
given product system are sometimes linked to the inherent variabilities in the system or
the parameter uncertainty that could arise in inventory analysis. Understanding variability
in each product system creates a profound multidimensional view of the impacts of the
product or system. Assessing variability in the footprints of raw battery materials has been
an area of interest due to expectations to attain sustainable battery production systems as a
climate mitigation strategy.

In the academic literature, several LCAs of each of these value chains of interest
have been studied with each study producing different results, as will be reviewed in the
following paragraphs.

Lui and Miiller [26] carried out a critical review of the LCA of different phases of the
aluminum value chain. They concluded that the LCA of aluminum depends on several
factors, including allocation methods, system boundary definitions, and the quality of the
inventory data. The review concluded that the GWP of primary aluminum product ranges
from 5.92 kg of CO,e/kg of aluminum for the Greenfield Smelter in Iceland to 41.10 kg of
COze/kg of aluminum for a smelter in the Middle East. In addition, Nunez and Jones [27]
evaluated the cradle to gate GWP of global aluminum at 18.3 kg of CO,e/kg for the Seder-
berg technology and 16.3 kg of CO,e/kg for the prebake technology. Further, Olsen [28]
carried out an LCA of six aluminum smelters in Norway using alumina imported from
South America and found the GWP to range from 3.23 to 5.42 kg of CO,e/kg of primary
aluminum produced. Nuss and Eckelman [29] evaluated the GWP at 8.1 kg of CO,e/kg
aluminum while Norgate [30] evaluated this value at 22.4 kg of COe/kg aluminum.

Nilsson et al. [31] reviewed the variations in the GWP of copper and found that these
values range from 1.1 to 8.5 kg of COye/kg of primary copper produced. They concluded
that several factors such as the ore grades, the type of processing technology, and the fuel
source for heating and electricity generation are significant drivers of the variations in the
impacts. Nuss and Eckelman [29] also evaluated this GWP at 2.8 kg of COe/kg for copper.
Norgate [30] evaluated this value at 3.3 kg of CO,e/kg for the pyrometallurgy route and
6.2 kg of CO,e/kg for the hydrometallurgical route involving heap leaching and solvent
extraction and electrowinning (SX/EW). Norgate equally carried out sensitivity analysis
on the effect of ore grades on the GWP and found that the GWP decreased exponentially
as the ore grades increased. The International Copper Association [32] evaluated the GWP
for a mix of pyrometallurgy, hydrometallurgy, and secondary copper production at 4.1 kg
of CO,e/kg of copper.

Gao et al. [33] calculated the carbon emissions for anode material production in
China using natural graphite and found this value to be 5.3 kg CO,e/kg of anode ma-
terial. Their results indicate that the graphite mining and surface modification stages
are significant drivers of the energy and, consequently, the emissions compared to the
graphite beneficiation and purification stages. The ecoinvent database (v3.2) (Zurich,
Switzerland) [34] evaluates the GWP of battery-grade natural graphite produced in China
at 2.3 kg of COe/kg graphite. For synthetic graphite, Dunn et al. [35] have provided
the most reliable life cycle inventory to produce synthetic graphite with details on the
energy required for the graphitization stage. Minviro [36] argues that the use of carbon
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black as a proxy for battery-grade graphite excludes the footprints incurred during the
graphitization stage. The impacts for natural graphite as reviewed by Minviro range from
1 to 5.56 kg of CO,e/kg of anode material [36]. For synthetic graphite, this range is from
2.34 kg of COye/kg [36] (When carbon black is used as a proxy for synthetic graphite) to
4.9 kg of CO,e/kg when graphitization stage is included based on life cycle inventory
from Dunn et al. [35,36]. Minviro [36] concludes that there is a large data uncertainty on
the life cycle inventory for natural and synthetic graphite manufacturing. Pell et al. [37]
argues that the GWP for natural and synthetic graphite anode production in regions with
coal-based electricity is, respectively, eight times and ten times higher than values reported
in commercial databases. They further explained that natural graphite purification is the
most emission-intensive stage for natural graphite anode production, while graphitiza-
tion is the most emission-intensive stage in synthetic graphite production. However, the
exact values of the impacts are not stated in their report, and the life cycle inventory that
produced these conclusions is not publicly available.

Jiang et al. [38] used the CML impact method to conduct the LCA of rock-based and
brine-based lithium carbonate. They found the GWP per kilogram of lithium carbonate
equivalents (LCE) to be 15.69 kg of COje and 0.329 kg of CO,e for rock-based lithium
and brine-based lithium, respectively. They also concluded that the leaching of the rocks
is largely responsible for higher impacts of rock-based lithium carbonate production.
Ambrose and Kendall [39] developed a temporally and spatially resolved model projecting
the pathways of lithium carbonate production from various resources and the impacts
attributed to these resources. For rock-based lithium carbonate, they found the GWP to
range from 2.28 to 3.32 kg of CO,e/kg LCE, while for brine-based lithium the GWP ranged
from 3.06 to 5.28 kg of CO,e/kg LCE. Stamp et al. [40] provided a detailed inventory of
lithium carbonate production from brine, spodumene ores, and seawater. They found that
the impacts from brine production are subject to variations in the brine quality.

Farjana et al. [41] evaluated the GWP for globally produced manganese using inven-
tory data from ecoinvent at 4.51 kg of COye/kg Mn. Zhang et al. [42] assess this value
at 9.6 kg of CO,/kg Mn for manganese produced in China. Peng et al. [43] carried out a
comparative impact assessment of manganese produced in China and South Africa. Their
results show that manganese produced in South Africa has a GWP of 2.6 kg of CO,e/kg
Mn which is significantly lower than manganese produced in China with a GWP of 7.9 kg
of COze/kg Mn.

