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1. Our Statement

Information contained in this report has been compiled and computed from sources

believed to be credible. Application of the data is strictly at the discretion and the

responsibility of the reader. Minviro is not liable for any loss or damage arising from the

use of the information in this document.

Life cycle assessment is an environmental accounting tool with an inherent level of

uncertainty, and it should not be seen as having the same level of precision as financial

accounting. Life cycle assessment requires a very large amount of data, particularly to

calculate all the inputs and outputs for every step.

Databases are often used since it is impractical to collect all the necessary data from the

original sources (e.g. it is impossible to collect data from all the specific power plants from

which electricity is sourced).

The report does not claim to be exhaustive, nor does it claim to cover all relevant products.

While steps have been taken to ensure accuracy, the listing or featuring of a particular

product or company does not constitute an endorsement by Minviro.

This material is copyrighted. It may be reproduced free of charge, subject to the material

being accurate and not used in a misleading context. The source of the material must be

identified and the copyright status acknowledged.

Northern Graphite commissioned Minviro Ltd. as life cycle assessment practitioner in

March 2021 to produce a life cycle assessment for the production of natural flake graphite

concentrate (graphite concentrate) at the Bissett Creek project, Ontario, Canada.

Additionally, the impact of producing coated spheronized purified graphite (CSPG) at a

hypothetical upgrade plant was assessed.

The life cycle assessment was conducted using the best available data taken from Northern

Graphite’s 2018 updated feasibility study. The intended application of this life cycle

assessment is to assist in project development and improvement. The results will be used

for long-term strategic planning.
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2. Executive Summary

Minviro was appointed by Northern Graphite to conduct a cradle-to-gate life cycle

assessment on the production of the graphite concentrate from natural flake graphite ore

at the Bissett Creek project in Ontario, Canada for reference year 2021. The project consists

of two distinct sites: Bissett Creek mine and processing plant. For each of these sites,

technological and economic data was developed as part of the updated 2018 engineering

study. Additionally, a hypothetical upgrade process, using the conventional hydrofluoric

acid (HF) route, was investigated to produce one kilogram of coated spheronised purified

graphite (CSPG). Proxy data collected internally by Minviro was used to produce the

hypothetical upgrade plant. The results of the life cycle assessment on production of

graphite concentrate are presented in Table 3. Five impact categories were evaluated:

● Global warming potential

● Water scarcity footprint

● Land use transformation

● Acidification potential

● Particulate matter formation

Water scarcity footprint includes regional water scarcity as applied by the AWARE

methodology. Land use calculates the effect that land transformation has on biotic

production, erosion potential, groundwater regeneration, infiltration reduction, and

physicochemical filtration using the LANCA methodology.

Table 3. Results Summary of Life Cycle Assessment Study

Impact Category Graphite Concentrate
Value Units

Global Warming Potential 2.2 kg CO₂ eq.

Water Scarcity Footprint 60.6 kg water eq.

Land Use - Biotic Production 3.9E-2 kg eq.

Land Use - Erosion Potential -5.7E-9 kg eq.

Land Use - Groundwater Regeneration 9.5E-4 m³ eq.

Land Use - Infiltration Reduction 5.4 m³ eq.

Land Use - Physicochemical Filtration 4.1 mol eq.

Acidification Potential 1.4E-2 Mol H+

Particulate Matter Formation 4.1 Disease incidence eq.
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Impact mitigation scenarios were conducted to mitigate the dominant environmental

impacts within this process. The overall GWP decreases from 2.2 to 0.39 kg CO2 eq. per kg

graphite concentrate when substituting the diesel mining fleet and power for the

processing plant with both an electric fleet and processing plant sourcing its electricity from

100% hydropower.

Minviro studied the difference in impact of Northern Graphite’s graphite concentrate and

CSPG against graphite concentrate and CSPG produced via natural and synthetic routes in

China. The natural graphite concentrate and CSPG production routes are based on

operational data in Heilongjiang Province. Synthetic graphite is based on operational data

in Fujian Province, China. The results for the global warming potential, acidification

potential and disease incidence are shown in Table 4 and 5. Water use and land use

transformation cannot be benchmarked against due to the lack of data prevented a fair

comparison. It should be noted that the Northern Graphite CSPG product is based on

hypothetical data, thus a high uncertainty is associated with the impact results. It is

recommended to repeat the LCA once engineering data for Northern Graphite producing

CSPG can be provided.

Table 4. Results Summary of Life Cycle Assessment Study - Graphite Concentrate Comparison Scenarios

Impact Category Northern Graphite Natural Graphite - China
Unit (per kg graphite

concentrate)

Global Warming
Potential 2.2 1.0 kg CO2 eq.

Acidification Potential 1.4E-2 8.0E-3 Mol H+ eq.

Particulate Matter
Formation 3.2E-7 5.9E-4 Disease Incidence eq.

Table 5. Results Summary of Life Cycle Assessment Study - Anode Grade Graphite Comparison Scenarios

Impact Category
Northern
Graphite

Natural Graphite -
China

Synthetic
Graphite - China Unit (per kg CSPG)

Global Warming
Potential 9.5 16.8 17.0 kg CO2 eq.

Acidification
Potential 0.04 0.03 0.01 Mol H+ eq.

Particulate Matter
Formation 6.4E-7 1.0E-3 2.3E-4 Disease Incidence eq.
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3. Introduction

Northern Graphite has retained Minviro to model the environmental performance of

manufacturing their graphite concentrate product at the Bissett Creek project and

hypothetical coated spheronised purified graphite (CSPG) product at the hypothetical plant

located in Quebec, Canada, using life cycle assessment (LCA). The results will be used to

improve production processes, communicate to customers, and for long-term strategic

planning. This chapter is an introduction to the project and methodology applied by

Minviro in the LCA.

3.1. Project Description

Northern Graphite is developing the 100% owned Bissett Creek property in Ontario,

Canada, with the aim of delivering graphite concentrate to the market. The Bissett Creek

project includes a natural flake graphite deposit, which undergoes open-pit mining and

processing to produce graphite concentrate. Natural graphite ore is extracted using

conventional open-pit mining techniques, including the use of explosives and a

diesel-fuelled haulage fleet. Following primary extraction, the valuable graphite mineral is

separated from the gangue material to produce graphite concentrate, with a grade of

95-97% carbon (C). On average, the processing plant will produce 19,309 tonnes of dry

graphite concentrate per year. The project production estimates based on the updated

2018 feasibility study are shown in Table 6.

Table 6. Bissett Creek Production Overview

Production Parameter Value Units

Resource Type Natural flake graphite deposit -

Resource Typical Grade 2.4 %C

Location Bissett Creek, Ontario, Canada -

Life of Project 22 years

Dry Graphite Concentrate Production 19,309 tonnes/year
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3.2. Scope of Assessment

The goal of this LCA is to determine the major project and process parameters contributing

to the environmental life cycle impact of the production of graphite concentrate at the

Bissett Creek project. Additionally, the difference in environmental impact is evaluated for

different project scenarios to mitigate the carbon footprint of the products.

Furthermore, the LCA investigated a hypothetical upgrade plant to assess the impact of

producing CSPG in Quebec, Canada. Benchmarking was completed to compare the

environmental impact of Northern Graphite’s hypothetical CSPG production process with

the natural and synthetic CSPG processing routes used in China.

LCA is a tool to assess the environmental impacts associated with all stages of a product,

process or activity.1 Importantly, LCA makes it possible to evaluate indirect impacts that

occur in the development of a product or process system over its entire life cycle, providing

information that otherwise may not be considered. A wide range of environmental impacts

can be captured both scientifically and quantitatively. The holistic approach generates

results on how decisions made at one stage of the life cycle might have consequences

elsewhere, ensuring that a balance of potential trade-offs can be made and avoiding

shifting of the environmental burden.2,3 It must be noted that LCA is a suitable tool for

determining impacts on a global scale, however the methodology is less suitable for

determining local impacts.
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4. Life Cycle Assessment Methodology

This chapter is a summary of the methodology applied by Minviro in the LCA. This LCA

study was conducted according to the requirements of the ISO-14040:2006 and

ISO-14044:2006 standards.4 LCA has four fundamental steps: (i) goal and scope definition,

(ii) inventory analysis, (iii) impact assessment, and (iv) interpretation, as presented below in

Figure 1.

Figure 1. General Phases of a Life Cycle Assessment as Described by ISO 14040, Extracted from ISO 14040 (2006)

The life cycle impact assessment (LCIA) was carried out with a combination of data provided

by Northern Graphite and Ecoinvent databases of characterization factors. Ecoinvent

version 3.7.1 provides a well-documented process for products supporting the

understanding of their environmental impacts.5 The Ecoinvent database comprises

inventory data for most economic activities. The consistency and cohesion of this

background life cycle inventory (LCI) dataset increases the credibility and acceptance of the

LCA. The baselines of this database are LCI datasets that consider human activities and

their interactions with the environment.

4.1. Goal and Scope

This study assesses the life cycle impact of the production of 1 kg of graphite concentrate

grading 95-97% carbon (C) produced from natural flake graphite ore extracted at the

13 Northern Graphite - Minviro Life Cycle Assessment - February 2022
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Bissett Creek project in Ontario, Canada. The total production chain includes mining and

concentrating of graphite ore to produce graphite concentrate.

The secondary objective of this study is to quantify the environmental impact of placing a

hypothetical upgrade plant in Quebec, Canada, to produce CSPG with a micronized

graphite co-product. Scenario analysis was used to achieve the third objective: to inform

the strategic planning of graphite concentrate production.

The fourth and final objective of the study is to understand the environmental value

proposition of Northern Graphite’s hypothetical CSPG product compared to natural and

synthetic CSPG processing routes located in China.

This LCA is a cradle-to-gate study, meaning the product life cycle impact is being assessed

from the point of resource extraction to the end-gate. The end-gate has been set to

graphite concentrate product at Bissett Creek. The secondary LCA on the upgrade plant is

also a cradle-to-gate study, including the environmental impact of producing graphite

concentrate from Bissett Creek to the end-gate of the final CSPG product. The transport of

reagents to site, transport of product to market and downstream usage of the CSPG is

outside the scope of this LCA, thus is not included.

The use of the product in cathode manufacturing and end-of-life is outside the scope of this

LCA study. To understand the full life cycle impact of graphite products from

cradle-to-grave or cradle-to-cradle requires the extension of the system boundary into the

use-phase and the end-of-life phases.

The data generated during these studies provides estimates on the technical parameters

for extraction, concentrating, refining, and transport associated with the production of

graphite concentrate and hypothetical CSPG. The primary objective for carrying out this

study is to quantify the environmental impacts of the proposed production routes and to

identify the environmental hotspots for the production of graphite concentrate and

hypothetical CSPG. The second objective of this study is to assist in project development

and improvement, with a third motivation being to assist with strategic planning.
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The intended audience for this study includes parties that are interested in the graphite

value chain, ranging from project developers, to producers and to end-users of graphite

concentrate and hypothetical CSPG.

