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Abstract

Graphite is a critical mineral used to produce anodes for lithium-ion batteries (LIBs).
Battery-grade anode active material (AAM) is derived from natural graphite. As the elec-
tric vehicle (EV) market continues to expand across North America, establishing a local
AAM supply chain has become increasingly important. This new supply chain must be
sustainable if critical minerals are to replace the internal combustion engine (ICE) power-
train in vehicles. Canada possesses abundant critical mineral resources, including natural
graphite, which is mined and processed in the province of Québec. To better understand
the environmental implications of this emerging supply chain, a life cycle assessment
(LCA) was conducted on a Québec-based graphite mine and processing facility. The results
showed that producing one ton of AAM in Québec generates approximately 1.44 tons of
COs-equivalent (long-term) emissions, significantly lower than the 9.6 tons of CO; emitted
per ton of graphite produced in China. Natural gas used for purification and coating at
the process plant was the largest contributor of CO, in this study. Although this LCA in
Québec represents a substantial reduction in carbon intensity, further opportunities must be
explored to enhance sustainability and strengthen North America’s graphite supply chain.

Keywords: critical minerals; life cycle assessment; graphite; anode active material; electric
vehicle; lithium-ion battery; sustainability; supply chain

1. Introduction

Sales of electric vehicles continue to increase in North America [1] even with the
economic fluctuations in both the United States and Canada. According to Bloomberg,
global EV sales are projected to reach approximately 24.3 million units by 2026 [2]. There
is also a change in the lithium-ion battery (LIB) supply chain for critical minerals that
were originally coming from Asia, mainly China [3] but now being sourced from the
United States and Canada [4]. Canada has reserves many critical minerals, including cobalt,
graphite, lithium, nickel, and rare earth metals for battery production [5].

Graphite has dominated the anode materials market, accounting for up to 98% of
market share, while LisTisO1, represents only about 2% [6]. Silicone anodes have been
researched over the past several years due to the high theoretical capacity, availability and
low cost, but issues like volume expansion and reliability have hindered commercialization
for EV anodes [7]. Graphite, which can make up 20% of a LIB cell, is a critical mineral used
in the anode of the LIB. Graphite sourced from natural ores; natural graphite (NG) generally
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has lower production costs but also lower purity and quality. Its anisotropic crystal structure
can hinder performance in lithium-ion batteries, even though the larger domain sizes often
allow for higher capacities. This advantage, however, typically comes with reduced cycle
life. In contrast, synthetic graphite (SG) produced from carbon precursors such as petroleum
coke or coal tar pitch is more costly to manufacture but offers much higher purity and
consistency, but had a higher market share (59.09%) by revenue in 2025 [8]. Its isotropic
crystal orientation provides better thermal stability, lower thermal expansion, and faster
lithiation/delithiation kinetics. As a result, it delivers stronger overall battery performance
and longer cycle life, despite usually having lower capacities due to smaller domain sizes
or a greater number of interdomain boundaries [9].

The widespread use of graphite is attributed to its low cost, natural abundance, high
energy and power density, and long cycle life, making it a highly favorable choice for
lithium-ion battery anodes [10]. According to the International Energy Agency (IEA),
achieving net-zero emissions by 2050 would require global demand for graphite to reach
approximately 16 million tons by 2040 [11]. The production of NG used in LIBs requires
230 to 260 MJ of energy per kg graphite, with China burning mainly coal as a source of
electricity, thus causing a high environmental impact [12]. China is working on developing
green energy for critical mineral processing. An example of this effort is the Sunstone
facility in Inner Mongolia that operates its graphitization furnaces on 100% renewable
electricity, making it an early commercial example of fully renewable-powered anode
material processing [13].

SG is preferred due to the lack of natural graphite sources for LIB applications [14].
In a recent study by Pandey et al. (2025) in the United States found that the production
of battery anode active material (BAAM) from synthetic graphite produced 29.7 CO;-eq
per kg BAAM. The hotspot was found in the graphitization step and total energy use
was at 580 M]J kg’1 [15]. To address this challenge, researchers have explored methods to
reduce the energy required for synthetic graphite production, including electrochemical
graphitization. The Acheson process transforms soft amorphous carbons, such as petroleum
coke, into graphite at high temperatures up to 3200 °C [14].

Engels et al. (2022) conducted a life cycle assessment (LCA) of natural graphite
production for battery-grade anodes using industrial primary data from China. The study
reported total greenhouse gas emissions of 9616 kg CO,-eq per 1000 kg of natural graphite,
with the coating process identified as the primary contributor to these emissions [12]. In
another study, Zhang et al. (2018) found that the purification process accounted for the
majority of the environmental impact (60%), followed by surface modification (18%). This
study reported an energy consumption of 100.46 MJ per kg of natural graphite anode,
with electricity identified as the dominant contributor, accounting for 50% of the overall
environmental impact [16]. Additionally, Gao Si et al. reported that producing 1 ton of
natural graphite anode resulted in 112.48 GJ of energy consumption and 5315.91 kg CO,-eq
of emissions [17].

High-purity graphite is required by EV manufacturers for their anode material. Many
original equipment manufacturers (OEMs) have signed contracts with graphite mines
located in Québec [18]. With this new North American graphite supply chain, OEM’s are
requiring LCA from the mines as part of their sustainability objectives. It was noted that
there are no recently published articles for LCA’s on graphite extraction and processing in
Asia and Europe. There is no recent LCA published in the literature for graphite extracted
from Québec. Many previous studies found in the literature focused on carbon fiber—
thermoplastic, fuel cell, and the crystallization of carbon atoms in Acheson furnaces [14].
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1.1. Cost Analysis of Natural Graphite

Graphite comprises roughly half the mass of a lithium-ion battery anode, with roughly
1.2 kg of graphite required per kWh of cell capacity. Driven by EV and energy storage
demand, natural flake graphite is projected to gain market share relative to synthetic
graphite, rising from about 224,538 tons today to roughly 3.08 million tons by 2030 [19].
Natural graphite undergoes mining, flotation, purification, spheroidization, and heat
treatment to achieve battery-grade quality (>99.95% C). This process is notably wasteful,
as up to 70% of feedstock is lost during conversion to spherical form [20]. According to
research by the German institute, anode material made from natural graphite is priced
between 4-8 USD per kg. In contrast, synthetic graphite-based anode material costs
12-13 USD per kg [21]. Meanwhile, synthetic graphite is produced via high-temperature
graphitization (exceeding ~2800-3000 °C) of petroleum or needle coke, an energy-intensive
method responsible for 50-60% of total production costs and heavily affected by electricity
pricing [22,23]. On an energetic basis, given graphite’s specific capacity (~360 mAh/g), this
equates to an energy material cost of approximately 8-12 USD/kWh for natural graphite
and higher for synthetic. However, the precise values can vary depending on process
efficiencies and regional energy costs. Notably, synthetic graphite’s higher carbon footprint
(up to 20 kg CO,e/kg) makes natural graphite more environmentally favorable, offering a
60-90% reduction in emissions CO, [24].