Using a detailed life cycle inventory, the Nickel Institute [44,45] assessed the impacts
of nickel products (nickel metal and ferronickel products) produced globally. Their assess-
ments yield a GWP of nickel-metal at 13 kg of COze/kg Ni. In Wei et al. [46], the GWP for
nickel-metal ranges from 7 to 16 kg of CO,e/kg Ni. Similar studies evaluate the GWP at
26.9 kg of COe/kg Ni for nickel produced in China [47] and 11.4-16.1 kg of CO, /kg Ni
for nickel produced in Australia [48].

The variations observed within each value chain described above are significant. In
this vein, this article intends to exploit the causes of the quantitative spread in the life cycle
impacts of these battery value chains through a flexible parametric LCA model.

3. Materials and Methods

Raw material value chains play a critical role in the manufacturing process of LIB
cells [49-51]. These raw materials have different functions in the battery cell depending
on the cell chemistry. For example, for an NMC chemistry, copper and aluminum are,
respectively, used as current collectors for the anode and cathode [8]. Graphite (battery-
grade) is used as negative electrode active material, while the active cathode material
is composed of manganese, nickel, lithium, and cobalt [8]. In addition to the active
material, binder materials and small graphite particles are added to the electrodes to
provide adhesion and conductivity of the porous layer. In this section, we lay out a
summary description of the value chains of the materials for an NMC chemistry, followed
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by the formulation of the parametric model based on the parameters described in the
value chains.

3.1. Value Chain Representation

The material flow through LIB value chains with associated levers, which are sus-
ceptible to affect the overall environmental footprints, are illustrated in Figure 1. Grey
boxes in Figure 1 represent the extraction stage of the ores/materials needed to produce
the finished virgin raw material. The white boxes identify each process stage evaluated
in the model. The colored circles above the white and grey boxes represent the process
parameters that can be altered, in that stage, to evaluate the environmental impacts of each
material assessed. The green boxes represent the finished product from the value chains,
which will represent the functional units for this parametric LCA model. Figure 1is a
simplified flow of complex processes occurring within the value chain. These complex
processes require substantial knowledge of diverse fields such as mineralogy, metallurgy,
material science and process engineering. Moreover, the material flow between these value
chains is sometimes dynamic and highly interrelated. However, we adopt this simplified
material flow representation as a basis for developing the parametric LCA model.

Aluminum production is a three-stage process starting with bauxite mining. The
bauxite is converted to alumina via the Bayer process [52]. The alumina is subsequently
converted to primary liquid (aluminum) via the Hall-Heroult process, a process of elec-
trolytic reduction in a molten bath of natural and synthetic cryolite [52]. There are two
main types of aluminum smelting technologies, known as prebake and Sederberg. The
main difference between these two smelting technologies is the type of anode used [53,54].
Nickel and copper are typically produced simultaneously via two possible routes, depend-
ing on the ore. The pyrometallurgical route is commonly used with sulphidic ores, and the
hydrometallurgical route is mainly employed with laterite ores [30]. The pyrometallurgical
route starts with ores which are beneficiated to concentrates. Beneficiation is also referred to
as ore concentration. The concentrates are smelted to an intermediate product called matte
which is further refined to pure metals [30]. Sulphuric acid is usually a by-product of this
process. The hydrometallurgical route which is very practical for low-grade ores starts with
the mining of laterite ores, followed by ore preparation, leaching, solvent extraction, and
electrowinning to form pure metal [55]. Nickel products are usually grouped into class I
nickel and class II. Class I nickel contains more than 99% nickel [56]. Class I nickel products
are usually referred to as nickel metal, while class II include products such as ferronickel,
nickel pig iron and nickel oxide sinter with lower nickel content [56]. Manganese is mainly
from manganese ores which are beneficiated, sintered, and refined [57]. Lithium carbonate
is produced either through evaporation and purification of brine or mining and benefi-
ciation of mineral deposits (spodumene) [58,59]. Natural graphite is produced through
mining, beneficiation, and purification of graphite ores [60], while petroleum coke and
pitch are baked and graphitized in electric furnaces to form synthetic graphite [35,36,61].

Figure 1 illustrates a detailed representation of the levers affecting each value chain.
For example, the levers affecting the mining stage through all of the value chains are
predominantly resource quality subdivided into the ore grade, mineral composition (de-
posit type, ore hardness, grain size, etc.), and mine type (underground or open-cast) [18].
In addition, the beneficiation stage is affected by the grade of the ore beneficiated, the
material recovery efficiency, improvements in energy efficiency, and carbon intensity of
the electricity mix used in the beneficiation process. Some processes in the value chain
depend on the technology deployed. Various smelting technologies with varying energy
requirements are deployed in the case of the smelting of copper and nickel concentrate to
matte [62]. Furthermore, several leaching technologies (heap leaching, pressure leaching,
in situ leaching) with varying material and energy requirements are deployed for the
hydrometallurgical route. In addition, the process of graphitizing baked carbon to form
synthetic graphite depends on the type of graphitization furnace used. The Acheson and
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the Castner furnaces are the most used [61]. In lithium carbonate, the concentration of
chemicals and reactants are key levers along the value chain.
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These levers represented in Figure 1 provide a basis for understanding sources of
variability along the value chain and act as a pivot upon which the parameterization of the
inventories is carried out. Different levers have different effects on the life cycle inventories
of mineral extractions and processing. Identifying these levers enables the development of
a dynamic and comprehensive inventory, while paying close attention to the parameters
that affect the inventory and consequently the life cycle impacts.

3.2. Model Description

We adopt parameterization within the LCA methodology [63] as a tool to increase
flexibility in investigating multiple variations in the key parameters. These parameters are
those that are identified to be of high importance to the inventories, as shown in Figure 1.
Parameterization allows multiple variants of a base inventory model to be generated by
varying key parameters or levers, which are usually external to the unit processes [64—67].
By doing so, we can assess the effect of parameter variation on the overall footprints of the
value chains investigated. The parametric model developed for this study is built upon the
first principles of LCA calculations. This involves a matrix formalism of inventory analysis
compiled as a technology requirement matrix A with a common element ajj and a stressor
intensity matrix S with a common element sj; [68,69]. The parametric function f takes a
base inventory of A and S and with the aid of appropriate mathematical relationships, vary
coefficients of the matrix A and matrix S.