This study has been conducted according to the requirements of the ISO-14040:2006 and

ISO-14044:2006. It is recognised that the data provided by this LCA study may be used by

others for comparative assertions in separate future studies. These comparisons should be

made on a product system basis only and carried out in accordance with ISO 14040 and

14044 standards.

4.2. Functional Unit

LCA uses a functional unit as a reference to evaluate the components within a single

system or among multiple systems on a common basis. The functional unit is the

quantitative reference used for all inventory calculations and impact evaluations. The

functional unit for this study is defined as: one kilogram of graphite concentrate

grading 95-97% carbon (C) from natural flake graphite ore, Bissett Creek, Ontario,

Canada.

Additionally, the results will be reported for one kilogram of CSPG graphite when assessing

the upgrade plant in Chapter 7.

4.3. System Boundary

4.3.1. Graphite Concentrate Production Route

This LCA models production of graphite concentrate from natural flake graphite ore at the

Bissett Creek project. The life cycle impact of two distinct stages of the process are

modelled: mining and concentrating. The system boundary for the LCA study covering

these stages is presented in Figure 2.

In the first stage, the mining phase, ore is extracted, and waste is removed using

conventional open-pit mining techniques. The second stage involves the concentration

process, in which the graphite mineral is separated from less valuable and/or gangue

minerals. The mining stage includes the embodied and direct impacts of the extraction
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processes, including the direct and indirect impacts associated with the combustion of

diesel for the haulage fleet and the ammonium nitrate fuel oil (ANFO) used to liberate the

ore and waste. ANFO is assumed to be 94% ammonium nitrate and 6% diesel.

In the concentration stage, the direct and embodied impacts associated with energy and

materials used during the concentration process are considered. The flowsheet consists of

a sequence of ore crushing steps using a SAG mill and a pebble mill prior to flotation and

magnetic separation. Reagents used in the concentrator are methyl isobutyl carbinol

(MIBC), diesel, potassium amyl xanthate (PAX), and flocculant.

Transport of reagents to the Bissett Creek site is excluded due to the lack of data (see

section 10.2). Electricity consumed by the project is assumed to have been generated by a

natural gas heat and power co-generation facility. Natural gas is obtained from the

TransCanada pipeline, supplied by TC Energy. The natural gas is transported and

combusted on-site.

16 Northern Graphite - Minviro Life Cycle Assessment - February 2022



Figure 2. System Boundary Applied to the Life Cycle Assessment of Graphite Concentrate

4.3.2. Hypothetical Upgrade Plant

For the hypothetical upgrade plant, the LCA models the production of one kilogram of

CSPG grading > 99% carbon from graphite concentrate produced at Bissett Creek, Ontario.

The life cycle impact includes the environmental impact of extraction and production of

graphite concentrate at the Bissett Creek plant in Ontario, Canada, to the end-gate of the

hypothetical upgrade plant facility. The transport of graphite concentrate to the

hypothetical upgrade plant is included within the system boundary. Graphite concentrate is

transported by truck approximately 439 km from Bissett Creek to Montreal.
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The process adopts a mixed acid method for graphite purification. The graphite

concentrate is pulverised then spheronised to produce the spherical graphite. The rejected

graphite concentrate from the spheronisation stage is collected and sold as a low-value

micronised graphite co-product. The gangue minerals from the chemically impure

spheronised graphite concentrate are removed through acid leaching, producing a

spheronised purified graphite product (SPG). Hydrofluoric acid (HF), hydrochloric acid (HCl)

and sodium hydroxide (NaOH) are added as reagents.

The SPG undergoes a carbonisation and coating stage. The SPG is coated with milled

petroleum pitch, followed by carbonising the pitch onto the surface of the SPG at high

temperatures to produce the final product: coated spheronised purified graphite.

The electricity for the upgrade plant is assumed to be sourced from the Quebec grid. The

system boundary is shown in Figure 3.
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Figure 3. System Boundary Applied to the Life Cycle Assessment of Hypothetical Upgrade Plant
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4.4. Multi-Output Allocation

In LCA, it is critical to ensure that environmental impacts are divided among the different

products of a process operation in a way that is scientifically valid and best practice.

Following the guidance provided in ISO-14044:2006 standards, it is recommended to avoid

allocation as much as possible.1

Avoiding allocation can be achieved by allocating specific impacts to specific process

streams which produce only one product, or by using a method that is known as system

expansion. It is recommended to allocate the impacts following the physical relationships

between the products before any alternative allocation methodologies are used. Two

common alternative allocation methodologies include mass-based and economic

allocation, in which the relative mass or economic value of the different products is used to

allocate the impacts among them.

In this study, for the production of Northern Graphite’s graphite concentrate, graphite

concentrate is considered to be the only output of the Bissett Creek project, and therefore

no allocation procedures were necessary for this stage.

For the hypothetical upgrade plant, the rejected carbon material within the spheronization

stage is sold as a low-value micronised graphite co-product. This is accounted for by

economic allocation, which is used because of the large difference in the economic value of

the products.

The base case scenario for the hypothetical upgrade has an optimistic yield of 55%. Due to

the high uncertainty associated with this optimistic yield, a sensitivity check was completed

comparing the GWP of CSPG process with a 55% yield and a conservative yield of 40%

within section 10.2. As a result of this, the proportion of the environmental impact

associated between the primary CSPG product and low value micronised graphite

co-product is different. This is shown in Table 7 and 8.

CSPG with a 55% yield holds 94.8% of the total economic contribution (7,500 USD$/t),

whereas the micronised graphite co-product holds 5.2% (500 USD$/t), as seen in Table 7.

Mass allocation is inappropriate to use due to the similar quantities of micronised graphite

(~9,000 t/year) produced compared to the CSPG product (10,000 t/year). This would allocate
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almost equal proportions of the environmental impact to the production of micronised

graphite compared to the primary CSPG product.

Table 7. CSPG (55% Yield) Product Allocation Parameters

Product
Production

Volume

Unit of
Production

Volume

Economic Value
(USD $/kg)

Revenue (USD
$/kg)

Economic
Contribution

Coated Spheronised
Purified Graphite

10,619,950 kg/year 7.5 79,649,625 95%

Micronised Graphite 8,689,050 kg/year 0.5 4,344,525 5%

The economic allocation CSPG with a yield of 40% is shown in Table 8. Mass allocation is

inappropriate to use due to the larger quantity of micronised graphite produced compared

to the CSPG product. This would allocate a larger proportion of the environmental impact

to the production of micronised graphite compared to the primary CSPG product.

Table 8. CSPG (40% Yield) Product Allocation Parameters

Product
Production

Volume

Unit of
Production

Volume

Economic Value
(USD $/kg)

Revenue (USD
$/kg)

Economic
Contribution

Coated Spheronised
Purified Graphite

7,723,600 kg/year 7.5 57,927,000 90.9%

Micronised Graphite 11,585,400 kg/year 0.5 5,792,700 9.1%

System expansion is not considered appropriate as there are no data points available in the

literature for the production of micronized graphite. Economic allocation will allocate a

proportion of the environmental impact to the functional unit and the co-products as a

result of the difference in both market values and production volumes.

21 Northern Graphite - Minviro Life Cycle Assessment - February 2022



4.5. Life Cycle Inventory

4.5.1. Graphite Concentrate and Hypothetical CSPG Production Routes

This study was desk-based, meaning that all data was either provided by Northern

Graphite, collected from public sources, or assembled from public and private databases.

Background data was used from Ecoinvent 3.7.1. Key assumptions include:

● Diesel consumed in mining has an assumed calorific value of 38.6 MJ per litre

● The disease incidence characterization factor is 6.3E-5 kg PM2.5 intake per kg PM2.5

emitted, assuming input is outdoors in rural area at ground level

● The hypothetical CSPG production route is based off proxy data collected from

Minviro’s internal database

An LCI summary is included in Appendix A. An analysis of the material and energy flows

within the system boundary were made and all major material and energy flows related to

the extraction and refining of the natural graphite ore to produce graphite concentrate

have been included in the LCI and included in the life cycle impact assessment. This

includes materials consumed, energy consumed, and transport of materials.

4.5.2. Impact Mitigation Scenarios

To understand the decarbonisation opportunities available to lower the impacts of

producing graphite concentrate, a number of scenarios were evaluated. This was done by

switching a number of process inputs to lower impact alternatives. The system boundary

does not change in these scenarios. The following scenarios were modelled:

● A scenario in which the mining fleet was sourced by natural gas rather than diesel. It

is assumed that the quantity of natural gas consumed for the mining fleet is the

same as the diesel mining fleet.

● A scenario in which the mining fleet is electric rather than diesel. The MJ used by the

open pit mining fleet is converted to kWh, assuming, 5000 MWh electricity used at

site per ML of diesel. Therefore, the energy input delivered to the site is the same,

but the primary energy consumption consumed by the vehicle is decreased by

approximately 47% when using an electric fleet. This is an optimistic scenario, with
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the embodied impact of manufacturing the electric fleet has not been included. In

this scenario, it is assumed that the processing plant also sources its electricity from

the Ontario grid.

● A scenario in which the mining fleet is powered by diesel and the processing plant is

powered by diesel co-generation sets. It is assumed that the same amount of diesel

for the diesel co-generation set is required as natural gas combusted for the natural

gas electricity source used for the base case LCA.

● A scenario in which the mining fleet and processing plant is powered by a natural

gas conventional power plant. The same assumptions regarding the energy

efficiency of an electric mining fleet, sourced from grid power, are also assumed

here.

● A scenario in which the electric mining fleet and processing plant sources its power

from hydropower.

4.5.3. Natural Graphite vs Synthetic Graphite Benchmarking

For the benchmarking exercise, the LCIs for producing CSPG via natural and synthetic

production routes were collected by Minviro internally. The system boundaries for the two

benchmark routes are shown in Figure 4.
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Figure 4. System Boundaries of Producing CSPG via Natural (a) and Synthetic (b) Graphite Routes

4.6. Cut-Off Criteria

Cut-off criteria are used in LCA to decide which inputs should be included in the

assessment based on mass, energy, or environmental significance. In this study, no cut-off

criteria were applied to the flows entering or leaving the system. All flows provided by

Northern Graphite were considered in the LCA study. It is possible that cut-off effects have

been applied to the background flows from Ecoinvent 3.7.1 due to missing flows in the

background dataset. Life cycle inventory related to the manufacturing of equipment,

maintenance, packaging, and infrastructure have been excluded in this LCA. The reason for

excluding these flows is that they are often very small compared to flows of reagents or

energy consumed in the process over decades of operation. These flows are also often

challenging to model. The impact associated with the manufacturing of the electric fleet has
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been excluded from the LCA. This includes the sourcing of materials, manufacturing the

battery, vehicle maintenance, and battery waste management. The limitation associated

with this is that the embodied impact of an electric vehicle mining fleet might be higher,

thus impacting the scenario analysis results. It is recommended to investigate this in future

LCA work (section 12.1).