Studies have been conducted to reduce the energy consumption needed to produce
synthetic graphite via electrochemical graphitization [12,14]. The techno-economic analysis
shows that natural graphite is the lowest-cost pathway for producing battery-grade anode
material, with total production costs typically in the range of 2000-3000 USD per ton,
driven mainly by purification chemicals, electricity use, and spheronization. In contrast,
synthetic graphite is significantly more expensive, approximately 4000-10,000 USD per ton
because high-temperature graphitization (2500-3000 °C) dominates both energy demand
and capital expenditure. Northern Graphite has indicated that producing battery-grade
natural graphite commercially in Canada would require sale prices of approximately
8000-10,000 USD per ton, whereas equivalent material sourced from China was available
for about 6000-7000 USD per ton in 2024. In addition, a recent comparative economic
assessment of Chinese and U.S. graphite reported natural graphite prices of 4.34 USD/kg
for China and 7.99 USD/kg for the United States [25]. Overall, the significant factors
influencing cost include energy consumption, chemical purification reagents, feedstock
quality, and equipment capital costs, with graphitization energy being the single most
significant contributor to synthetic graphite production [26].

Recent studies demonstrated practical, industry-relevant anode material manufactur-
ing routes particularly those based on industrial by-products and waste-derived carbon
sources for processes of spheronization, carbon coating, and graphitization in an attempt to
reduce process cost.

Spheronization

Recent results indicate that graphite waste (GW) produced via the Acheson furnace
constitutes a technically robust and scalable precursor route for the development of low-
cost, environmentally benign anode materials for LIBs [27].

Carbon coating

Another study reported that commercial high-density polyethylene (CPE) and waste
high-density polyethylene (WPE) can be effectively regenerated into anode-grade materials
for LIBs [28]. Because polyethylene (PE) undergoes rapid thermal degradation at elevated
temperatures, it was first subjected to a thermal stabilization step to facilitate controlled
carbonization. After stabilization, the material was graphitized at 3000 °C, producing
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PE-derived graphite with crystallinity surpassing that of conventional commercial anode
materials (CAM).

Graphitization

High-purity graphite was produced from steel manufacturing waste through the
successful conversion of emission control system (ECS) dust a carbon-rich by-product
generated during steel processing into anode-grade material for lithium-ion batteries
(LIBs) [29]. The ECS dust first underwent a purification step to remove metallic contam-
inants and non-carbonaceous phases. It was then subjected to thermal stabilization to
mitigate premature decomposition during subsequent high-temperature processing. After
stabilization, the material was carbonized and graphitized at temperatures approaching
3000 °C, promoting the development of highly ordered graphitic domains. This integrated
sequence of purification, stabilization, and high-temperature graphitization enabled the
production of graphite exhibiting structural and electrochemical characteristics on par with,
or superior to, those of conventional commercial anode-grade graphite.

1.2. Availability of Graphite in Canada

The province of Québec in Canada is notably rich in critical minerals, including
graphite [30,31]. Currently, there are graphite projects in three Canadian provinces (Québec,
Ontario, and British Columbia) [4] as shown in Figure 1. The purpose of this research is to
evaluate the environmental impact of graphite mined in Québec via LCA. A cradle-to-gate
process-based attributional analysis was performed on AAM produced in Québec. Our
objective was to compare LCA results from AAM originating in China and material from
Québec, Canada. This study encompassed the processes of ore extraction at the open pit
mine, drilling/blasting, metrophoric rock out of the ground, flotation, spheronization,
purification, and coating. The production of co-products was also considered in this
LCA [18,32].

Current Graphite Projects in Canada
Types of product

Manganese X Energy Corp.

I Mason Resources
G6 Energy Corp
Nouveau Monde Graphite
. . Northern Graphite Corp.
Green Graphite Technologies

Natural  Graphite Graphite  Spherical

graphite  concentrates graphite Eagle Graphite

Northern Graphite Corp.
Focus Graphite

- BRITISH
g)> COLUMBIA

ONTARIO

Figure 1. Graphite projects in Canada (NATTBatt lithium-ion Battery Supply Chain database; Septem-
ber 2025 [4]).
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2. Methods and Materials
2.1. Graphite Ore Extraction and Processing in Québec

Canada is home to several critical minerals used in lithium-ion batteries, including
graphite, a commonly used anode material currently being mined in Québec. Figure 2
represents typical mining and extraction of natural graphite from ore.
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Figure 2. Extraction of graphite and processing to concentrated graphite at a Québec mine.

The extraction of natural graphite from ore in Québec involves a series of complex
beneficiation steps designed to produce high-purity graphite concentrate suitable for battery
applications. These steps typically include crushing and grinding to reduce the particle
size, followed by polishing and primary cleaning to remove impurities. The material then
undergoes fines and coarse cleaning, dewatering, drying, and screening before being stored.
Additional processes such as magnetic separation and sulfide flotation are used to eliminate
metallic contaminants. Waste management is also a critical component of the operation,
with non-acid generating (NAG) waste being dewatered and sorted for safe disposal, while
potentially acid-generating (PAG) waste is carefully managed to prevent environmental
contamination, as illustrated in Figure 2. The graphite concentrate is then transported to
the process plant to create AAM used in LIBs.

In a typical anode material processing plant, three primary steps are involved: mi-
cronization and spheronization, purification, and coating as seen in Figure 3. During the
micronization step, concentrated graphite is micronized to achieve optimal particle size.
This is followed by spheronization, in which the particles are shaped into spherical forms
to enhance tap density, improving packing efficiency and electrode performance.
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Figure 3. Graphite process plant flowchart for Québec case study.