As described above, we denote the base technology requirement matrix as A;, with
common element a;; ;, and base stressor matrix as S;, with common element sj;_;;,. A;; and
Sin represent a base life cycle inventory obtained from a reliable source. With these base
technology and stressor matrices, a systematic approach is developed to generate multiple
inventories in an automated manner depending on the specified set of input parameters.

The set of input parameters P, which are external to the unit processes, define a set of
levers under investigation denoted as

P={P,};u=1:n 1)

where 7 is the total number of parameters for the unit process stage in the value chain. In
Figure 1, the colored circles above the grey and white boxes represent these parameters.
These parameters are physical quantities, conversion efficiencies, and ratios whose range
of values are within a technically acceptable interval. Parameters also include variants of
the processing technologies used in the value chain and the carbon intensity of the fuel
source for energy provision. For each LCA simulation, a set of parameters affecting the
value chain are assigned values within this technically acceptable interval.

To get the total number of distinct LCA scenarios to be performed for each process
stage in the value chain denoted m, we permutate all the possible set of parameters (within
their technical ranges) to obtain an m x n matrix denoted @ with common element ¢,;,.

As every parameter doesn't affect all the elements in the base technology and stressor
matrices, a filter matrix denoted Hr is applied where:

He — { 1 if parameter P, affects inventory element 4;; . or stressor element sj_;;, o)
r 0 otherwise

The parametric function denoted f;; takes A;;, and S;;, and respectively transforms
these to outputs A,,¢ with common element a;; 4+ and Sour with common element s oy
by combining matrix & and filter matrix Hr as follows:

aij_out = fr(aij,,, ¢mn © Hr) 3)

and
Skl?out = f7T (Sjkin’ (Pmn @ Hr) (4)

where © is the Hadarmard product.
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The working principle of this model is fully demonstrated in Supplementary Material S1.

The parameterization of levers is done based on engineering and process relationships
between the levers and the overall material and energy flow in the unit processes. Table
S1 of Supplementary Material S2 shows the different levers and their ranges used for the
parametric functions as well as the associated number of distinct LCA simulations carried
for each process stage. Performing many distinct LCA calculations demands an intensive
computation time. However, the payback is a better understanding of the levers along the
value chain.

The function f takes different forms such as linear, inverse, exponential, etc., depend-
ing on the relationship between the process parameter and the inventory element 4;; ,
and sji_j;. For example, ore grades relate to the energy use in mining and concentration
based on inverse relationships provided in Sevillano [70], Calvo et al. [71], Valero and
Valero [72], and Valero et al. [73]. Wei et al. [46] defined recovery efficiency is defined as
the ratio between the element content in the ith process and the element content in the
(i — 1Dth process.

The life cycle impacts are evaluated using Arda, an NTNU Matlab-based LCA software
(Trondheim, Norway) [74] coupled with an ecoinvent v3.2 background database [34]. In this
study, our interest is the GWP midpoint impact category, measured in kg CO,e, evaluated
using ReCiPe v1.12 as characterization method.

3.3. Parameterization of Value Chain Inventories

As earlier stated, parameterization aims to allow flexibility in generating multiple
variants of a base inventory by varying specific vital levers. This section explains how
the static base inventories are transformed into parametric inventories for each value
chain modeled in this study. Generic parameters for all unit processes in the value chains
include material recovery efficiencies between consecutive steps in the value chain. In
addition, for all the unit processes, the carbon intensity of the electricity mix calculated in
kg of COye/kWh and is also defined as a generic parameter. Unless explicitly mentioned,
values of this carbon intensity of the electricity used are calculated using the medium
voltage of major producing countries of the material based on the production statistics
from the United States Geological Survey [75]. Details of the assumptions in developing
the parametric functions for different unit processes in respective value chains are further
explained in Supplementary Material S2 (Section S1 to Section S6).

3.3.1. Aluminum Value Chain

The base inventory for the parametric simulation of the aluminum value chain is
obtained from the International Aluminum Institute (IAI) [54]. The total bauxite mined to
produce a unit of alumina is calculated as a function of different parameters, which include
bauxite ore grade (% content alumina), bauxite mine recovery, alumina refinery recovery,
and overburden to bauxite ratio [76]. Similarly, material inputs and energy use for alumina
production (Bayer process) are scaled to the ore grade based on an average global bauxite
ore grade of 41% [77]. Energy and material use for Sederberg and prebake electrolysis
are obtained from the International Aluminum Institute [54]. Improvements in energy
efficiency in the electrolysis stage are obtained from Haraldsson and Johansson [78]. Values
of the carbon intensity of the electricity (in kg CO,e/kWh) used for producing aluminum
is calculated based on the classification from ecoinvent v3.2 [34].

3.3.2. Copper Value Chain

The parametric model developed in this study is limited to the pyrometallurgical route
due to constraints in data requirements for the hydrometallurgical route. The inventory for
copper mining and beneficiation is combined due to a lack of sufficient data to separate
these processes and provide enough parameterization of each process stage. The ore grade-
energy relationship is taken from Kuipers et al. [79] and Northey et al. [80], complemented
by the mine depth-energy relationship provided by Koppelaar and Koppelaar [81]. Other
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inventories for mining and beneficiation stages are scaled as a function of ore grade
based on regressed relationships from ecoinvent v3.2 [34]. Electricity and fuel used for
the smelting processes are grouped according to the type of smelter used based on a
classification provided in Coursol et al. [62]. Other inventories for smelting and electrolytic
refining are taken from ecoinvent v3.2.