4.7. Life Cycle Impact Assessment

The LCIA categories selected for this study include global warming potential (GWP), water

scarcity footprint, land use, acidification potential, and particulate matter formation. These

impact categories were chosen for this project, because they have been identified as

relevant impact categories in the scientific literature,3 and can accurately highlight areas

where insights into the life cycle impact of primary graphite products are required. The LCIA

results are relative expressions and do not predict impacts on category endpoints, the

exceeding of thresholds, safety margins, or risks.

4.7.1. Global Warming Potential

Baseline model of 100 years based on IPCC 2013

Climate change can be defined as the change in global temperature caused by the

greenhouse effect of “greenhouse gases” released by human activity. There is now scientific

consensus that the increase in these emissions is having a noticeable effect on climate.

Climate change is one of the major environmental effects of economic activity, and one of

the most difficult to control because of its global scale.6 The environmental profiles’

characterization model is based on factors developed by the UN’s Intergovernmental Panel

on Climate Change. Factors are expressed as GWP over the time horizon of different years,

the most common historically being 100 years, measured in the reference unit, kg CO2 eq.

The Greenhouse Gas Protocol identifies three “scopes” of GHG emissions which have been

included in this study, however it should be noted that scopes of emissions are not a

framework inherent to LCA. The GHG Protocol defines scopes of emissions as:

Scope 1: Direct GHG emissions (e.g. furnace off-gas, combustion of fuels)
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Scope 2: Indirect GHG emissions from consumption of purchased electricity, heat, or steam

(e.g. emissions embodied in grid power or embodied in steam at an industrial park)

Scope 3: Other indirect emissions such as the extraction and production of purchased

materials and fuels, transport-related activities in vehicles not owned or controlled by the

reporting entity, electricity-related activities (e.g. T&D losses) not covered in scope 2,

outsourced activities, and waste disposal. Scope 3 emissions can be either “upstream” or

“downstream”. In a cradle-to-gate LCA, “upstream” scope 3 must be included.

4.7.2. Water Scarcity Footprint (AWARE Methodology)

“Available WAter REmaining” (AWARE)

The AWARE method is applied to quantify the environmental performance of products and

operations regarding freshwater. This method is developed by Water Use in Life Cycle

Assessment (WULCA), a working group of the UNEP-SETAC Life Cycle Initiative, on a water

scarcity midpoint method for use in LCA and for water scarcity footprint assessments. This

approach is based on the available water remaining per unit of surface area in a given

watershed after human and ecosystem demands have been met relative to the world

average. The resulting characterisation factor ranges between 0.1 and 100 and can be used

to calculate water scarcity footprints as defined by the ISO standard.7 A value close to 0.1

means that plenty of water is available in that region, whilst a water scarcity of a 100 means

that water in that region is extremely scarce. Units of the characterization factor are

dimensionless, expressed in m3 world eq./m3. Figure 5 provides the AWARE overlay map

for the region of Bissett Creek’s project. It is important to note that this impact relates to

the potential of water deprivation to humans or ecosystems, rather than direct water use

by the project. Another way to think about this, is as life cycle impact assessment value, not

an inventory flow. This value also includes embodied water impacts of reagents and energy.

The annual non-agricultural water scarcity factor used in the AWARE analysis for this LCA is

4.5.
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Figure 5. Regionalised Water Scarcity Impact for Bissett Creek, Ontario

4.7.3. Land Use Transformation (LANCA Methodology)

Land use transformation is quantified using the LANCA method. This approach uses

characterization factors that are directly associated with land use flows.8 This allows for the

global application of the model for the production of graphite concentrate, including its

supply chains. There are five sub-categories within the LANCA model.

4.7.3.1. Erosion Resistance

Soil erosion is the removal or transport of soil particles through water or wind, which

occurs if the inherent resistance of the soil against mechanical influence is not given

anymore. The lack of soil is a threat to the environment, mainly to water and nutrient

cycles. Erosion resistance is measured in kg per year of soil per functional unit.
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4.7.3.2. Mechanical Filtration

Mechanical filtration is the capacity of soil to be mechanically infiltrated by a suspension. It

only considers water that can be infiltrated into a specific soil. The impact category is

measured in m3 per year of reduced water infiltration per functional unit.

4.7.3.3. Physicochemical Filtration Reduction Potential

Physicochemical filtration is the capacity of soil to be infiltrated by a suspension and

considers the amount of absorbable cationic pollutant water that can be infiltrated in a

specific soil. The impact category is measured in reduced physicochemical filtration

capacity potential in mol per year.

4.7.3.4. Groundwater Replenishment

Groundwater replenishment refers to the soil’s ability to regenerate groundwater sources.

This ability depends on surface vegetation, climatic zone, and the structure of the soil. The

impact category is measured in m3 per year of water.

4.7.3.5. Biotic Production

Biotic production represents the ability of an ecosystem to continuously create new

biomass, leading to an increased amount of biomass available at a location over a certain

period of time. The impact category is measured in kg per year of biomass.

4.7.4. Acidification Potential

Accumulated Exceedance

Acidic gases such as sulphur dioxide react with water in the atmosphere to form “acid rain”,

a process known as acid deposition. When this rain falls, often a considerable distance from

the original source of the gas, it causes ecosystem damage to varying degrees depending

upon the nature of the ecosystems. Gases that cause acid deposition include ammonia

(NH3), nitrogen oxides (NOx), and sulphur oxides (SOx). Acidification potential is expressed

using the reference unit, mol H+ equivalent. The model does not take account of regional

differences in terms of which areas are more or less susceptible to acidification. It accounts

only for acidification caused by SOx and NOx. This includes acidification due to fertiliser use,
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according to the method developed by the Intergovernmental Panel on Climate Change.

CML has based the characterization factor on the RAINS model developed by the University

of Amsterdam.9,10

4.8. Interpretation

The results were interpreted with reference to the goal and scope, comparing the impacts

associated with the identified process routes, geographic regions, and technology

implemented. Contribution analysis, sensitivity analysis, and uncertainty analysis were

carried out to support the interpretation of the LCA.

4.9. Data Quality Review

The key data criteria used to evaluate the quality of the LCI used for this LCA study were:

● Technological, time, and geographical representativeness: data is representative if it

matches geographical, temporal, and technological aspects of the goal and scope of

the study. By utilising representative data for all foreground processes, the study

can be made as representative as possible. When primary data are not available,

best-available proxy data is used, ideally from databases or academic LCA literature.

● Completeness: a dataset is judged based on the completeness of inputs and outputs

per unit processes and the completeness of the unit processes. The goal is to

capture all relevant data in terms of unit processes.

● Precision: measured primary data is considered to be of the highest precision,

followed by calculated data, data from the literature, and estimated data. This study

is carried out using 2018 updated feasibility study data. It must be noted that

measured data can be precise but inaccurate. Accuracy can be obtained by

cross-validation of measured data.

● Methodological appropriateness and consistency: data is considered appropriate

and consistent if the differences between data reflect actual differences between

distinct product systems, and are not due to inconsistencies in data collection or

modelling.

Table 9 presents the grading system of data quality indicators.11 An evaluation of the data

quality for this LCA on Bissett Creek graphite concentrate can be found in later chapters of

29 Northern Graphite - Minviro Life Cycle Assessment - February 2022

https://paperpile.com/c/LE8GaY/6kbIy+jYjE2
https://paperpile.com/c/LE8GaY/OO1Yl


this report.

Table 9. Grading Guidelines for Data Quality Assessment as Environmental Footprint 2.0 Pedigree Matrix

Data Quality
Indicator Very Poor Poor Fair Good Very Good

Technological
Representativeness

Old to dissimilar
technology used

Technology
dissimilar to what

is used

Generic
technology

average

From technology
specific to the

application

All technology
aspects of data

have been
modelled

Time
Representativeness

The dataset is
older than 8 years

The dataset is
less than 8 years

old

The dataset is
less than 6 years

old

The dataset is
less than 4 years

old

The dataset is
less than 2 years

old

Geographical
Representatives

Data represented
is from a
distinctly

dissimilar region
of project location

Similar regions
are represented

in data

Global average is
represented in

data

Country of
interest is

represented in
the data

Region of interest
is fully

represented in
data

Completeness Unknown
coverage

Data is from small
parts of the target

region

Data is less than
50% from the
target region

Data is  more
than 50% from

the target region

Data is
representative of
the entire target

region

Precision
Rough estimate

with known
deficits

Estimates based
on calculations
not checked by

the reviewer

Estimates based
on expert

judgement

Estimates based
on measured and

prior values

Measured and
verified values

with <7%
uncertainty

Methodological
Appropriateness
and Consistency

Attribution
process-based
approach and

following none of
the three method
requirements of
the PEF guide:

dealing with multi
functionality, end
of life modelling,

and system
boundary

Attribution
process-based
approach and

following one out
of three method
requirements of
the PEF guide:

dealing with multi
functionality, end
of life modelling,

and system
boundary

Attribution
process based
approach and

following two out
of three method
requirements of
the PEF guide:

dealing with multi
functionality, end
of life modelling,

and system
boundary

Attribution
process based
approach and
following three

method
requirements of
the PEF guide:

dealing with multi
functionality, end
of life modelling,

and system
boundary

Full compliance
with all

requirements of
the PEF guide

Minviro assigned a data quality assessment of 1-5 for every life cycle inventory item

provided by Northern Graphite and data quality assessment of each area of the LCA. An

assignment of 1 corresponds to a “very good” data quality, while an assignment of 5

corresponds to a “very poor” data quality. Typically, Minviro assigns data qualities to life

cycle inventory items with the levels of process and project definition shown in Table 10,

however the exact assignment depends on the specific situation and expert judgement.
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Table 10. Data Quality Assignment According to Level of Process Definition

Very Poor Poor Fair Good Very Good

Back-of-the-Envelope
Calculations

Scoping Study or
Preliminary
Economic

Assessment

Pre-Feasibility Study
or Definitive

Feasibility Study

Detailed Design and
Engineering Operating Facility

The data quality rating of the life cycle inventory item was calculated using the following

equation.11

DQR = (TeR + GR + TiR + C + P + M + 4*Xw)/(i+4)

Where:

“DQR” is the data quality rating

“TeR, GR, TiR, C, P, and M” are acronyms for the data quality indicators in Table 10

“Xw“ is the lowest data quality assignment in the set of data quality assignments for the life

cycle inventory’s different data quality indicators

“i” is the number of data quality indicators which were assigned values (in this LCA, six data

quality indicators were used for assessing data quality)

4.10. Critical Review

A critical review has been carried out by independent experts, and together they cover the

required competencies relevant to the critical review. Their findings and suggestions to

improve the study are included in Appendix B.
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5. Results
5.1. Global Warming Potential

5.1.1. Global Warming Potential - Total

The total global warming potential for Bissett Creek graphite concentrate is around 2.2 kg

CO2 eq. per kg graphite concentrate according to the LCA model produced by Minviro. The

total global warming potential is presented, broken down by area of the LCA, in Figure 6.