The purification step can employ either hydrometallurgical or pyrometallurgical
methods. In the hydrometallurgical route, acid-based leaching techniques are applied,
commonly using hydrofluoric acid (HF), which is highly effective but associated with
significant environmental impacts due to the toxicity and corrosivity of HF [18,33]. Alterna-
tively, pyrometallurgical purification involves chlorination roasting, where impurities react
with chlorine to form volatile chlorides that are subsequently removed. This method can
achieve a purification efficiency of up to 98% [33]. Another technique under exploration
is high-temperature purification, in which graphite is heated to elevated temperatures to
vaporize impurities with low boiling points [34]. In this study, we focus on acid-based
leaching, as it is a widely adopted purification technique, particularly in Chinese graphite
processing facilities [12]. The final stage is coating, wherein the purified, spheronized
graphite is coated with a nanometric carbon layer. This coating improves the electrical
conductivity, structural stability, and overall performance of the anode material.

To compile a comprehensive dataset of input parameters reflecting the mining, con-
centration, and processing of AAM in Québec, data was sourced from a range of technical
documents published in 2022 [35], 2023 [32], and 2025 [18]. A data gap was also identified
in locating Ecoinvent (v3.8) entries for certain reagents utilized in both the concentrator
plant and the AAM process facility. Where feasible, proxy chemicals were selected based on
available datasets within the Ecoinvent (v3.8) database. Co-products were also considered
in the process plant operations and credit given on CO, emissions.
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Table 1 lists the processes, intermediary flows, and subprocesses that were setup in

the OpenLCA (v2.3) program that represent the Québec case study. The main areas were

the (mine) concentrator, mining crusher/concentrator, flotation, (AAM production plant)

process plant micronization spheronization, purification, coating, process facility wide

(example one number provided for total plant wide natural gas consumption), finish-

ing/bagging, and AAM production.

Table 1. AAM processes, intermediary flows, and sub processes.

Processes

Intermediary Flows (Sub Processes)

Mining

Natural graphite with waste rock

Concentrator (natural graphite concentrate)

Mine NAG non acid generating waste

Mining crusher concentrator

Mine PAG potential acid generating waste

Mine_Diesel_Equipment

Mine (electricity) mining equipment

Mine (electricity) water services

Mine transport crusher concentrator to process plant

Mine transport waste rock and tailings to co-disposal facility

Crusher concentrator electricity crusher

Concentrator NAG tailing dewatering and stockpile

Concentrator PAG tailing dewatering and stockpile

Concentrator water

Crusher_Concentrator (electricity) concentrator process

Crusher concentrator (electricity) HVAC and aux system

Concentrator reagent flotation fuel oil

Crusher concentrator reagent methyl isobutyl carbinol MIBC

Flotation Concentrator reagent flocculant

Concentrator reagent lime

Concentrator reagent potassium amyl xanthate
AAM production plant Concentrated natural graphite received from mine

Process plant micronization spheronization

Process micronization and spheronization (electricity)

Process by product fines (by product)

Process plant purification

Process purification reagent hydrochloric acid

Process purification reagent hydrofluroic acid

Process purification reagent nitric acid

Process purification reagent sodium hydroxide

Process purification reagent nitrogen

Process plant coating

Process coating (electricity)

Process coating reagent nitrogen purge

Process by product purified jumbo flakes (by product)

Process purification (electricity)

Process facility wide

Process water

Process natural gas

Mine transport in plant mine ore to crusher plant

Process plant finishing bagging

Process finishing and bagging (electricity)

AAM production

AAM produced
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2.2. Reagent Substitution and Justification

While analyzing the AAM data for both the concentrator and process plant, several
reagents were identified as missing from the Ecoinvent v3.8 database. To address these gaps
and maintain the continuity and completeness of the LCA, alternative reagent datasets were
selected. This substitution strategy is widely recognized as a valid and practical approach
in LCA modeling, particularly when direct inventory data is unavailable. According to
Fantke et al. (2020) [36], life cycle-based alternatives assessment (LCAA) supports the use
of functionally equivalent substitutes to ensure consistent environmental modeling while
avoiding unacceptable trade-offs. Similarly, Meron, Blass, and Thoma (2020) [37] propose a
proxy selection methodology that enables accurate approximation of environmental impacts
when site-specific data is lacking. These approaches align with best practices in LCA and
ensure that reagent-related impacts are represented transparently and scientifically.

In the absence of a dedicated dataset for Methyl Isobutyl Carbinol (MIBC) in the
Ecoinvent v3.8 database, butanol can be used as a representative substitute for modeling
flotation reagents in graphite production. This substitution is justified by the chemical
and functional similarities between the two compounds. Both MIBC and butanol are
alcohol-based frothers commonly used in mineral beneficiation processes, particularly in
froth flotation. MIBC is known for its superior frothing efficiency, bubble stability, and
selectivity in mineral separation [38,39]. However, butanol shares key structural features
and exhibits similar behavior in stabilizing air bubbles, which is essential for effective
flotation performance [40].

Moreover, butanol is readily available in the Ecoinvent database with comprehensive
environmental impact data, making it a practical and defensible proxy for LCA purposes.
Studies have demonstrated that butanol can serve as a primary frother in flotation systems,
influencing bubble size and stability in a manner comparable to MIBC. While MIBC
may offer enhanced performance in certain applications, the use of butanol allows for
consistent environmental modeling without compromising relevance to industrial flotation
practices. This approach ensures methodological transparency and supports the robustness
of environmental assessments in the absence of specific data for MIBC [40,41] that can have
both upstream and downstream impacts.

Hydrofluoric acid (HF), a highly reactive and hazardous chemical, is widely used in
industrial applications such as metal treatment, glass etching, and uranium processing.
Although HF is not explicitly listed as a standalone entry in the Ecoinvent v3.8 database,
hydrogen fluoride its gaseous form and molecular equivalent are available and serves as
a scientifically valid proxy for environmental modeling. Chemically, hydrofluoric acid is
simply hydrogen fluoride dissolved in water, and both forms share the same molecular
formula (HF), properties, and industrial uses [42—-44].