3.3.3. Graphite Value Chain

The need for a robust LCA of graphite is increasingly gaining attention due to its
importance as battery anode material. However, the lack of detailed process data to
effectively carry out graphite LCA has been a significant drawback [36,37]. The production
of graphite occurs via two routes, namely either natural and synthetic [35]. The base
inventory for natural graphite is obtained from Zhang et al. [33] and Gao et al. [82], while
the inventory for synthetic graphite is provided by Dunn et al. [35]. We approximate the
energy used in mining and concentration of natural graphite ores to follow an inverse
relationship provided by Valero and Valero [72] and calibrated with data from Gao et al. [33]
and Zhang et al. [82]. Due to low data resolution on converting graphite flakes into battery-
grade, downstream processing of natural graphite flakes into battery-grade is excluded.
Synthetic graphite inventory provided by Dunn et al. [36] is distinctly modeled with
Acheson and Castner furnaces based on the energy requirements from Jager et al. [61].

3.3.4. Lithium Carbonate Value Chain

Lithium carbonate is produced via evaporation of brine or mining and beneficiation
of pegmatite rocks (spodumene). Lithium carbonate via brine mainly occurs in Salar de
Atacama in Chile [58], while production from pegmatite rocks occur in Australia, China,
Portugal, Zimbabwe [75], and Finland [83]. For lithium produced via brine, additional heat-
ing requirements are supplied from natural gas [40] when solar evaporation is hindered.
For this parametric model, brine produced solely via solar evaporation is termed “high
grade”, while brine concentrated with added thermal energy requirements is termed “low
grade”. The base inventory for parametric modelling of lithium carbonate via spodumene
is obtained from Stamp et al. [40], while lithium carbonate via brine is jointly obtained
from Stamp et al. [40] and Ambrose et al. [39]. The energy used to mine and concen-
trate spodumene rocks is obtained from Sevillano [70] and calibrated with the ore-energy
relationship from Valero and Valero [72].

3.3.5. Manganese Value Chain

Ecoinvent v3.2 forms the base inventory for which the parametric modelling of the
manganese value chain is conducted. The ore grade-energy relationship for the mining
and beneficiation stages is obtained from Valero et al. [73]. Other material inventories for
this stage from ecoinvent v3.2 are regressed to follow an inverse relationship with the ore
grade using appropriate fitting coefficients like the ore grade-energy relationship from
Valero and Valero [72]. Material recovery efficiency through the value chain is obtained
from Westfall [84].

3.3.6. Nickel Value Chain

The base inventory for nickel mining and concentration uses life cycle inventories from
the Nickel Institute [44,45], Wei et al. [46], and Eckelman [85]. We parameterize the energy
for mining nickel ores as a function of the type of mine based on a calibrated value from
Eckelman [85]. Further, we include the ore grade-energy relationship taken from Valero
and Valero [72]. It is equally important to note that the parametric modelling described for
the nickel value chain involves only the pyrometallurgical route. For nickel smelting and
refining, inventories are obtained from the Nickel Institute [45] with modifications on the
electricity for smelting obtained from Eckelman [85] and electricity for refining obtained
from Wei et al. [46].
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4. Results and Analysis

In this section, we present the results of our simulations. These simulations harness in
detail the variability along different material value chains plotted as contour curves with
corresponding lever settings on the x-y plane. Our simulation results do not point to a
given value but capture how specific variations in the process parameters yield a spread
in the GWP measured in kg CO,e. Contours represent the average GWP for numerous
simulations for a given set of lever settings. These contours primarily summarize the
effect of variations in the levers along the value chain. The gradients of the contour lines
portray the degree of influence that the variables on the x-y plane have on the average GWP.
In addition to the contour curves, we include further clarity boxplots, which effectively
represent the absolute maximum and minimum GWP values for each simulated process.
Only levers that significantly affect the GWP are presented in the results, while levers with
little or no contribution are only discussed when deemed fit. We aggregate the results
for mining and beneficiation for easy comprehension of the figures and the results for
primary extraction (smelting) and refining. Absolute values of the results are presented in
Supplementary Material S1.

4.1. Copper Value Chain
4.1.1. Mining and Ore Beneficiation

Amongst the key levers for the mining and beneficiation stages, ore grade, beneficia-
tion recovery, and electricity mix intensity have significant effects on the GWDP, as shown in
Figure 2. Ore grade and beneficiation recovery depict an inverse relationship with the GWP,
while carbon intensity of the electricity mix presents a direct relationship with the GWP.
Figure 2a illustrates the average GWP as a function of ore grade and electricity intensity.
The GWP varies between 1.3 kg of COe/kg Cu and 5 kg of COye/kg Cu. Similarly, in
Figure 2b, ore grades and beneficiation recovery yield GWP contours, which vary between
1.5 kg of COze/kg Cu and 4.5 kg of CO,e/kg Cu. An increase in the ore grade from 1%
to 5% reduces exponentially the amount of energy used in the mining and beneficiation
process and the quantity of chemical reactants used in the beneficiation stage. Figure 2a,b
show that, as the sulphidic ore grades exceed 3%, the gradients of the average GWP re-
duce considerably, signifying a remarkable reduction in the inventory, especially in the
energy used for mining and beneficiation. In addition, Figure 2a,b are representative of the
results obtained in [55]. Similarly, increasing the beneficiation recovery from 80% to 95%
increases the total copper concentrate effectively recovered at the beneficiation process.
Consequently, this reduces the total amount of material and energy needed to produce the
extra amount of concentrate. In this light, the overall GWP for the mining and beneficia-
tion stages reduces as beneficiation recovery increases from 80% to 98%, as illustrated in
Figure 2c. As concerns the electricity mix, the GWP change is directly proportionally to the
change in the carbon intensity of the energy mix. The absolute GWP of the copper mining
and beneficiation stages varies between 1.3 kg of CO,e/kg Cu and 5.9 kg of CO,e/kg Cu,
with a median value of 3.15 kg of CO,e/kg Cu, which theoretically represents the average
global value as shown in Figure 2e. Results from ecoinvent 3.2 and ecoinvent v3.6 show
that the GWP for the copper mining and beneficiation stages ranges from 0.72 to 4.2 kg of
COze/kg Cu. In ecoinvent v3.7, the GWP ranges from 2 to 5.8 kg of COse/kg Cu with a
global average of 4 kg of CO,e/kg Cu.
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Figure 2. GWP variability along the copper value chain: (a) ore grade vs. electricity intensity for mining and beneficiation; (b) ore grade vs. beneficiation recovery for mining and
beneficiation; (c) electricity intensity vs. beneficiation recovery for mining and beneficiation; (d) smelting recovery vs. electricity intensity for the smelting and refining stages; (e) smelting
technology vs. electricity intensity for the smelting and refining stages; and (f) overall GWP variations along the copper value chain.
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4.1.2. Smelting and Refining