Figure 6. Total Global Warming Potential
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5.1.2. Global Warming Potential - Contribution Analysis

Contribution analysis of the global warming potential is presented in Figure 7. The top three

most significant contributors to GWP in the production of Bissett Creek graphite

concentrate are:

● 1.1 kg CO2 eq. per kg graphite concentrate associated with electricity consumed in

the processing stage

● 0.9 kg CO2 eq. per kg graphite concentrate associated with diesel consumed in the

mining stage

● 0.1 kg CO2 eq. per kg graphite concentrate associated with the embodied impact

associated with grinding media consumption in the processing stage

Figure 7. Global Warming Potential Contribution Analysis

The above figure does not include contributors to GWP worth less than 0.09 kg CO2 eq. per

kg graphite concentrate for visualisation clarity, however contributions from small

contributors are included in the overall result.
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5.1.3. Global Warming Potential - Total Breakdown by Scope

The global warming potential broken down by scopes (1, 2 and 3) is presented in Figure 8.

The top contributors of scope 1 emissions are the combustion of diesel for the haulage

fleet from the mining stage and the combustion of natural gas for electricity from the

processing plant. The contribution of the diesel and natural gas to the scope 1 emissions

are shown in Figure 9.

There are no scope 2 emissions at the Bissett Creek project, due to the electricity being

sourced from the combustion of natural gas on-site (scope 1 and 3 emissions).

The top contributors of scope 3 emissions are the embodied impact of producing diesel,

combusted for the mining fleet, and the embodied impact of producing natural gas

combusted for electricity. The remainder of the scope 3 emissions are associated with the

embodied impact of producing the reagents which are consumed in the graphite

concentrate production process.

Figure 8. Global Warming Potential Contribution Analysis by Scope of Emissions
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Figure 9. Global Warming Potential Contribution Analysis of Scope 1 Emissions
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5.2. Water Scarcity Footprint (AWARE Methodology)

5.2.1. Water Scarcity Footprint - Total

The total water scarcity footprint for Bissett Creek project is around 60.6 kg water eq. per

kg graphite concentrate according to the LCA model produced by Minviro. The results are

presented in Figure 10.

As discussed in the introduction of this report, the regionalised water scarcity index for

Bissett Creek project is 0.8 m3 word equivalent per m3. This means that for each cubic

metre of water consumed by the Bissett Creek project, the impact will be scaled up with a

factor of 0.8 to draw global comparisons. This factor is included in the water scarcity

footprint presented in this LCA. This is considered a low scarcity factor compared to other

regions globally.

Figure 10. Total Water Scarcity Footprint by Stage
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5.2.2. Water Scarcity Footprint  - Total Contribution Analysis

Contribution analysis of the water scarcity footprint is presented in Figure 11. The top three

most significant contributors to water scarcity footprint in the production of Bissett Creek

graphite concentrate are:

● 60.4 kg water eq. per kg graphite concentrate associated with freshwater

consumption in the processing plant

● 0.1 kg water eq. per kg graphite concentrate associated with electricity consumed in

the processing plant

● 0.1 kg water eq. per kg graphite concentrate associated with the embodied impact

associated with MIBC consumption in the processing plant

Figure 11. Water Scarcity Footprint Contribution Analysis

Approximately 99.7% of the water scarcity footprint of the Bissett Creek graphite

concentrate comes from the use of actual freshwater at site. The remainder is contributed

by embodied water impacts of reagent and energy inputs.
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The above figure does not include contributors to water scarcity impact worth less than 0.1

kg water eq. per kg graphite concentrate for visualisation clarity, however contributions

from small contributors are included in the overall result.
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5.3. Land Use Transformation (LANCA Methodology)

The LANCA method is used to quantify the impact of Bissett Creek project on surface land.

Five impact categories are included, following best practices described by the European

Commission.8 A description of each impact category is included in the life cycle impact

assessment methodology section (section 3.3.7.3). The LANCA analysis in this LCA covers all

stages of Bissett Creek project, including the mine and processing plant.

5.3.1. Biotic Production Reduction Potential

A breakdown of the biotic production impact category is presented in Figure 12. A positive

value means that the ability to create excess biomass is reduced by land occupation at

Bissett Creek project. The impact is 3.9E-2 kg reduced biotic production per kg graphite

concentrate. This means that the project reduces the potential for biotic production overall.

The impact generally comes from the transformation of natural forestry to another area of

usage, such as the mine site, areas for waste rock piles, and tailings deposits, which

increases the build up of material. Quantification of biotic production does not refer to any

particular species.

Figure 12. Contribution by Stage to the Biotic Production Impact Category
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5.3.2. Erosion Potential

A breakdown of the erosion potential impact category is presented in Figure 13. A positive

value means that the likelihood of erosion is increased by land occupation at Bissett Creek

project. The impact is -5.7E-9 kg of increased soil loss per kg graphite concentrate. This

means that the project reduces erosion potential overall. The impact generally comes from

the transformation of natural forestry to waste rock piles and the mine tailings dam, which

decreases the erosion potential, as a result of the build up of material. The mine pit has a

positive result (3.9E-9 kg per kg graphite concentrate) which indicates that there is an

increase in erosion potential for that area.

Figure 13. Contribution by Stage to the Erosion Potential Impact Category
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5.3.3. Groundwater Regeneration Potential

A breakdown of the groundwater regeneration impact category is presented in Figure 14. A

positive value means that the likelihood of groundwater replenishment is decreased by

land occupation at Bissett Creek project. The impact is 9.5E-4 m3 reduced groundwater

regeneration per kg graphite concentrate. This means that the project reduces the

opportunity for water to infiltrate the soil and reach groundwater sources. The impact

generally comes from the transformation of natural forestry to other land usage,

predominantly waste rock piles and the tailings dam, which increases the build up of

material.

Figure 14. Contribution by Stage to the Groundwater Regeneration Impact Category
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5.3.4. Mechanical Infiltration Potential

A breakdown of the mechanical infiltration reduction impact category is presented in Figure

15. A positive value means that the ability of regional soil to filter pollutants from a

suspension is decreased by land occupation at Bissett Creek project. The impact is 5.4 m3

reduced infiltration per kg graphite concentrate. This means that the project reduces

mechanical filtration potential overall. The impact generally comes from the transformation

of natural forestry to other land usage, mainly waste rock piles and mine tailings, which

increase material build up.

Figure 15. Contribution by Stage to the Mechanical Infiltration Reduction Impact Category
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5.3.5. Physicochemical Filtration

A breakdown of the physicochemical filtration impact category is presented in Figure 16. A

positive value means that the ability to fix and exchange cations to clay and humus

particles because of changes to soil properties and surface sealing is decreased by land

occupation at graphite concentrate. The impact is 4.1 mol per kg graphite concentrate. This

means that the project reduces physicochemical filtration overall. The impact generally

comes from the transformation of natural forestry to other usages, predominantly waste

rock piles and the mine tailings dam, which increases material build up.

Figure 16. Contribution by Stage to the Physicochemical Filtration Reduction Impact Category
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5.4. Acidification Potential

5.4.1. Acidification Potential - Total

The total acidification potential for Bissett Creek graphite concentrate is around 1.4E-2 mol

H+ eq. per kg graphite concentrate according to the LCA model produced by Minviro. The

total acidification potential is presented, broken down by area of the LCA, in Figure 17.

Figure 17. Total Acidification Potential
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5.4.2. Acidification Potential - Contribution Analysis

Contribution analysis of the acidification potential is presented in Figure 18. The top three

most significant contributors to acidification potential in the production of graphite

concentrate are:

● 9.4E-3 mol H+ eq. per kg graphite concentrate associated with the embodied impact

of diesel consumed by the mining fleet

● 2.6E-3 mol H+ eq. per kg graphite concentrate associated with embodied impact of

consuming electricity in the processing plant

● 7.7E-4 mol H+ eq. per kg graphite concentrate associated with the embodied impact

associated with the consumption of PAX in the processing plant

Figure 18. Acidification Potential Contribution Analysis

The above figure does not include contributors to acidification potential worth less than

9.9E-4 mol H+ eq. per kg graphite concentrate for visualisation clarity, however

contributions from small contributors are included in the overall result.
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5.5. Particulate Matter Formation

5.5.1. Particulate Matter Formation - Total

The total particulate matter formation for Bissett Creek graphite concentrate is around

3.2E-7 disease incidences eq. per kg graphite concentrate according to the LCA model

produced by Minviro. The total particulate matter formation is presented, broken down by

area of the LCA, in Figure 19.

Figure 19. Total Particulate Matter Generation
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5.5.2. Particulate Matter Formation - Contribution Analysis

Contribution analysis of the particulate matter formation is presented in Figure 20. The top

three most significant contributors to particulate matter formation in the production of

Bissett Creek graphite concentrate are:

● 2.5E-7 disease incidence eq. per kg graphite concentrate associated with the

embodied impact of consuming of diesel in mining stage

● 1.3E-8 disease incidence eq. per kg graphite concentrate associated with in the

embodied impact of diesel consumed by light vehicles in the mining stage

● 1.1E-8 disease incidence eq. per kg graphite concentrate associated with the

embodied impact of producing electricity which is consumed within the processing

stage

Figure 20. Particulate Matter Formation Contribution Analysis

The above figure does not include contributors to particulate matter formation worth less

than 9.9E-8 disease incidence per kg graphite concentrate for visualisation clarity, however

contributions from small contributors are included in the overall result.
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6. Impact Mitigation Scenarios

This chapter includes quantitative guidance on future targets for the GWP impact of

graphite concentrate at Bissett Creek. This is modelled for a hypothetical project in which

initially the base case LCA is modelled, after which the main drivers of the GWP impact are

substituted by minimum GWP alternatives. The results are displayed in Figure 21. It must

be noted that these impact mitigation scenarios should be considered theoretical, and will

require basic and detailed engineering to validate the assumptions that the current model

is based on.

When assuming a diesel mining fleet and the processing plant sources its electricity

requirements from diesel co-generation sets, the overall GWP increases from 2.2 to 2.9 kg

CO2 eq. per kg graphite concentrate.