Ferric sulfate (Fe;(SO4)3) and ferric chloride (FeCls) are both iron-based coagulants
commonly used in purification processes, but they exhibit notable chemical and operational
differences [45]. Ferric chloride is more acidic and corrosive than ferric sulfate, which
can influence equipment durability and necessitate more robust handling protocols. The
two compounds also differ in the nature of their byproducts: ferric chloride generates
chloride-rich waste, while ferric sulfate produces sulfate-based residues, each carrying
distinct implications for environmental emissions and wastewater treatment. In terms of
effectiveness, their performance in graphite purification varies depending on the specific
impurities targeted, with ferric sulfate often showing superior results due to its favorable
precipitation characteristics. Ferric III chloride was chosen as a substitute for ferric sulfate
since data was available in the Ecoinvent v3.8 database as a coagulant.

To estimate reagent consumption in the purification stage of AAM production, plant-
specific data were unavailable, so data from Engels et al. [12] were used as substitute. A
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process flowsheet was developed to trace input, output values across production stages,
revealing that 1010 kg of purified spherical graphite is needed to produce 1 ton of coated
spherical graphite. Since the purification stage yields 1 ton of purified graphite, a scaling
factor of 1.01 (1010/1000) was applied to adjust reagent quantities accordingly. Using this
factor, the required amounts of hydrochloric acid, hydrofluoric acid, nitric acid, and sodium
hydroxide were calculated and converted to tons per year (tpy), ensuring consistency with
the functional unit of 1 ton of coated spherical graphite.

2.3. Review of LCA Datasets and Data Analysis

To perform the LCA of battery-grade AAM, we used OpenLCA v2.3 together with the
Ecoinvent v3.8 database, one of the most comprehensive and widely applied LCA inventory
datasets available. Background data from Ecoinvent v3.8 were incorporated to represent
specific processes and feedstocks where primary, context-specific data were unavailable.
This ensured a robust evaluation of the environmental impacts associated with graphite
production. Midpoint impact results were generated using Impact World+ midpoint v2.0.1,
which assesses a broad set of environmental indicators. In this study, the primary focus
was on global warming potential (GWP), expressed as CO, emissions, and water use.

An attributional LCA approach was applied to quantify the direct environmental
burdens associated with producing battery-grade AAM. This method excludes broader
system-level considerations such as market effects or indirect emissions, enabling a clear
and structured assessment of the energy use, greenhouse gas emissions, and resource
demands of AAM production.

The LCA workflow was designed to ensure reproducibility and comprehensive quan-
tification of environmental impacts. Primary data were collected from the graphite mining
operation and downstream processing facility in Québec. These data included key op-
erational parameters such as energy consumption profiles, raw material inputs, direct
emissions, and solid and liquid waste outputs. All raw data were preprocessed and
validated to ensure consistency and suitability for LCA modeling.

After validation, system boundaries and process flows were defined in OpenLCA v2.3,
with individual unit processes representing each step of graphite extraction and refinement.
A complete life cycle inventory (LCI) was assembled to capture all relevant environmental
exchanges. The model was then executed to calculate life cycle impacts across multiple
environmental categories using the selected impact assessment method.

2.4. Goal and Scope Definition

The LCA framework employed in this study was structured in accordance with
ISO 14040 standards [46], encompassing the definition of system boundaries, LCI inputs,
and impact assessment methodologies. The functional unit was defined as the production
of one metric ton of AAM, selected to ensure comparability with existing LCA studies and
industrial benchmarks. A cradle-to-gate approach was adopted, thereby encompassing
all relevant environmental impacts from raw material extraction through to the final
production of AAM. An overview of the methods and materials used in this LCA are
shown in Table 2.

The life cycle inventory included primary (foreground) data obtained directly from
operations at the graphite mine and associated processing facilities, complemented by
secondary (background) data from the Ecoinvent (v3.8) database to ensure completeness
and model fidelity. The life cycle impact assessment (LCIA) focused on key environmental
indicators, including atmospheric emissions, freshwater consumption, solid waste gen-
eration, transportation-related impacts, and co-product flows. These impact categories
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were analyzed to provide a comprehensive assessment of the environmental footprint and
identify opportunities for sustainability improvements.

Table 2. Overview of methods and material for LCA research.

Cradle to Gate Life Cycle Assessment of the Extraction and

Goal Processing of Graphite
Scope Definition Functional Unit 1 ton of battery grade anode active material (AAM)
Product Technology Battery grade AAM used in EV batteries
Background data Graphite mine and processing facility in Québec
Background database Ecoinvent database (v3.8),

No explicit cut-off criteria. All information on energy, materials, and

Cut-off criteria S . . o :
" et emissions compiled from industry-specific technical documents

Impact Assessment Categories Global Warming Potential (GWP); mainly CO,

2.5. Processes, Intermediary Flows, and System Boundary

Several sources of data were used such as environmental impact assessments, technical
reports [18,32,35] and other sources. Once the processes, elementary, and intermediary
flows were identified, a product system was created as shown in Figure 4 (process tree). In
this study, energy was supplied by electricity, diesel, and natural gas. Water consumption,
reagents, and to AAM at the process plant. transportation were considered for both the
extraction/concentration of graphite and processing.

H . o Foreground system
H »  Mining (Grinding and

crushing)
l’ Flake graphite ore (4 33% C(1)
Energy production : 5 Flotation

and transportation

l Flake graphite concentrate (76.75 C(i S

) Ve S
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production and ~ —»

transportation — > Spheroidization . -.\npmducllon
—— § .
. Purification
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——) Coating
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Figure 4. System boundary for graphite extraction and processing to AAM.
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To carry out an LCA of graphite extraction and processing in Québec, it was crucial to
collect accurate, site-specific, and representative data. This data was essential to ensure the
reliability of the environmental impact assessment across all stages of the graphite supply
chain. Environmental process data were gathered from multiple sources, including envi-
ronmental impact assessment (EIA) reports mandated by the Québec government, as well
as technical and feasibility reports from the mining industry [18,32,35]. These documents
provided key information on resource extraction, energy consumption, emissions, water
usage, and waste generation associated with graphite mining and processing activities.