For copper smelting and refining stages, three key value chain levers are worth
considering: recovery efficiency, the intensity of the electricity mix, and smelting technology
(as depicted in Figure 2d,e). The average GWP varies from 1.8 kg of CO,e/kg Cu to 7.4 kg
of CO,e/kg Cu as shown in Figure 2f, with a median value of 4.6 kg of CO,e/kg Cu. We
present in Figure 2e results for Mitsubishi and three variants of the Kellogg Henderson
(KH) copper smelting technologies (namely KH Mitsubishi, KH Outokumpu Flash, and KH
Noranda). The KH Mitsubishi presents a higher GWP than the other smelting technologies.
This is due to the fact that compared to the three other smelting technologies, the KH
Mitsubishi has a higher use of electricity and thermal energy provided by fossil fuels,
resulting in an overall increase in its GWP relative to other smelting technologies.

Based on our model, the absolute GWP variation of the copper value chain from cradle
to gate ranges from 3.1 to 13.3 kg of CO,e/kg Cu with a median value of 7.7 kg of CO,e/kg
Cu (Figure 2f). The results from several studies evaluated the cradle to gate GWP of copper
to vary from 1 to 9 kg of CO,e/kg Cu [31].

4.2. Aluminum Value Chain
4.2.1. Bauxite Mining and Alumina Production

Results for the GWP for the bauxite mining and processing to alumina are displayed
in Figure 3a—c. The GWP for bauxite mining and alumina production ranges from 2.8 kg of
COse/kg Al to 8 kg of CO,e/kg Al for different lever settings of bauxite ore grade, alumina
recovery efficiency, and carbon intensity of the electricity mix. The median GWP is 4.8 kg
of COye/kg Al for the bauxite mining and alumina stages. The IAl evaluated the GWP
for bauxite mining and alumina production at 3.4 kg of CO,e/kg Al [54]. It is equally
observed that bauxite ore grade and alumina recovery efficiency are inversely proportional
to the average GWP as opposed to the carbon intensity of the electricity mix. Increasing
ore grades reduces to a lesser extent the amount of energy used in the mining stage and to
a greater extent the amount of energy as well as the quantity of reactants, especially caustic
soda used in the Bayer process for alumina production.

4.2.2. Electrolysis and Ingot Casting

In the electrolysis and ingot casting stage, we investigate the recovery efficiency, the
intensity of the mix, the type of electrolysis technology used, and the energy efficiency
improvements. It is important to note that the electrolysis stage is the most energy-intensive
stage along the value chain [54]. The GWP for the electrolysis and ingot casting ranges from
2.5 kg of COze/kg Al to 35 kg of CO,e/kg Al with a median value of 13.5 kg of CO,e/kg Al
based on various lever combinations as shown in Figure 3f. Our results show that shifting
towards prebake technologies yields a comparatively lower GWP than the Sederberg, as
illustrated in Figure 3e. This is due to the fact that the Sederberg technology is older
and less energy-efficient than the newer prebake technology [27]. In Figure 3e, the GWP
of Sederberg and the prebake technologies diverge progressively as the intensity of the
electricity mix increases. This suggests that the choice of technology is more consequential
at higher carbon intensities of the electricity use in the electrolysis process. Furthermore,
increasing the metal recovery contributes to reducing the overall GWP due to the reduction
in the resources needed to produce an extra amount of wasted metal.
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Figure 3. GWP variability in the aluminum value chain as a function of: (a) bauxite ore grade vs. electricity mix; (b) bauxite ore grade vs. alumina recovery, (c) alumina recovery vs.
electricity mix intensity, (d) smelting recovery vs. electricity mix intensity; (e) smelting technology vs. electricity mix intensity; and (f) overall GWP variations across aluminum value chain.
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The overall GWP from mining to ingot casting ranges from 5.3 kg to 43 kg of CO,e/kg
Al with a median value of 18.4 kg of CO,e/kg Al for both technology routes. The mean
cradle to gate GWP for both the prebake and Sederberg routes is reported at 15.3 kg of
COye/kg Al [27]. The variations in the cradle to gate GWP of aluminum reported in the
literature ranges from 5.92 kg of CO,e/kg Al for the Greenfield Smelter in Iceland to 41.1
kg of CO,e/kg Al for a smelter in the Middle East [26]. The results of our model conform
to the variations in the GWP reported by [26].

4.3. Manganese
4.3.1. Mining and Beneficiation

The overall minimum and maximum GWP for the mining and beneficiation stages
of manganese production based on the results of the variability model are in the range
between 0.2 kg of CO,e/kg Mn and 3.4 kg of CO,e/kg Mn. Figure 4a illustrates a change
in the intensity of the gradients of the GWP curves per 10% change in Mn ore grade up to
40% Mn ore grade. Above 30% Mn ore grade, the GWP tend to vary less significantly with
an increase in ore grade, while between 10% and 30%, the variations are much substantial.
Below the 20% grade, the amount of energy used in the mining and beneficiation process
for the Mn concentrate changes substantially with changing ore grade. Increasing the Mn
recovery efficiency reduces the overall GWP, while the carbon intensity of the electricity
mix correlates positively with the GWP Figure 4b. The GWP for mining and beneficiation
stages of manganese production is reported at 0.48 kg of CO,e/kg FeMn [84] and 0.017
kg of COze/kg Mn for an average ore of 37.5% [41]. The results of the model harness the
variability in much details in the mining and beneficiation of manganese.