When assuming the mining fleet is using natural gas as the fuel source, the impact of

graphite concentrate decreases to 2.0 kg CO2 eq. per kg graphite concentrate. This scenario

assumes the electricity required for the processing plant is sourced from a conventional

natural gas power plant, which is the same power source as the original LCA.

The next scenario assumes an electric mining fleet and electricity for the processing plant,

both sourcing electricity from a natural gas conventional power plant. This increases the

overall GWP to 2.3 kg CO2 eq. per kg graphite concentrate.

Alternatively, if the electric mining fleet and electricity required for the processing plant is

sourced from the Ontario grid, the overall GWP decreases to 0.45 kg CO2 eq. per kg

graphite concentrate.

The final scenario assumes an electric mining fleet and processing plant powered by 100%

hydropower. The GWP of this scenario is 0.39 kg CO2 eq. per kg graphite concentrate. This

would be defined as the best case scenario.
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Figure 21.GWP of Impact Mitigation Scenarios for Bissett Creek Graphite Concentrate
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7. Hypothetical Coated Spheronised Purified Graphite

Plant

Minviro has developed a hypothetical process route which quantifies the impact of

upgrading Bissett Creek graphite concentrate to CSPG. The process assumes the

conventional mixed acid (hydrofluoric and hydrochloric acid) method of producing CSPG. It

is assumed that 1.8 tonnes of Bissett Creek graphite concentrate is required to make 1

tonne of CSPG (55% yield).

The plant is theoretically located in Montreal, Quebec, Canada. The data used for the

upgrade plant was based on proxy data collected by Minviro, thus has a high degree of

uncertainty. The purpose of this exercise was to provide a high-level indication of the GWP

impact when producing CSPG from Bissett Creek graphite concentrate. The system

boundary is seen in Figure 2 (section 3.3.3.2). It is recommended that the LCA on the

upgrade plant should be repeated using data collected from test work and subsequent

process modelling by Northern Graphite (see section 10.2).

The overall GWP for producing CSPG is around 9.5 kg CO2 eq. per kg CSPG, as seen in Figure

22. The largest contributor to GWP is the consumption of graphite concentrate (3.9 kg CO2

eq. per kg CSPG). The conversion rate of graphite concentrate to CSPG has a strong

influence on the overall GWP results. The change in GWP impact when accounting for a

change in yield is addressed within the sensitivity analysis (Chapter 10.2). Other main

drivers of the GWP impact are:

● 3.3 kg CO2 eq. per kg CSPG associated with direct CO2 emissions from the

combustion of natural gas within the vacuum furnace, heat treatment and

carbonization stages

● 1.0 kg CO2 eq. per kg CSPG, associated with the consumption of hydrofluoric acid

● 0.4 kg CO2 eq. per kg CSPG, associated with the consumption of hydrated lime

Electricity drawn from the grid is one of the largest consumables within the process,

however Quebec sources its electricity from renewable energy/low carbon sources –
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namely hydropower – thus the GWP for electricity consumption has a minimal impact (0.2

kg CO2 eq. per kg CSPG).

Due to the location of the hypothetical plant, it is essential to explore the possibilities of

reducing the impact of graphite concentrate production via sourcing electricity from lower

impact sources or reducing natural gas consumption, thus lowering the direct CO2

emissions emitted, at the hypothetical upgrade plant in favour of consuming electricity in

order to significantly reduce the overall GWP of producing CSPG.

Figure 22. Global Warming Potential Contribution Analysis of Northern Graphite’s Hypothetical CSPG

If the Bissett Creek graphite concentrate was sourced from an electrified mining fleet and

processing plant, both sourced from hydropower (see Chapter 6), the impact of graphite

concentrate on CSPG production decreases from 3.9 to 0.7 kg CO2 eq. per kg graphite

concentrate. This in turn reduces the overall GWP for CSPG production from 9.5 to 6.3 kg

CO2 eq. per kg graphite concentrate. Figure 22 does not include contributors to the GWP

worth less than 0.05 kg CO2 eq. per kg graphite concentrate for visualisation clarity,

however contributions from small contributors are included in the overall result.
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8. Comparison Scenarios for Impacts of Manufacturing

Graphite Products

Minviro has developed generic process route data for making comparisons between

existing graphite production pathways and new pathways in development. These

comparison scenarios are presented in this chapter. They do not refer to specific operators

and do not use the confidential information of other parties.

Northern Graphite’s production process has been compared to graphite concentrate and

natural and synthetic anode grade graphite producers in Heilongjiang Province and Fujian

Province, China. These comparison scenarios are presented in this chapter. They do not

refer to specific operators and do not use the confidential information of other parties.

To allow for a fair comparison, the impact of transporting the graphite concentrate is

removed for Northern Graphite’s products, as that data is not available for the other

scenarios. The end gate for each scenario has been set at the facility where each product is

produced.

China is the world’s leading producer of graphite concentrate and anode grade graphite, of

which Heilongjiang Province produces most of these graphite products. Fujian Province

holds key anode grade synthetic graphite producers.12 Within this comparison exercise, the

production of CSPG is based on operators using the hydrofluoric acid process, with a 55%

yield, in Heilongjiang Province, China. Micronised graphite is a co-product produced in

conjunction with CSPG in China. Economic allocation was used to assign the environmental

impact to each product produced in the CSPG process route. The anode grade synthetic

graphite benchmark route is based on the operation process used by synthetic graphite

manufacturers in Fujian Province, China. For both scenarios, it is assumed electricity is

drawn from the regional electrical grid.

A comparison could not be made for the water use impact category or land use

transformation impact category due to the lack of data available on the water lost and

degraded for the natural and synthetic graphite production routes in China, as well as the

land use transformation data to allow for a fair comparison.
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A comparison in the GWP for Northern Graphite’s graphite concentrate against graphite

concentrate produced in China, is shown in Table 11.

Table 11. Comparison of Environmental Impacts of Different Graphite Concentrate Products Globally

Impact Category Northern Graphite
Natural Graphite -

China
Unit (per kg graphite

concentrate)

Global Warming
Potential 2.2 1.0 kg CO2 eq.

Acidification Potential 1.4E-2 8.0E-3 Mol H+ eq.

Particulate Matter
Formation 3.2E-7 5.9E-4 Disease incidence eq.

The GWP calculated for Northern Graphite’s graphite concentrate product (2.2 kg CO2 eq.

per kg graphite concentrate) has a higher GWP than producing graphite concentrate

produced in China (1.0 kg CO2 eq. per kg graphite concentrate). This is due to two reasons:

at the Bissett Creek project, more material is being moved thus, a higher diesel

consumption is required per tonne of material moved at Bissett Creek. Additionally, Bissett

Creek has a higher throughput into the concentrator plant, with the ore going in being at a

much lower grade (2.4% C). This results in more energy and materials being consumed at

the Bissett Creek concentrator plant, to produce the same graphite concentrate product as

produced in China. The same trend is seen for the acidification potential impact category.

For the particulate matter formation impact category, the production of graphite

concentrate in China has a higher impact than Northern Graphite. This is as a result of the

Bissett Creek site being located in an area with low weathering rates, high rainfall and low

surface silt content. This considerably decreases the overall impact of the disease incidence

in comparison to China, where the dust emissions are higher.

Monte Carlo simulations were performed with different uncertainties associated with each

production route, due to different qualities of data used. Northern Graphite is within the

feasibility stage, thus a 25% uncertainty was associated with the material and energy

consumption data. The graphite concentrate produced in China has a lower uncertainty
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(15%) due to being an operation facility. Proxy data points were given an uncertainty of

50%. The results are presented in Figure 23.

Figure 23. Monte Carlo Simulation of the Two Graphite Concentrate Production Routes

The average GWP for Northern Graphite’s graphite concentrate is higher than that of the

average of producing graphite concentrate in China. Nonetheless, there is overlap between

the two production routes, indicating Northern Graphite’s graphite concentrate product

has the potential to have a lower GWP than the graphite concentrate produced in China. A

summary of the Monte Carlo simulations for the GWP impact category of the two

production routes is given in Table 12.
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Table 12. Statistics Describing Results of the Monte Carlo Simulation of the Two Production Routes

Parameter Northern Graphite (kg CO2 eq.) China (kg CO2 eq.)

LCA Study Result 2.2 1.0

Mean 2.1 1.0

Minimum 0.9 0.5

Maximum 3.0 1.4

20th Percentile Value (P20) 1.8 0.9

80th Percentile Value (P80) 2.3 1.1

Standard Deviation 0.3 0.1

Table 13 shows the environmental impacts of producing CSPG via three production routes:

(i) Northern Graphite’s hypothetical CSPG plant, (ii) natural CSPG produced in China and, (iii)

CSPG produced via synthetic graphite production in China.

Table 13. Comparison of Environmental Impacts of Different Anode Grade Graphite Products Globally

Impact
Category

Northern
Graphite

Natural
Graphite - China

Synthetic
Graphite - China

Unit (per kg functional
unit)

Global Warming
Potential 9.5 16.8 17.0 kg CO2 eq.

Acidification
Potential 0.04 0.03 0.01 Mol H+ eq.

Particulate
Matter

Formation 6.4E-7 1.0E-3 2.3E-4 Disease Incidence

The GWP calculated for Northern Graphite’s CSPG product (9.5 kg CO2 eq. per kg CSPG) is

higher than producing anode grade natural (CSPG) and synthetic graphite in China (16.8

and 17.0 kg CO2 eq. per kg CSPG, respectively). Synthetic graphite has the largest GWP due

to the high volumes of electricity required for the graphitisation process during CSPG

production, and this being predominantly sourced from coal/fossil fuel based sources.
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It must be noted that the precursor material for the synthetic CSPG produced is petroleum

coke. When coal-based precursor materials are used to produce synthetic graphite, the

overall GWP of the final product can be higher than petroleum-based precursor materials,

due to the process being even more intensive.

Additionally, the synthetic graphite production route is based on an operational facility

located in the Fujian Province, where the regional grid mix has a lower environmental

impact than Inner Mongolia, where the majority of synthetic graphite production occurs.

Therefore, if synthetic graphite was being produced in Inner Mongolia, 13 it would have a

higher environmental impact than production in the Fujian Province.

If Northern Graphite located the hypothetical upgrade plant in Quebec, Northern Graphite

would have a competitive advantage because a large proportion of electricity could be

sourced from hydropower. Nonetheless, there is a greater uncertainty associated with the

Northern Graphite CSPG estimate due to the fact that the graphite concentrate data is

sourced from the feasibility stage of the project.

For acidification potential, overall CSPG production via the synthetic route has the lowest

impact, with the consumption of calcined petroleum coke making the largest contribution

to the acidification potential impact. For CSPG produced via natural graphite ore, Northern

Graphite’s hypothetical route has the highest acidification potential. This is due to the

higher acidification potential associated with the embodied emissions of producing the

electricity and natural gas required for the upgrade process. On the other hand, Northern

Graphite’s CSPG production has the lowest disease incidence out of the three comparisons,

followed by the synthetic route, then the natural graphite route based in China.