The EIA reports were particularly valuable, as they included regulatory evaluations,
environmental monitoring data, and mitigation strategies implemented by mining oper-
ations to comply with both provincial and federal environmental standards. In addition,
technical and feasibility reports from the mining sector offered detailed insights into op-
erational efficiencies, material flows, and efforts to optimize processing methods. By
integrating updated data from both regulatory and industry sources, this assessment deliv-
ers a comprehensive and current evaluation of graphite extraction and AAM production
operations in Québec, which can serve as a foundation for a more comprehensive LCA.
Some assumptions had to be made such as the case of reagents substitution to conduct a
multifunction system.

3. Results and Discussion

Several gaps have been identified in the literature regarding the comprehensive LCA
of natural graphite mining and the subsequent processes involved in manufacturing AAM.
Many studies, including Engels et al. (2022) [12], rely on alternative process assumptions
rather than modeling the actual steps performed in graphite extraction and processing.
The production of battery-grade AAM typically involves a sequence of operations: mining
natural graphite, flotation, spheronization, purification, coating, and final finishing. The
current LCA was developed using a combination of data from 2022, 2023, and 2025 specific
to graphite mining and processing activities in Québec [18,32,35].

To contextualize and validate the findings, a comparative analysis was conducted
using the cradle-to-gate LCA presented by Engels et al. (2022) [12], which focused on
natural graphite-based AAM produced in China for automotive lithium-ion batteries.
Table 3 presents a detailed comparison of key input parameters between Engels et al.’s
study and the current Québec-based assessment, covering both the concentrator and process
plant stages.

A summary of various parameters is shown in Table 4 including water, electricity,
diesel, and natural gas consumption were compared with data from Engel et al. (2022) [12]
on graphite mining and processing for one ton of AAM. Water usage in Engel’s study was
higher at 47 m® compared to 37 m® in our Québec case study mine, which employed a
closed-loop water system. Electricity consumption was also significantly lower in Engel’s
study 7470 kWh compared to 17,100 kWh per ton of AAM in Québec. In contrast, diesel
usage was higher at the Québec mine, reaching 156.6 kg per ton of AAM, compared to only
4.15 kg in Engels’ findings. Natural gas consumption was higher in China at 1050 MJ [12]
compared to 295.84 MJ in Québec. The higher diesel consumption may be attributed to the
detailed data obtained for the Québec mining equipment which was not presented in the
Engels’ study. The Québec study had higher electricity consumption which reduced the
natural gas usage versus that in China.
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Table 3. Flows (detailed) in current research and from Engels et al. [12] per ton of AAM.

Flow Current Research (2025) Engels et al. [12] (2022)
Diesel (at mine) 156.6 kg/ton 2.24 kg/ton
Electricity (mine/mining processes) 2137 KW /ton 8.7 kWh/ton
Process water 37 m3/ton 47 m3/ton
Fuel oil (flotation) (Reagent) pitch 92 kg/ton 50 kg/ton
Lime 1.93 kg/ton 400 kg/ton

Electricity process plant

micronization & spheronization 5519 kWh/ton 506 kWh/ton
Fines (by-product) 0.9826 ton/ton 1.22 ton/ton
Electricity process plant purification 3070 kWh/ton 305 kWh/ton
Purification hydrochloric acid 0.20 ton/ton 0.02 ton/ton
Purification hydrofluroic acid 0.1818 ton/ton 0.1818 ton/ton
Purification nitic acid 0.100 ton/ton 0.100 ton/ton
Natural gas 295.84 MJ 1050 MJ

Table 4. Summary comparison of graphite production.

Comparison of Graphite Production

Water and Energy flow per 1 ton of AAM

Current research (2025) Engels et al. (2022) [12]
Parameter
Water 37 m3 47 m3
Electricity 17,100 kWh 7470 kWh
Diesel 158 kg 415 kg
Natural gas 295.84 MJ 1050 M]J

The long-term CO, per ton of AAM in the Québec case study was 1.44, compared
with 9.60 for China’s natural graphite and 29.70 for synthetic graphite, as shown in Table 5.
The data indicates that natural graphite production generates far lower CO, emissions
than synthetic graphite production, and that Québec’s natural graphite industry has a
substantially smaller environmental footprint compared to natural graphite production
in China.

Table 5. Long-term CO; for one ton of graphite in recent studies.

Tons CO; per Ton Graphite Mined/Processed

Engels et al. [12] (2022) Pandey et al. [15] (2025) Current research (2025)
9.60 (natural) 29.70 (synthetic) 1.44 (natural)
Ecoinvent v3.8 (LCA) GREET (LCA) Ecoinvent v3.8 (LCA)

3.1. Natural Gas Consumption

One of the most significant differences observed between the Québec-based LCA and
the study by Engels et al. (2022) [12] lies in natural gas consumption. Engels et al. reported
a usage of 1050 MJ per functional unit, whereas the Québec mine and processing plant
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Process

Process Micronization and Spheronization Electricity

recorded a substantially lower figure of 295.84 MJ. This discrepancy highlights regional
variations in energy sourcing and process efficiency.

In the Québec LCA, natural gas was identified as the primary contributor to CO,
emissions during the purification and coating stages of AAM production. These stages
require extremely high temperatures often exceeding 2500 °C to achieve the necessary
material properties [12,47]. The lower natural gas consumption in Québec may reflect
differences in technology, energy integration, or operational optimization, which contribute
to a reduced environmental footprint in compared to the Chinese operations modeled by
Engels et al. [12].

3.2. Electricity Consumption

In the Québec case study of producing AAM from natural graphite, the highest elec-
tricity consumption was observed during the micronization/spheronization, purification,
and coating stages at the process plant (see Figure 5).

Electricity consumption Québec Mine and Process Plant

Process Finishing and Bagging Electricity m

Process Coating Electricity m——

Process Purification Electricity

Crusher Concentrator Electricity HVAC and Aux System mm
Crusher Concentrator Electricity Concentrator Process m—

Crusher Concentrator Electricity Crusher m

Mine Electricity Water Services =

Mine Electricity Mining Equipment =

0 1000 2000 3000 4000 5000 6000
kW

Figure 5. Electricity consumption at Québec mine/concentrator and AAM process.