4.3.2. Smelting and Refining

The two levers modeled in this process stage are recovery efficiency and the carbon
intensity of the electricity mix, as shown in Figure 4c. Variations of the recovery efficiency
between 80% and 98% and the carbon intensity of the electricity mix between 0.1 kg of
COye/kWh and 1.4 kg of CO,e/kWh yield GWP that varies from 2 kg of CO,e/kg Mn
to 6.8 kg of COze/kg Mn with a median value of 4.8 kg of CO,e/kg Mn. Other studies
have measured the average GWP of this stage at 4.52 kg of CO,e/kg Mn [41] and 4.27 kg
of COze/kg Mn [84].

The full cradle to gate GWP, as shown in Figure 4d, varies from 2 kg of CO,e/kg Mn
to 10 kg of CO,e/kg Mn with a median value of 5.2 kg of COe/kg Mn. The International
Manganese Institute evaluates this value at 6 kg of CO,e/kg Mn [57].
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Figure 4. GWP variability on the manganese value chain as functions of: (a) ore grade vs. electricity mix intensity;

(b) recovery efficiency vs. electricity mix intensity; (c) smelting recovery efficiency vs. electricity mix intensity; and

(d) overall GWP variations manganese value chain.

4.4. Lithium

The variability results for lithium are expressed per unit LCE. Moreover, we present
the results for brine and spodumene routes.

The GWP of lithium concentrates produced via spodumene is subject to ore grade
variations, recovery efficiency, and electricity mix intensity. In Figure 5a,b, the variability of
producing concentrates from spodumene rock is visualized. The variations in the GWP for
concentrating spodumene ores are between 1.8 kg of COye/kg LCE and 4.9 kg of CO,e/kg
LCE (Figure 5a,b). The GWP of spodumene concentrates negatively correlates with ore
grades and recovery efficiency as increasing these parameters reduces the overall GWP. The
GWP of the carbonation process ranges from 1.3 kg of CO,e/kg LCE to 2.7 kg of CO,e/kg
LCE, as shown in Figure 5c.

In the case of LCE produced via brine, we investigated with the following set of
conditions; low-quality brines and high-quality brines, recovery efficiency, and intensity of
the energy mix used in the brine extraction process as shown in Figure 5d. High-quality
brines are primarily evaporated using solar energy, while low-quality brines will require
additional thermal energy to evaporate the brine [40]. The GWP of high-quality brines is
significantly lower than low-quality brines as low-quality brines require extra natural gas
for drying the aqueous brines in the worst-case scenarios [39].

Increasing the recovery efficiency reduces the overall GWP. The variations in the GWP
of brine concentrate range from 0.3 kg of CO,e/kg LCE to 2.6 kg of CO,e/kg LCE for the
different lever settings, as shown in Figure 5d,e.

The carbonation process yields similar GWP trends, ranging from 1.4 kg of COye/kg
LCE to 2.6 kg of CO,e/kg LCE for LCE via spodumene route and 2.2 kg of CO,e/kg LCE to
2.9 kg of CO,e/kg LCE via brine routes as shown in Figure 5c,e respectively. The gradient
lines in carbonation from brine (Figure 5e) are much stronger than those of spodumene
(Figure 5c¢), suggesting that the recovery efficiency in lithium carbonate extraction from
brine is a more critical factor than in lithium carbonate from spodumene.

The total cradle to gate impacts of LCE production via spodumene ranges from 3.5 kg
of COze/kg LCE to 9 kg of CO,e/kg LCE, which is comparatively higher than that of the
brine route. The brine route ranges from 2 kg of CO,e/kg LCE to 6.2 kg of CO,e/kg LCE,
as shown in Figure 5f.
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Figure 5. GWP variability on the LCE value chain as functions of: (a) ore grade vs. electricity mix intensity for spodumene; (b) ore grade vs. recovery efficiency for spodumene; (c) recovery
efficiency vs. electricity mix for carbonation via spodumene route; (d) brine grade vs. electricity mix intensity; (e) recovery efficiency vs. electricity mix for carbonation via brine route; and
(f) overall GWP variations LCE value chain.
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4.5. Graphite

Graphite remains one of the battery raw materials with considerable uncertainty in
the data requirements for effective quantification of the environmental impacts [36,37]. The
results of our simulations for graphite are limited due to data uncertainty. However, we
argue that it still provides a broader understanding of the spread in the GWP of graphite
compared to current literature. We investigate synthetic graphite and natural graphite
production routes to harness the variability of the GWP of these raw materials. The
variability in natural and synthetic graphite is illustrated in Figure 6a,b, respectively.
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Figure 6. GWP variability of graphite as a function of: (a) natural graphite ore grade vs. recovery; (b) conversion efficiency
vs. electricity mix intensity of synthetic graphite; (c) graphitization furnace and electricity mix intensity; and (d) overall
GWP variations graphite value chain.

The GWP of natural graphite varies from 2.3 to 6 kg of CO,e/kg C, while synthetic
graphite varies from 1.8 to 8.2 kg of CO,e/kg C as shown in Figure 6d. Comparative
results between natural and synthetic graphite show that synthetic graphite in some cases
(lower carbon intensity and efficient furnace technologies) could have lower GWP than
natural graphite. We investigate the effect of the Acheson and Castner electric furnaces
on the overall GWP for synthetic graphite, as shown in Figure 6c. The Acheson furnace
yields comparatively higher GWP than the Castner furnace for fixed carbon intensity of
the electricity mix [61]. This is due to higher energy efficiency and reduced heat losses in
the Castner furnace. The overall cradle to gate GWP for natural graphite and synthetic
graphite are shown in Figure 6d with respective median values of 3.5 kg of CO,e/kg C
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and 4.2 kg of COye/kg C. The footprints displayed do not include the further particle
processing into battery-grade graphite due to limited data availability. The impacts of
graphite production reported in the literature range from 1 kg of CO,e/kg C to 5.59 kg of
COye/kg C for natural graphite and 4.9 kg of CO,e/kg C for synthetic graphite [36].