Monte Carlo simulations were performed with different uncertainties associated with each

production route. Northern Graphite’s production route is based on proxy data, therefore

an uncertainty of 50% was assigned to the life cycle inventory. A 15% uncertainty was

assigned to the life cycle inventories of the anode grade graphite products in China. The

results are presented in Figure 24. Statistical analysis describing the results of the Monte

Carlo Simulations are presented in Table 14.
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Figure 24. Monte Carlo Simulation of the Three Anode Grade Graphite Production Routes

Table 14. Statistics Describing Results of the Monte Carlo Simulation of the Three Production Routes

Parameter Northern Graphite
CSPG (kg CO2 eq.)

Natural CSPG - China
(kg CO2 eq.)

Synthetic Graphite -
China (kg CO2 eq.)

LCA Study Result 9.5 16.8 17.0

Mean 9.7 16.8 17.0

Minimum 0.4 11.4 12.6

Maximum 17.7 22.0 21.6

20th Percentile Value (P20) 7.5 15.5 17.1

80th Percentile Value (P80) 11.8 18.1 19.6

Standard Deviation 2.6 1.6 1.4
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9. Data Quality Assessment

The foreground and background data of the LCI were judged on technological and time

representativeness, geographical coverage, completeness, precision, and consistency.

Foreground data used in this study was generated from data provided by Northern

Graphite. The background data used in this LCA was from Ecoinvent 3.7.1.5 The Bissett

Creek project is in the feasibility stage. The primary limitation to this study is uncertainty

associated with the level of definition of a project in this stage. This has been addressed by

assigning a 25% uncertainty to the data.14 The hypothetical upgrade plant is based entirely

on proxy data, therefore a 50% uncertainty was associated with the level of definition of the

process at this stage. The comparison scenario data was gathered from generic datasets

developed by Minviro.

● Technological representativeness: Northern Graphite commissioned extensive

experimental work on the recovery of graphite ore samples. The updated 2018 FS

data used for this study was checked for the completeness of emission data. To

calculate dust emissions from blasting, proxy data for the emission factor was used.

All background data sources were taken from Ecoinvent 3.7.1. A high voltage (HV)

generator in a conventional power plant was used as the natural gas

characterisation factor. The natural gas sourced for the Bissett Creek project is most

likely from a medium voltage (MV) small generator, thus the energy efficiency is

potentially being overestimated. No data points have been left out of this study. The

technological representativeness is considered to be good. For the upgrade

plant, the data was collected by Minviro internally. Data from previous CSPG

operations was used. The technological representativeness is considered to be

fair. All background data was sourced from Ecoinvent 3.7.1, for which the

technological representativeness is considered to be good.

● Time representativeness: all foreground data was collected for the reference year

2018, based on the updated FS by Northern Graphite in the same year. The time

representativeness is considered to be very good. The proxy data collected for

the upgrade plant is from operation facilities, with data being produced in August

2020. The time representativeness is considered to be very good. The data
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collected for the comparison scenarios were collected within 4 years of the

reference year 2021. All background data was sourced from Ecoinvent 3.7.1. The

time representativeness of the comparison scenarios is considered to be very

good.

● Geographical Coverage: country-specific data was selected for the foreground and

background processes where possible for the graphite concentrate production,

hypothetical upgrade plant and comparison scenarios. Regional water scarcity

characterization factors were sourced from the AWARE database. The geographical

representativeness is considered to be very good. The hypothetical upgrade

plant was based on a theoretical location, with a high uncertainty associated with it.

The geographical representativeness is considered to be good.

● Completeness: the data developed for the Northern Graphite’s process and

comparison scenarios had no obvious data gaps, according to Minviro’s judgement.

The completeness was considered to be good. The data completed for the

hypothetical upgrade plant is based on proxy data. The completeness was

considered to be fair.

● Precision: the process developed for the Bissett Creek project was considered to be

precise and specific to particular assets. The precision of the data was considered

to be very good. The hypothetical upgrade plant was based on proxy data,

therefore, the uncertainty associated with the data is high. The precision of the

data was considered to be poor. For the comparison scenarios, the data was

collected from public datasets. Datasets used were based on expert judgement

values. All background data sources were sourced from EcoInvent 3.7.1 or LCA

Commons, of which the precision was documented. The precision of the

comparison scenarios was considered to be very good.

● Methodological appropriateness and consistency: the methodology for all stages of

the LCA has been consistent. However, the methodology does not consider the

end-of-life of the products. This means that following the guidelines, the highest

quality level that can be achieved is fair. However, as the end-of-life phase of the

products is not included, it only covers a part of the product life cycle. The

methodological appropriateness was considered to be fair.
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The data quality rating and data quality level for each area are presented in Table 15. A

data quality rating (DQR) of less than or equal to 1.6 is considered a data quality level of

“high quality”. A data quality rating greater than 1.6 and less than or equal to 3.0 is

considered a data quality level of “basic quality”. A data quality rating of greater than 3.0 is

considered a data quality level of “data estimate”.

Table 15. Data Quality Assessment for the Project Life Cycle Inventory

Data Quality Indicator Mine Processing
Plant

Hypothetical
Upgrade

Plant

Technological
Representativeness 2 2 3

Time Representativeness 1 1 1

Geographical Representatives 1 1 2

Completeness 1 1 3

Precision 1 1 4

Methodological Appropriateness
and Consistency 3 3 3

Data Quality Rating 2.1 2.1 3.3

Data Quality Level Basic Quality Basic Quality Data Estimate

60 Northern Graphite - Minviro Life Cycle Assessment - February 2022



10. Sensitivity Analysis

Sensitivity analysis was carried out to explore the effects that variations in reagent,

material, and energy consumption may have on the final products’ life cycle impact

assessment results. The results of these for the GWP per kg graphite concentrate and per

kg CSPG are presented in Figures 25, 26, and 27.

10.1 Bissett Creek Graphite Concentrate

The analysis studies the effect of variation of the top four main contributors to GWP in the

LCA: electricity, diesel in mining, diesel for light vehicles and grinding media. The results are

presented in Figure 25.

Figure 25. Sensitivity Analysis of Major Contributors to Global Warming Potential for Graphite Concentrate Production

This analysis shows that the LCA model for GWP is most sensitive to the GWP contributions

of electricity, diesel for mining and light vehicles to the process because they are some of
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the biggest contributors. Meanwhile, the model is less sensitive to minor inputs, such as the

GWP contributions of  grinding media.

If the GWP contribution of electricity, the most significant contributor to GWP, increased or

decreased by 20%, the total GWP would vary between 2.0 and 2.4 kg CO2 eq. per kg

graphite concentrate. Meanwhile, if the GWP contribution of grinding media, the fourth

most significant contributor, increased or decreased by 20%, the total GWP would vary <0.1

kg CO2 eq. per kg graphite concentrate. This is a clear demonstration of the high sensitivity

of the LCA model to a few major inputs to the process of manufacturing Northern

Graphite’s graphite concentrate. These top contributors should be the main targets of

environmental impact mitigation strategies.

10.2 Hypothetical CSPG

The ratio between the graphite concentrate feedstock and the CSPG end product has the

largest impact on the overall environmental impact results, thus is the most important

factor. Within this LCA, sensitivity analysis was conducted for an “optimistic” view, where

the hypothetical process is assumed to have a 55% yield, and a “conservative” view, where

the hypothetical process is assumed to have a 40% yield.15 The change in yield not only

impacts the overall LCA results, but the allocation of impact assigned between the primary

(CSPG) and secondary (micronized graphite) products.

For each yield, the four main consumables within the process were assessed to determine

t  he change in the overall GWP, generated by the change in yield. These are: (i) direct CO2

emissions, (ii) electricity, (iii) hydrated lime, and (iv) hydrofluoric acid.

Assuming an optimistic yield of 55%, which correlates to 1.8 tonnes of Bissett Creek

graphite concentrate per tonne of CSPG, the baseline GWP is 9.5 kg CO2 eq. per kg CSPG.

Graphite concentrate contributes 3.9 kg CO2 eq. per kg CSPG. The sensitivity analysis results

are presented in Figure 26.
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Figure 26. Sensitivity Analysis of Major Contributors to Global Warming Potential for CSPG (55% Yield) Production

If the GWP contribution of direct CO2 emissions, the most significant contributor to GWP,

increased or decreased by 20%, the total GWP would vary between 8.8 and 10.1 kg CO2 eq.

per kg CSPG. The direct CO2 emissions are proportional to the increase or decrease of the

combustion of natural gas and petroleum pitch. Meanwhile, if the GWP contribution of

hydrofluoric acid, the fifth most significant contributor, increased or decreased by 20%, the

total GWP would vary between 9.3 and 9.7 kg CO2 eq. per kg graphite concentrate.

Assuming a more conservative yield of 40% (2.5 tonnes of graphite concentrate per tonne

CSPG), the impact allocated to the CSPG product is reduced from 93.0% to 90.9% (see

section 4.4). With a 40% yield, the total GWP is 12.5 kg CO2 eq. per kg CSPG, with the

graphite concentrate feed material contributing 5.1 kg CO2 eq. per kg CSPG. The results are

presented in Figure 27.
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Figure 27. Sensitivity Analysis of Major Contributors to Global Warming Potential for CSPG (40% Yield) Production

If the GWP contribution of direct CO2 emissions, the most significant contributor to GWP,

increased or decreased by 20%, the total GWP would vary between 11.6 and 13.4 kg CO2

eq. per kg CSPG. The direct CO2 emissions are proportional to the increase or decrease of

the combustion of natural gas and petroleum pitch. Meanwhile, if the GWP contribution of

hydrofluoric acid, the fifth most significant contributor, increased or decreased by 20%, the

total GWP would vary between 12.2 and 12.7 kg CO2 eq. per kg CSPG.

The sensitivity analysis on both yields shows a clear demonstration of the high sensitivity of

the LCA model to a couple major inputs to the process of manufacturing Northern

Graphite’s hypothetical CSPG. These top contributors should be the main targets of

environmental impact mitigation strategies.
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11. Uncertainty Analysis
The uncertainty in the LCI and data quality has been explored in relation to the

environmental impacts of the project using a Monte Carlo simulation, which assesses the

range and likelihood of different impacts.

The Monte Carlo method, also known as a statistical simulation method, is a precise

method of numerical calculation guided by probability statistical theory. The method uses

random numbers to solve practical problems, whereby random variables are generated

with a certain probability distribution and the numerical characteristics of the model are

estimated with statistical methods. The Monte Carlo method randomly samples the values

of uncertain variables and combines with the predetermined impact assessment method to

simulate statistically significant environmental impact evaluation results. This can reflect

the influence of uncertain factors more accurately. The use of Monte Carlo simulation in

LCA can effectively present the uncertainty associated with the LCA and its inputs. The

results of the Monte Carlo simulation assist with understanding the impact of risk and

uncertainty in the prediction and forecasting of models.