These stages micronization, spheronization, purification, and coating are particu-
larly energy-intensive due to the mechanical and thermal demands required to transform
graphite concentrate into battery-grade AAM. Micronization and spheronization involve
high-speed milling and shaping of graphite particles into spherical forms, which improves
tap density, reduces surface area, and enhances electrochemical performance in lithium-
ion batteries [48]. Purification typically requires temperature treatment, often exceeding
2500 °C, to achieve the necessary purity levels above 99.95% carbon content, which is essen-
tial for battery performance [49,50]. The coating process further adds to the energy demand,
as it involves applying a carbon layer to the graphite surface to improve conductivity,
stability, and rate capability under fast-charging conditions [51]. These steps are critical for
producing high-performance AAM, but they also represent the most resource-intensive
phases of the graphite refinement process.

Despite the high electricity demand in these stages, the environmental impact of
electricity use in Québec is significantly lower than in many other regions. This is primarily
due to Québec’s electricity grid being powered almost entirely by renewable sources, partic-
ularly hydropower. Over 99% of Hydro-Québec’s electricity generation comes from renew-
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able energy, with hydropower alone accounting for approximately 94.3% of the province’s
electricity supply [52]. As a result, Québec’s grid has one of the lowest greenhouse gas
(GHG) emission intensities in North America, averaging just 2.48 kg CO,e/MWh [53]. The
use of clean electricity in both mining and critical mineral processing makes Québec a strate-
gic location for developing a low-carbon supply chain for battery materials. This positions
the province as a key contributor to the production of “green batteries” in North America,
supporting broader climate and sustainability goals. Figure 6 shows the electricity consump-
tion at the Québec case study by process for the mine/concentrator, and process plant.

3500
3000
m Climate change, long term, kg CO2 eq
2500 long)
limate change, short term, kg CO2 eq

2000 (short)
1500
1000
500

0 -
=500
-1000
-1500
-2000

AAM Direct Co-product Co-Product Fine  Overall Impact
Impact Jumblo Flake Graphite
Graphite

Figure 6. Long- and short-term CO, impact for Québec natural graphite case study.

3.3. Water Consumption

Water plays a critical role throughout the graphite production process, both at the
mine site and the downstream processing plant. At the concentrator located at the mine site,
water is primarily used for ore beneficiation, including crushing, grinding, and flotation
to separate graphite from gangue minerals [54]. In the subsequent refining stage, water
is essential for converting graphite concentrate into battery-grade AAM, which requires
multiple chemical and thermal treatments [15].

Our Québec case study implemented a closed-loop water management system to min-
imize freshwater withdrawal and reduce environmental impact [35]. This system recycles
process water, significantly reducing demand for external water sources and mitigating
stress on local ecosystems. Additionally, a dewatering system was installed to manage sur-
face runoff, precipitation (rain and snowmelt), and groundwater infiltration, ensuring that
excess water does not compromise operational efficiency or cause contamination [18,35].

To further safeguard water quality, a wastewater treatment facility was integrated
at the process plant. This facility treats effluents generated during chemical purification
and other processing steps, removing suspended solids, chemical residues, and potential
contaminants before discharge or reuse [55]. These measures collectively aim to conserve
water resources, maintain compliance with environmental regulations, and reduce the
overall water footprint of graphite production [15,54].
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3.4. Diesel Consumption

Diesel consumption in the Québec case study was primarily associated with two key
activities: excavation of natural graphite ore and transportation of ore and waste rock
to the concentrator. To estimate diesel usage, detailed operational data for each piece of
mining equipment was collected, including equipment model, payload capacity, gross
horsepower [56], number of units, and annual operating hours [18]. These parameters were
combined with manufacturer specifications for diesel consumption rates (liters per hour) to
calculate the total liters of diesel per ton of AAM produced as shown in Table 6.

Table 6. Mining equipment used to calculate liters of diesel per ton of AAM.

Total No. of . .
. Total Diesel Consumption
. . Hours for All Diesel .
Equipment Payload Horsepower . Operating . . for Total Units Run Hour
Model No. of Units the Units Run Consumption
Name (Tons) (Gross) Hours (h/year) (L/year)
(h/year) (L/h)

(G x ) (I x H)

Haul Truck CAT 775G 60 812 12 2753 33,036 1722 5,688,040.6
Hydraulic CAT 395 94 543 2 2592 5184 115.1 596,628.0
excavator

Wheel Loader CAT 988 12 580 1 2753 2753 122.9 338,460.3

P“’g‘:ﬁ“’“ Epiroc D65 23 540 2 2248 4496 1145 514,583.5

Track Dozer CAT D8T 38 359 2 2753 5506 76.0 418,687.7
Road Grader CAT 14M 24 259 2 2753 5506 54.8 301,840.2
Water/Sand CAT 740 447 1 2753 2753 94.7 260,756.7
Truck
g dlity CAT336 37 306 1 2592 2592 64.8 167,947 4
Xcavator
Transport Bus GMC 276 1 187 187 58.4 10,937.7

The calculation process involved multiplying the diesel consumption rate of each
equipment type by the total operating hours for all units of that type. For example, the
haul trucks (CAT 775G) had a consumption rate of 172.2 L /h and operated for a combined
total of 33,036 h annually across 12 units, resulting in approximately 5.69 million liters of
diesel consumed by haul trucks alone. Similar calculations were performed for hydraulic
excavators, wheel loaders, drills, dozers, graders, water trucks, and support vehicles. The
aggregated total across all equipment was 8,297,882 L per year. To normalize this figure
for LCA purposes, the total diesel consumption was divided by the annual production of
AAM, yielding 188.2 L per ton of AAM. This metric provides a clear basis for comparing
diesel-related impacts across different production scenarios.

For integration into the LCA, diesel volumes were converted into energy units (mega-
joules, M]) using the standard energy content of diesel fuel (38.6 MJ/L). This conversion
ensures consistency in energy flow analysis and allows diesel-related impacts to be assessed
alongside other energy sources such as electricity and natural gas.