4.6. Nickel
4.6.1. Mining and Beneficiation

An analysis of the mining and beneficiation of sulphidic ores reveal that the major
levers responsible for variabilities in the GWP of this process stage are ore grade, mine type,
mining and beneficiation recovery, and the carbon intensity of the electricity mix. The GWP
varies from 2.8 kg of CO,e/kg Ni to 7.8 kg of COye/kg Ni for the mining and beneficiation
stages, as shown in Figure 7a—c. A change in the grade of the ores affects the energy used
in mining and concentration. For example, a 0.5% change in the ore grades produces a
difference in the gradient of the average GWP as seen in Figure 7a. This is also in line
with findings in [46]. Just as with mining and concentration of metals, recovery efficiency
displays a negative correlation to the GWP. At the same time, the intensity of the electricity
mix shows a positive correlation, as seen in Figure 7b. Figure 7c shows that above a given
intensity of electricity mix used in mining operations (0.4 kg of COe/kWh), underground
nickel mines tend to have a higher GWP than open-cast mines. This is due to the need
for additional amounts of electricity for drilling, ventilation, lighting, and removal of rock
surfaces from underground [85]. However, switching underground mining operations
to low carbon solutions, especially renewables with significantly lower intensity of the
electricity mix (in this case, less than 0.4 kg of CO,e/kWh), makes underground mines
environmentally competitive with open-cast mines.

The range of the GWP for nickel mining and beneficiation is from 2.8 kg of COe/kg
Ni to 13 kg of COye/kg Ni with a median value of 4.8 kg of COe/kg Ni. The Nickel
Institute reports a GWP for mining and beneficiation stage of 2.1 kg of CO,e/kg Ni [44,86].
In comparison, Deng and colleagues reported a 10.7 kg of CO,e/kg Ni GWP for nickel
mining and beneficiation in China [47]. These variabilities are effectively captured in the
simulation results, as shown in Figure 7a—c.

4.6.2. Smelting and Refining

For the smelting and refining process, three major parameters are simulated to capture
the variability in the GWP: carbon intensity of the electricity mix, recovery efficiency,
and energy efficiency improvements (as illustrated in Figure 7d,e). A combination of
the electricity mix intensity and recovery efficiency have intense effects on the GWP
characterized by steep gradient lines as shown in Figure 7d with GWP lines ranging from
7.8 kg of COze/kg Ni to 18 kg of CO,e/kg Ni. In Figure 7e, the gradients of the GWP
lines increase progressively with the carbon intensity of the electricity mix. This suggests
that energy efficiency improvements are significant when a high carbon intensity mix is
used than when a low carbon intensity mix is used. The overall GWP for the smelting and
refining stages ranges from 6.8 kg of CO,e/kg Ni to 18 kg of COze/kg Ni as illustrated in
Figure 7f.

The cradle to gate GWP for nickel production ranges from 9.6 kg of CO,e/kg Ni
to 31 kg of CO,e/kg Ni as illustrated in Figure 7f. The cradle to gate impacts for nickel
production are reported at 7.61 kg of COe/kg Ni [86], 13 kg of CO,e/kg Ni [47], 26.9 kg of
COye/kg Ni [49], and 14 kg of CO,e/kg Ni [47].
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Figure 7. GWP variability of the nickel value chain as a function of (a) ore grade vs. recovery efficiency for mining and concentration; (b) electricity mix intensity vs. recovery efficiency for
mining and concentration; (c) electricity mix intensity vs. mine type; (d) smelting/refining recovery efficiency vs. electricity mix intensity; (e) energy efficiency improvements vs. electricity

mix intensity; and (f) overall GWP variations nickel value chain.
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5. Discussion and Conclusions

As the transition towards green mobility increases the demand for lithium-ion battery
materials, it is essential to clarify the environmental implications of value chains to ensure
their sustainability. In this study, we set out to identify levers that affect footprints in the
battery value chain and explore the degree to which they do so. We identified resource-
dependent, process dependent, and technology-dependent levers for the levers that affect
the footprints. Resource-dependent levers are linked to the quality of the extracted resource
(such as ore grades, brine quality). Process dependent levers characterize the efficiency
of the production processes along the value chain, predominantly material and energy
efficiency. Technology-dependent levers are conditioned by choice of the technology
adopted along the value chain (such as carbon intensity of the electricity mix, smelting
technologies, type of furnaces adopted, etc.). We developed a parametric attributional
process-based LCA model to explore the degree to which these levers affect the footprints.
This model aims to capture the quantitative spread in the GWP along the value chain of
crucial battery materials and increase flexibility in thoroughly harnessing variability. For
each value chain, levers identified from the engineering literature were varied between
technically acceptable ranges, which generated multiple variants of life cycle inventories.
These inventories were further analyzed using the LCA methodology. The parametric
life cycle model yielded cradle to gate GWP results in the range from 3.1 to 13.3 kg of
COze/kg Cu for copper and from 5.3 kg to 43 kg of COe/kg Al for aluminum which are
used as current collectors for anode and cathode, respectively. For the cathode electrode
base materials, the GWP ranges from 2 to 9 kg of CO,e/kg Mn for manganese, from 3.5 to
9 kg of COze/kg LCE for lithium carbonate via spodumene, from 2 to 6.2 kg of COe/kg
LCE for lithium carbonate via brine, and from 9.6 to 31 kg of CO,e/kg Ni for nickel. For
graphite, which is the anode base material, the results of the parametric model range
from 2.3 to 6 kg of CO,e/kg C for natural graphite and from 1.8 to 8.2 kg of CO,e/kg
C for synthetic graphite. Our model results concisely show variability for each value
chain while also yielding results within acceptable ranges as reported in different LCAs
of battery materials. The primary findings from this study indicate that various levers
have substantial effects on the environmental impacts of mineral extraction and processing.
Therefore, this is a significant consideration, especially for battery materials which are
expected to grow exponentially during the transition to green mobility. As such, one could
argue that all environmental assessments should analyze the sensitivities of these key
levers on the environmental impacts, particularly those which have received little or no
attention in most LCA studies. In addition, the results of this study also show that life
cycle inventories are not static but dynamic and susceptible to changes based on variations
in specific parameters in the unit processes for the modeled inventories. Therefore, a
combination of engineering and LCA modeling approaches seems fruitful for an adequate
understanding of the environmental footprints of battery material value chains.