In the Monte Carlo simulation conducted for the LCA, uncertainty was addressed by

assuming a standard deviation of 25% for all items in the LCI. Emissions cannot be

modelled unless the materialistic reason for the emission increases as well (e.g. direct

emissions associated with the combustion of diesel). The Monte Carlo simulation does not

consider the uncertainty of the background data, as it is assumed that the 25% standard

deviation associated with the feasibility stage of the project will include the uncertainty of

the background data.14 The Monte Carlo simulation was run through 1,000 iterations using

a normal probability distribution. As the project moves from feasibility stage into later

stages of development, the standard deviation will decrease. The results of the Monte Carlo

simulation for the global warming potential are presented in Figure 28. Values generated in

the simulation range from 0.9 to 3.0 kg CO2 eq. per kg graphite concentrate. The mean

value of the simulation is 2.1 kg CO2 eq. per kg graphite concentrate, which is the same as

the finding of the LCA. This is expected, as an equal uncertainty was assigned for all energy

and material inputs. Statistics describing the results are shown in Table 16.
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Figure 28. Monte Carlo Simulation for Global Warming Potential of Graphite Concentrate

Table 16. Statistics Describing Results of the Monte Carlo Simulation of Global Warming Potential - Graphite Concentrate

Parameter Global Warming Potential (kg CO2 eq.)

LCA Study Result 2.2

Mean 2.1

Minimum 0.9

Maximum 3.0

20th Percentile Value (P20) 1.8

80th Percentile Value (P80) 2.3

Standard Deviation 0.3

Uncertainty analysis was conducted on the hypothetical CSPG product to be produced from

Northern Graphite’s graphite concentrate. Due to the data being based entirely off proxy

data, a 50% uncertainty is associated with each LCI input and output. The results of the
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uncertainty analysis are shown in Figure 29 and Table 17. The values range from 0.4 to 17.7

kg CO2 eq. per kg CSPG.

Figure 29. Monte Carlo Simulation for Global Warming Potential of CSPG

Table 17. Statistics Describing Results of the Monte Carlo Simulation of Global Warming Potential - CSPG

Parameter Global Warming Potential (kg CO2 eq.)

LCA Study Result 9.5

Mean 9.7

Minimum 0.4

Maximum 17.7

20th Percentile Value (P20) 7.5

80th Percentile Value (P80) 11.8

Standard Deviation 2.6
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12. Conclusions and Recommendations

12.1. Conclusions

Minviro has conducted a prospective LCA study on Northern Graphite’s graphite

concentrate and hypothetical CSPG products, which will be used by Northern Graphite to

enter the graphite market.

The most significant drivers of CO2 emissions in the manufacturing process of Northern

Graphite’s graphite concentrate product is the electricity consumption required for

processing and diesel consumption for mining. These inputs are associated with the high

embodied impact to produce diesel and natural gas, and the large electricity input

required. The same trend is seen within the acidification potential and particulate matter

formation impact categories quantified within this LCA, with a large embodied impact

associated with electricity (natural gas), diesel, and PAX, which is consumed within Northern

Graphite’s process.

For the water scarcity footprint, the AWARE methodology, which accounts for regional

water scarcity, was used. The majority of the water impact comes from direct water use in

the concentrator. The total water impact is 60.6 kg water eq. per kg graphite concentrate.

Overall, the majority of the land use transformation impact of the project is due to the large

surface area of the open-pit mine for mineral extraction.

For the land use impact category, generally the areas with a larger surface area were the

main contributors, for example the waste rock piles and tailings dam. In terms of erosion

potential, the potential was reduced by the transformation of a former mineral extraction

site to waste rock piles and tailings dam. Overall, the majority of the land use

transformation impact of the project is due to the large surface area of the open-pit mine

for mineral extraction.

Impact mitigation scenarios were conducted to reduce the dominant environmental

impacts of the Bissett Creek graphite concentrate. The optimised scenario is using an

electric mining fleet and processing plant sourcing electricity from a hydroelectric power

source.
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A benchmarking exercise was carried out to compare Northern Graphite’s graphite

concentrate and hypothetical upgrade plant against operational graphite concentrate and

CSPG producers via natural and synthetic processing routes in China. Overall, Northern

Graphite’s hypothetical CSPG product’s average GWP was lower than that of the natural

and synthetic operational facilities in China.

We have greatly enjoyed working with Northern Graphite on this interesting and enjoyable

project. We hope to continue our relationship, with the goal of minimising the

environmental impacts of manufacturing their critical product.
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12.2. Recommendations

Minviro has several recommendations for Northern Graphite to improve the quality of this

LCA and to improve the environmental performance of the Bissett Creek graphite

concentrate and hypothetical CSPG.

12.2.1 Recommendations For Improving Data Quality

● The LCA was built using updated FS stage data for the mine and concentrator.

Northern Graphite will continue developing the project plan over the next few years,

and it is recommended that the LCA is updated for major project changes or when

the project is in operation. It will be critical to reproduce the LCA annually with

actual production data so that Northern Graphite knows the CO2 equivalent of

emissions that occur each year.

● The LCA was carried out using life of mine (LOM) average data, whilst it is expected

that the consumption of consumables and production volume of graphite

concentrate will vary year-on-year. It is recommended that this LCA is adapted to be

a temporally explicit LOM LCA study when Northern Graphite commences

construction.

● The infrastructure and equipment used in this project have not been taken into

account in this LCA. On average, over a LOM of 10 years, 0.05-0.5 kg CO2 eq. per kg

of product is consumed for the production and utilisation of the equipment. For

future LCAs, this should be taken into account. Transport of reagents to Bissett

Creek has been excluded due to lack of data. Future LCA work should include a

complete data set for the transport of reagents to site.

● The hypothetical upgrade plant is based completely on proxy data derived from

Minviro’s internal database. It is recommended that the LCA is repeated on the

upgrade plant after carrying out mineralogical test/engineering work on upgrading

Northern Graphite’s concentrate to CSPG. This will reduce the uncertainty

associated with the data used. The inventory flows, which contribute the most to the

overall environmental impacts of producing CSPG, should be prioritised when

collecting data. This includes prioritising collecting accurate data for graphite

concentrate consumption, electricity and natural gas consumption, direct CO2
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emissions from the combustion of natural gas and petroleum pitch, and HCl and HF

reagents.

● The characterisation factor for electricity produced using natural gas assumed a

high voltage conventional power plant. It is more realistic that Northern Graphite

will supply their electricity from a medium voltage small generator, which has a

lower energy efficiency than a large-scale conventional power plant. It is

recommended to repeat the LCA using a characterisation factor for a medium

voltage small-scale natural gas generator, to account for the lower energy efficiency,

thus potentially a higher overall environmental impact.

● The characterisation factor used for the natural gas fleet for the scenario analysis

exercise is based on natural gas being burned in a motor. It is recommended that

the specific natural gas fleet that would replace the current diesel fleet should be

investigated to calculate a more accurate characterisation factor. Additionally, it was

assumed that the amount of natural gas consumed by the natural gas fleet would

be the same as the original amount of diesel consumed by the diesel fleet on a GJ

basis. It is recommended that a more accurate estimate of natural gas consumption

is provided for the specific natural gas fleet under investigation to better

understand the GWP when using a natural gas fleet.

● The electrified mining fleet is based on an optimistic scenario and does not take into

account the impact of manufacturing the vehicles used. The impact of

manufacturing battery electric vehicles when conducting future LCAs on the Bissett

Creek project should be considered. Additionally, the electricity used at site per ML

diesel assumes a diesel engine efficiency of 37%.16 This should be taken into account

in future LCA work.

● It was assumed that the same power requirements would be needed for different

electricity sources. It is recommended that accurate electricity consumption

requirements are calculated for each electricity source being investigated to gain a

more accurate understanding of the differences in GWP when sourcing electricity

from different sources. For example, sourcing electricity from 100% hydropower

may require higher electricity consumption than natural gas requirements for the

natural gas generator.
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● A number of scenarios were calculated to understand the change in environmental

impact when electricity is consumed by different electricity sources, however

transmission and distribution losses were not taken into account. It is

recommended to repeat the LCA and analyse the different electricity sources for

transmission losses when electricity is supplied to the project site.

● The benchmark routes are operators, thus the Monte Carlo simulation has a low

uncertainty of 15% associated with the model inputs, with 50% uncertainty used for

the proxy data points. It should be noted that the structural uncertainty associated

with inadequacies in the LCA modelling process have not been accounted for, and it

is recommended to include this in future comparative LCA work.

● The current LCA for the hypothetical CSPG product uses market price based

economic allocation to account for the micronised graphite co-product. The

disadvantage of this is market price can be very volatile over the LOM, thus reducing

the accuracy of the LCA, in comparison to production costs which are less subjected

to change. When production costs are available for a hypothetical upgrade plant,

compare the difference in overall LCA results when allocating products using overall

production costs vs market price of products.

● The uncertainty associated with the ratio of graphite concentrate to CSPG for the

hypothetical upgrade plant can have a large impact on the overall LCA results. It is

recommended to repeat the LCA after test work has been completed on the

upgrading of Northern Graphite’s graphite concentrate product to provide a more

quantitative value for the annual production of CSPG. This will decrease the overall

uncertainty of the LCA results. Additionally, the uncertainty associated with the

electricity, natural gas, and direct CO2 emissions within the LCI of the hypothetical

upgrade plant should be considered a priority in data collection for future LCA work,

due to being the largest impactors to the LCA, thus the uncertainty associated with

the proxy data used is higher.

● Impacts from overburden/waste rock removal and management have been

excluded from the LCA. Additionally, the long-term impacts from sulphide-bearing

waste rock/tailings, which may cause acid leaching and mine drainage metal

leaching, have not been considered. It is recommended to repeat the LCA with a

more comprehensive LCI data collection from Bissett Creek when in operation and
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consider quantifying the impacts of a wider range of impact categories, such as

ecotoxicity and eutrophication potential, to understand the full environmental

impacts of the waste rock material.

● Repeat the LCA and use the pairwise method for the comparison of products.17

● Dust emissions (PM2.5) from blasting uses proxy data 18 and indirect emissions from

precursors are not currently included within the datasets due to lack of available

data. It is recommended to collect dust emissions from blasting and investigate the

impacts within future LCA studies for the Bissett Creek project.