The analysis revealed that haul trucks were the dominant contributor to diesel con-
sumption, accounting for approximately 68% of the total fuel use. This reflects the energy-
intensive nature of ore transportation compared to other mining activities. Excavation
equipment such as hydraulic excavators and wheel loaders also consumed significant
amounts of diesel, while auxiliary operations like drilling, grading, and water hauling
represented smaller but still notable shares. Overall, the high reliance on diesel-powered
equipment underscores its role as a major contributor to the energy footprint and green-
house gas emissions of graphite production. These findings highlight the importance of
targeting haulage and excavation processes to improve efficiency and of exploring alterna-
tives, such as electrification or hybrid technologies, to reduce environmental impacts.
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Implications for Sustainability: Reducing diesel consumption through fleet optimiza-
tion, electrification of mining equipment, or hybrid technologies could substantially lower
the carbon footprint of graphite production. Additionally, improving haulage efficiency
and implementing advanced route-planning could further reduce fuel consumption.

3.5. LCA CO, and Water Scarcity Analysis

The LCA for producing one ton of graphite AAM for EV batteries demonstrates that
environmental impacts are distributed across three major stages: mining, concentration, and
processing, with each stage contributing differently to climate change, water scarcity, and
resource use. A cradle-to-gate analysis was carried out for the Québec mine, concentrator,
and process plant. The results showed long-term CO,-equivalent emissions of 1.438 tons,
short-term CO, and emissions of 1.252 tons, as presented in Figure 6. Co-products produced
during the processing of graphite concentrate included jumbo flake and fine graphite. Water
scarcity impact of 14.271 m?, was normalized by process against CO, long- and short-term
as presented in Figure 7.
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Figure 7. Water scarcity normalized to CO; long- and short-term emissions by process.

The mining stage is the foundation of the supply chain and is highly resource intensive.
The extraction of rock from the ground alone accounts for 58 tons of material movement for
one ton of AAM, generating 1064 kg CO,-eq (long-term) and 1101 kg CO,-eq (short-term)
emissions. Diesel-powered equipment dominates energy consumption at 7263 MJ, making
it the largest single contributor to greenhouse gas emissions in this stage. Transportation
of ore and waste adds further burdens, with over 110 ton-kilometers for ore movement
and 130 ton-kilometers for waste disposal. While electricity use for mining equipment is
relatively minor, the cumulative effect of blasting, drilling, and material handling amplifies
the overall footprint. Water scarcity impact is also significant at 332.85 m® world-equivalent,
primarily due to dust suppression and water services. The concentration phase introduces
additional complexity through mechanical and chemical processes. Electricity demand
for crushing and flotation is notable, with 1841.3 kW for concentrator operations and
smaller loads for auxiliary systems. Water use spikes dramatically to 44.27 m?, reflecting
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the need for slurry preparation and tailings management. Chemical reagents such as
lime, potassium amyl xanthate, and methyl isobutyl carbinol (MIBC) are essential for
flotation, adding toxicity and resource depletion concerns. Climate change impacts for
this stage range between 42-46 kg CO;-eq, but water scarcity impact is disproportionately
high at 3597 m® world-equivalent, signaling that water recycling and treatment should be
a priority.

The processing plant is the most energy- and chemical-intensive stage. Purification
processes consume 1988.7 kW of electricity and use aggressive reagents such as hydrochlo-
ric, hydrofluoric, and nitric acids, which pose environmental and safety risks. This stage
alone contributes 1276-1366 kg CO,-eq and 3935 m® world-equivalent in water scarcity,
making it the single largest hotspot in the LCA. Coating operations add further emissions,
with electricity use linked to 164-176 kg CO,-eq, while micronization and spheronization
processes consume 5519.3 kW, resulting in 61-68 kg CO,-eq. Finishing and bagging, though
less impactful, still require energy and generate waste streams.

The input and output (climate change long/short-term, and water scarcity) parameters
used in this LCA are shown in Table 7.

3.6. Cluster-Based Environmental Impact Analysis of Graphite AAM Production Processes

The polar heat map (Figure 8) provides a visually compelling representation of environ-
mental impacts across various graphite processing stages. Each radial segment corresponds
to a process or co-product, while the color intensity reflects the magnitude of key sustain-
ability metrics long-term climate change potential, short-term climate change potential,
and water scarcity. This visualization immediately highlights the stark contrasts between
processes, enabling rapid identification of hotspots.

&

&

4680

3436

2192

948

-296

-1540

Climate change, short term-kg CO2 eq (short)

Figure 8. Polar heat map of environmental impact metrics across graphite processing stages. This
visualization displays the relative magnitude of key LCA indicators long-term climate change poten-
tial (kg CO,-eq), short-term climate change potential, and water scarcity (m3 world-equivalent) for
each process and co-product in the graphite production chain. Radial positions represent individual
processes, while color intensity indicates the severity of environmental impacts. The outer rings
highlight high-impact stages such as purification and micronization, whereas inner rings correspond
to low-impact processes like water treatment and finishing.
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Table 7. Input and output for Québec LCA case study natural graphite mine and process plant.
For 1 Ton AAM Final Converted Unit Climate Change, Climate Change, Water Scarcity, m?
Process Parameter Battery Grade er Ton of AAM Long-Term, kg Short-Term, kg World-E Reference
Material 4 CO,-Eq (Long) CO,-Eq (Short) orid-tq
Mine Rock Out of Ground 58.13 ton [18]
Mine NAG non acid generating waste 50.32 ton [18]
Mine PAG potential acid generating waste 14.94 ton [18]
Mine Diesel Equipment 7263.00 M] [18]
Mine Electricity Mining Equipment 84.66 kW [18]
ini Mine Electricity Water Services 105.82 kW 18
Mining Process : Y 1064.64 1101.10 332.85 il
Mine Transport Crusher Concentrator to 110.46 tkm [18]
Process plant
Mm? Transporft Waste Rock and tailings to 13052 tkm [18]
co disposal facility
Mine Transport Overburden To Stockpile 34.01 tkm [18]
Mining Blasting Explosives 0.03 ton [18]
Mine Drilling Depth Max 0.00 m [18]
Crusher Concentrator Electricity Crusher 0.02 kW [18]
Concentratqr NAG Tailing Dewatering 50.32 ton [18]
and Stockplie
Concentrator PAG Tailing Dewatering
and Stockplie 14.94 ton [18]
Concentrator water 44.27 md [18]
. Crusher Concentrator Electricity 1566.14 KW [18]
Mining Crusher Concentrator Process
Concentrator 42.39 46.62 3597.21
Crusher Concentrator Electricity HVAC
275.13 kW [18]
and Aux System
Concentrator Reagent Flotation Fuel
Oil (pitch) 0.00 L [18]
Crusher Concentrator Reagent Methyl
Isobutyl Carbinol MIBC 0.00 L (18]
Concentrator Reagent Lime 0.00 ton [18]
Concentrator Reagent Potassium 0.01 ton [18]