This study indicates that focusing on one parameter along the value chain gives a
partial understanding of its effect on environmental footprints. Consequently, mitigation
strategies that focus on one specific parameter only bring a partial contribution to reducing
the footprints of the battery materials. By combining two or more parameters, it is easy
to clearly assess the effect that the changing parameters have on the overall footprints
from the gradients of the contours. As such, mitigation strategies that take two or more
parameters into consideration are more likely to have an impactful reduction in the overall
emissions. In this vein, a question which arises is whether to prioritize energy efficiency or
material efficiency as climate mitigation strategies [87,88]. For value chains, increasing the
recovery efficiency directly reduces all material inputs and indirectly reduces the energy
that would have been consumed in producing an extra amount of wasted material. In
addition, increasing metal recovery efficiency also reduces all the emissions that would
have otherwise been generated to produce the extra wasted material. However, energy
efficiency only affects the energy consumption at a given process stage. Therefore, for a less
carbon intensive electricity mix, increasing the recovery efficiency at a given process stage
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tends to significantly reduce the overall GWP rather than increasing the energy efficiency.
This is observed in the case of nickel where the gradient lines are steeper in Figure 7d for
material recovery efficiency than in Figure 7e for energy efficiency improvements. This
observation is also true for other value chains investigated. The effects of improvements in
energy efficiency are consequential when the carbon intensity of the fuel used is high. This
type of analysis is important to be considered in the LCAs of various production systems
to test sensitivities of mitigation strategies based on the process parameters affecting the
production system.

Harnessing variability in battery value chains raises a profound understanding of how
value chains’ impacts could likely evolve with time. In mineral extraction and processing,
the variabilities in the processes tend to decrease down the value chain. This suggests
that ore mining and beneficiation witness significant variabilities due to less standardized
methods and resource quality than smelting and refining processes. One of the major
levers that have been mentioned in many environmental assessments is the ore grade. As
the ore grades decrease with time due to the depletion of best quality ores, the energy
used in mining and beneficiation tends to increase, leading to higher footprints [71,89,90].
However, this increase in environmental footprints due to decreasing ore grades can
be compensated by increasing recovery efficiencies, switching mining operations to low
carbon energy solutions such as renewables, and adopting more energy-efficient smelting
technologies down the value chain. In addition, emission abatement procedures and energy
efficiency measures such as those described in the best available techniques (BATs) [91]
and enforcement procedures elaborated in reference [92] provide a starting point towards
policies that ensure sustainability in battery value chains.

The parametric model developed in this article has been able to produce results
concisely and consistently. However, the first limitation to using this model is that it can
be challenging to identify which levers to parameterize, as this requires a good blend of
metallurgical process technology and environmental system analysis. The second limitation
to this modelling approach is that some levers which affect the inventory are challenging to
parameterize. Levers such as strip ratios, ore hardness, and deposit types [20], which affect
the choice of the processing routes and the inventory of the value chain, are complicated to
parameterize with mathematical relationships. Thirdly, only the pyrometallurgical routes
are investigated for copper and nickel value chains due to the complexity in parameterizing
hydrometallurgical value chains. Despite these limitations, the model is beneficial in
relating how process parameters could potentially alter the GHG of raw materials used
for battery manufacturing. Therefore, this model provides a consistent methodological
approach towards a more detailed process based LCA modelling of battery material value
chains. Increasing the robustness of the model through synergies between the mining and
metallurgical communities and the LCA community is highly recommended.

Decarbonizing the transport sector through the use of battery electric vehicles requires
a systematic understanding of the footprints of the whole value chain from raw material
extraction to the final product. This paper focuses on raw material extraction and process-
ing, addresses the need for robust considerations of the value chain levers when carrying
out a life cycle assessment of batteries. By addressing variability through a parametric
model developed in this article, we point to key levers that affect the value chains and
the intensity to which they do so. Through the parametric model developed in this study,
we have successfully harnessed the variabilities in the LCA results (GWP) reported in the
literature by varying a set of lever settings. From the results obtained, we observed that the
variations in the carbon footprints of these materials vary greatly depending on the lever
settings. This substantial variability explicitly demonstrated in this work raises awareness
of the requirements and expectations of high-resolution process-based metal inventories
for LIB LCAs. Therefore, using generic processes or proxies from databases for mineral
extraction and processing to perform LCAs of LIBs requires reconsideration and revision.
Parametric life cycle inventories that can accommodate varying process parameters will
increase understanding and accuracy in performing LCAs of LIBs. The model developed
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for these base materials forms a high-resolution backbone for performing LCAs of cathode
and anode active materials. In addition, the model creates flexibility in testing the effects of
resource, process, or technology-dependent conditions on the footprints of value chains.
This flexibility expands the knowledge of mitigation strategies along the value chain. We
therefore recommend using the parametric model developed in this study as a guiding rail
to perform process based LCAs for cobalt, silicon, sulphur, phosphorous, graphene, and
other novel materials developed during the transition to green mobility.

Parameterization of life cycle inventories in this study points towards blending engi-
neering and environmental models. The approach seems suitable and highly beneficial in
performing LCAs, especially along battery value chains. Therefore, it is also recommended
that parametric life cycle modelling be extended to several product systems to exploit the
quantitative spread in impacts as a function of key material and process parameters in their
value chains.

Supplementary Materials: The following are available online at https:/ /www.mdpi.com/article/10
.3390/batteries7030057/s1. The working principle of the model is fully explained in Supplementary
Material S1 while the model assumptions are found in Supplementary Materials S2. References [93-106]
are cited in the supplementary materials.
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