Amyl Xanthate
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Table 7. Cont.
For 1 Ton AAM Final Converted Unit Climate Change, Climate Change, Water Scarcity, m?
Process Parameter Battery Grade er Ton of AAM Long-Term, kg Short-Term, kg World-E Reference
Material 4 CO,-Eq (Long) CO,-Eq (Short) 9
Process water 5519.27 Ton [18]
Process Natural Gas 0.98 MJ [18]
Process Facility Wide Mine Transport In Plant Mine Ore to 033 tkm 38.70 40.82 296.54 [18]
Crusher plant ’
Process By Product Purified Jumbo Flakes 3070.29 ton [18]
Process Coating Electricity 0.20 kw [18]
P Coating R t Nit; P 0.18 t 35
Process Plant Coating  —— o> 0011118 TEABENT WITOBEN THISe on 164.64 176.02 1808.79 (351
Process Coa.tmg Reagent Carbon 0.10 ton [35]
precursor Pitch
Process Plant Process Finishing and Bagging Electricity 0.40 ton [35]
S . 1.22 1.36 92.23
Finishing Bagging Process Finishing and Bagging Electricity 0.40 kw [18]
Process Plant Process I.\/Iic1.‘onization. z%nd 5519.2744 kw [18]
Micronization Spheronization Electricity 61.83 68.78 4678.69
Spheronization Process BY Product Fines 108.84 ton [18]
Process Purification Electricity 1988.66 kw [18]
Process Purification Reagent
Hydrochloric Acid 0.27 ton 31
Process Plant Process Pur.iﬁcat.ion Reagent 0.09 ton 3]
Purification Hydrofluroic Acid 1276.49 1366.84 3935.77
Process Purification Reagent Nitric Acid 0.11 ton [3]
Process Purification Reagent
Sodium Hydroxide 6.76 ton [3]
Process Purification Reagent Nitrogen 295.84 ton [35]
Process Plant Process Water Treatment Reagent Ferric
Water Treatment Sulfate coagulant 448.98 ton (571
Production of 1 Ton of ~ Graphite active anode material (AAM) for 1.00 ton [18]

AAM Graphite

EV battery
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Comparative observations showed that processes such as Process Plant Purification
and Micronization/Spheronization dominate the outer rings with high radial values, in-
dicating significant contributions to CO, emissions and water usage. Purification alone
shows a mean long-term climate impact exceeding 2193 kg CO;-eq, far surpassing finish-
ing and bagging, which averages only 31.6 kg CO;-eq. Similarly, water scarcity impacts
are concentrated in micronization and purification, suggesting these stages are resource-
intensive and prime candidates for optimization. In contrast, co-products like jumbo flake
graphite and fine graphite exhibit negative values, reflecting potential credits of —16.42
to —1065.22 kg CO, in life cycle accounting. The heat map reveals a contracting pattern
for low-impact processes clustered near the center, such as water treatment and finishing,
while high-impact processes expand outward. This radial spread underscores the uneven
distribution of environmental loads, reinforcing the need for targeted interventions rather
than uniform strategies. For example, reducing energy intensity in purification could
yield disproportionately large sustainability gains compared to marginal improvements in
coating or bagging.

Insights from dendrogram analysis indicate that hierarchical cluster diagrams, both
angular and radial, complement the polar heat map by grouping processes based on similar-
ities in their environmental profiles. Angular clustering reveals that low-impact processes
tend to merge early, forming tight clusters at very small distances, indicating strong simi-
larity. In contrast, purification and micronization remain isolated until much later in the
clustering sequence, which confirms their distinct and severe impact profiles. Radial den-
drograms further demonstrate how clusters progressively aggregate, with climate change
metrics exerting a stronger influence on separation than water scarcity. The final stages
of clustering highlight the dataset’s pronounced heterogeneity. This structural insight
is critical for decision-making because clusters can guide modular sustainability strate-
gies, allowing similar processes to share mitigation technologies, while outliers require
tailored solutions.

The combined interpretation of polar heat maps and dendrograms suggests a dual
approach to improving sustainability performance across graphite processing stages. First,
cluster-based optimization should be applied to processes that share similar environmental
profiles, such as finishing and water treatment. These processes can benefit from common
efficiency measures, reducing resource consumption without requiring major structural
changes. Second, hotspot intervention is essential for outlier processes like purification and
micronization, which exhibit disproportionately high impacts on climate change and water
scarcity as green lines in polar heat map. These stages demand advanced technologies
or complete process redesign to achieve meaningful reductions. Some of the changes
could be at the mine with electrification of mining equipment and reduction in natural gas
usage at the process plant. By integrating these two strategies, organizations can balance
broad efficiency gains with targeted improvements, ensuring both cost-effectiveness and
significant environmental benefits. A large focus in Québec is to reduce GHG’s and not so
much on water consumption.

4. Conclusions

Following the analysis, a detailed interpretation phase was undertaken to assess im-
pact contributions, identify environmental hotspots, and determine the stages with the
highest resource intensity and emission profiles. This analysis facilitated the generation
of midpoint impact indicators, enabling a comprehensive, multiscale evaluation of envi-
ronmental burdens. The LCA conducted for this Québec case study on natural graphite
mining and processing to AAM revealed that natural gas consumption contributed the
most to CO, emissions, followed by diesel and electricity consumption. The study con-
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cluded with an integrated synthesis of findings, providing targeted recommendations for
process optimization, emission reduction, and overall sustainability improvement. This
systematic and transparent methodology ensured a robust assessment of the environmental
performance of battery-grade AAM production. Despite the substantial decrease in CO,
emissions compared to graphite mining and processing in China, the research highlights
further opportunities for improvement, particularly through electrifying mining equipment
to reduce diesel use and minimizing or substituting natural gas consumption during the
purification and coating stages at the process plant.
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