● The CSPG comparison scenarios are compared against site-specific production

routes for natural and synthetic operations located in China. It is recommended to

compare Northern Graphite CSPG production against additional LCAs conducted on

CSPG production routes globally to provide a better indication of how Northern

Graphite’s CSPG impact compares against other CSPG production processes.19

● Although the feasibility study comparing wet-tailings storage vs dry stack was

inconclusive, it is recommended to include this scenario analysis in future LCA work

as a technological comparison, especially considering the socio-environmental risks

of tailing dams in the long term.

● It is common for a depressant to be used as a reagent for the production of graphite

concentrate, however this is not the case for the Bissett Creek project. As the Bissett

Creek project moves through the development stages towards operating, it is

recommended to investigate the use of a depressant within the flotation system and

update the LCA accordingly.

12.2.2 Recommendations For Reducing Environmental Impacts

● Exploring alternative routes in graphite concentrate production might bring

environmental and possibly economic benefits. Some examples are the use of a

biodegradable single reagent (ether-alcohol), improved (e.g. nanobubble) column

flotation vs conventional cell flotation (especially in the cleaning stage), microwave

treatment prior to comminution or leaching (in case of producing upgraded

graphite), and comminution technologies such as high-pressure grinding roller

(HPGR) and stirred mill.20–22 Additionally, improvements in graphite ore processing
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may also reduce the environmental impact and should be considered in future LCA

work conducted.
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Appendix A - Life Cycle Inventory Summary

The full LCI used in this study is presented in Table 18.

Table 18. Summary of the Project’s Life Cycle Inventory

Inventory Item Input/Output
Data Quality

Rating Value Units
Reference

Unit

Diesel - Light
Vehicles Input 1.6 9,981,707 MJ MJ

Diesel - Mining Input 1.6 189,652,436 MJ MJ

ANFO Input 1.6 350 kg kg

Electricity Input 1.6 27,822,160 kWh per year

Water Input 1.6 180 kg kg

Diesel Input 1.6 10 kg per hour

PAX Input 1.6 10 kg per hour

MIBC Input 1.6 12 kg per hour

Flocculant Input 1.6 1 kg per hour

Surfactant Input 1.6 1 kg per year

Grinding Media
(Steel) Input 1.6 130 kg per hour

Ceramic Media Input 1.6 23 kg per hour

Graphite
Concentrate Output 1.6 19,309,000 dry kg per year
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Appendix B - Feedback from Reviewers

To be filled in after the third party external review.
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description has
been added
stating the
individual stages
the graphite ore
undergoes within
the concentrator
and the reagents
added.

LT 16 3.3.3.1 ED Prefer to state diesel rather than fuel
oil for the graphite collector reagent.
Fuel oil is non-specific (i.e. #6 is very
heavy fuel oil). I also see reference in
places to kerosene for this use.

Improve description. Kerosene has
been removed,
and diesel is
used as
terminology
replacement
over fuel oil or
kerosene.

LT 16 3.3.3.1 ED Not all reagents and consumables are
considered (diesel, natural gas, lime,
explosives are excluded).  Clearly
identify the transportation choice for
NG.

Improve description
and/or improve analysis.
Recommend adding
transport for identified
missing elements.

Transport of
reagents to site
have been
removed due to
lack of data. It
has been added
to Section 10.2
(recommendatio
ns) to include
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adding transport
of reagents to
site, when all
data is available.

LT 18 ED Inconsistent identification of acids. Correct HCL to HCl, add
HNO3. Or delete all.

Corrected

LT 20 GE Clearly identify that the hydropower
source is hypothetical.

Correct description. Statement
regarding
hydropower is
hypothetical has
been added.

LT 21 Table 4 ED Product title is inconsistent with CSPG Rephrase Corrected
LT 22 Paragraph 1 GE The phrasing implies that all Northern

Graphite supplied material is public.
This might not be the case (i.e. latest
feasibility study, Lycopodium work).

Confirm and rephrase if
necessary.

Rephrased -
updated
feasibility and
Lycopodium
work is not
public.

LT 22 Paragraph 2 GE Reference to Germany/Europe seems
odd for North American study.  Were
any specifically European data used?

Confirm if EU data used.
Rephrase if not; try to use
North American data if EU
data were used.

Germany and EU
have not been
used - this was a
mistake.
Correction has
been made to
North America
and China where
some reagents
are sourced.

LT 25 3.3.7.2 GE I find kg SO2-eq a more commonly
used data set for acidification.  Perhaps
an explanation of the choice is
required.

Consider explanation. Following the
Environmental
Footprint 3.0,
the acidification
potential unit is
in mol H+.
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  https://eplca.jrc.
ec.europa.eu/SD
PDB/datasetdeta
il/lciamethod.xht
ml?uuid=f6cbd4
66-253f-4145-a4
bb-8dae7d266e
89&version=01.0
1.000&stock=def
ault

LT 25 GE Eutrophication is often included but
has not been here despite so many
other land-related features being
included.  Is explanation required?

Consider explanation Despite
eutrophication
being advised to
be assessed, the
client decided
against having
the results within
the LCA. It has
been listed
within the
recommendation
s to look into
eutrophication
impact category
in the future.

LT 25 3.3.7.3 GE The explanation implies that direct
emissions of PM2.5 are the only
relevant source.  Indirect emissions of
precursors (NOx, SOx, NH3, etc) which
form condensables is likely more
important.  Is this included in the data
sets?

Review and rewrite if
necessary.

Indirect
emissions of
precursors are
currently not
included in the
datasets. It has
been added to
the
recommendation
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s to investigate
this in future LCA
studies.

LT 25 3.3.7.3 TE The mining LCI for PM2.5 has no
allowance for direct dust generation.
Mining is inherently a dusty business,
and this should be included.  See the
China comparison section.

Include appropriate
PM2.5 for mining
activities.

Dust emissions
from blasting
have been
calculated and
included into the
results. Due to
lack of data an
average
emission factor
for PM2.5
particles from
blasting has
been used
(https://cwm.unit
ar.org/publicatio
ns/publications/c
bl/prtr/pdf/cat5/f
explos.pdf). This
has been noted
in the data
quality and
recommendation
s to repeat the
calculation with
Northern
Graphite’s data
when in
operation.

LT 26 3.3.7.3 ED Extra line space Remove space Corrected
LT 26 3.3.74 GE This AWARE methodology is new to

me, which is fine, but is an explanation
Consider explanation The AWARE

method is
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of the rationale for the choice over
others (i.e. blue water) needed?

developed by
WULCA a
working group of
the
UNEP-SETAC
Life Cycle
Initiative, on a
water scarcity
midpoint
method for use
in LCA and for
water scarcity

footprint
assessments.
The AWARE
method is
chosen as this is
the method
selected by the
European
Commission.
https://eplca.jrc.
ec.europa.eu/ilc
d.html
AWARE method
calculation
includes
bluewater
consumption,
with the addition
of a regional
water scarcity
factor.
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https://gabi.sphe
ra.com/fileadmin
/Documents/Intr
oduction_to_Wat
er_Assessment_
V2.2_03.pdf.

LT 27 Figure 3 GE I recognize this is from AWARE
provided data, but the legend is
problematic with only showing some of
the colours used on the chart, and
inconsistently labelling them.  What
does “high” mean here? I don’t think it
is high water risk. Is the figure
necessary?

Consider removing the
figure or revising the
legend or area focus.

The legend of
the figure has
been adjusted to
indicate what
areas have high,
medium and low
water scarcity
factors.

LT 33 4.1.2 TE The choice of CF for natural gas power
generation may not be appropriate.  It
appears to be for HV generation in a
conventional power plant, not MV
generation in small generators.  This
may impact all categories.

See if a more appropriate
CF is available.

The only CF
available was the
one chosen.
Energy efficiency
is higher for HV
generators in
conventional
power plants
compared to MV
small generators,
therefore the
LCIA per MJ
could be higher
than what is
calculated due
to the better
energy efficiency
being assumed.
This has been
accounted for in
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the data quality
and added to
the limitations
and
recommendation
s of the study
that this should
be looked into in
future LCA work.

LT 33 4.1.2 TE There is conflicting data on power
requirements. The Lycopodium study
references 3.3 MW for the ore rate
used.  The Feasibility Study references
3.7 MW.  This analysis is done at ~4.5
MW so may overstate the gas
consumption and impacts.

Confirm power quantity
and recalculate.

Via email
correspondence
(check tab on
excel document)
the confirmed
power quantity is
3,452 kW which
equates to
27,822,160
kWh/a.

LT 33 4.1.2 TE The hydrated lime quantity is
significantly overstated.  It appears the
slurry mass was used in the analysis.
The solids mass from the Lycopodium
study was 88 kg/h. I note the email
from the client suggests lime should be
zero.

Confirm lime quantity and
recalculate.

Hydrated lime
input has been
confirmed via
email (check
email
correspondence
tab) that there is
no lime input at
all.  This has
been removed
from the study
and model.

LT 33 4.1.2 TE The grinding media quantity may be
understated.  The Lycopodium study
notes 73.8+56.2 = 130 kg/h steel and

Confirm grinding media
quantities.

Northern
Graphite
confirms to use
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22.9 kg/h ceramic vs 81.6 and 5.7 kg/h
used in the analysis per the client.

the Lyco study
quantities (see
email
correspondence
tab). The model
and results have
been updated
accordingly. The
values used are:
130 kg/h steel
and 22.9 kg/h of
ceramic.

LT 33 4.1.2 TE The transport impacts seem to be
understated due to a number of
possible errors.  The included
commodities are ~100 kg/h of total
inbound materials, vs ~275 kg/h
reagents and consumables plus ~500
kg/h diesel fuel plus ~900 kg/h natural
gas).

1) PAX and grinding media seem
to be shipped from China but
not taken from port (10,878 km
shipping only).  Expect shipping
to Vancouver then rail to
nearest distribution hub, then
trucked to site, or ship to
Montreal and truck to site.

2) Transport of some consumables
missing, most notably diesel
and natural gas, also lime and
ceramic grinding media.

Confirm what is to be
included for transport (i.e.
is diesel impact in CF
inclusive of transport to
remote areas) and
recalculate.

All transport is
being removed
from lack of data
on other
reagents being
transported to
site to allow for
an accurate
impact. This has
been stated
within the goal
and scope and
system boundary
of the LCA and
has been added
to the future
recommendation
s to include in
future LCA work.
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LT 36 4.2.1 TE The statement of <4.6E-3 is not correct
per the analysis, but probably will be
once lime mass is corrected.  Some
inputs, such as AN, both ceramic and
steel grinding media, and transport by
lorry show zero impact to AP, which is
surprising.  Also MIBC and Floc, but
they likely will be insignificant
contributors.

Check all input CFs for AP
and confirm zeros.
Recalculate.  Check text
against figure.

All CF’s have
been checked
with the
ecoinvent
database and
are correct. The
text and figure
have been
cross-checked
and all text has
been revised
accordingly. The
transport has
been removed
from the LCIA.

LT 38 4.3.1 TE Some inputs, such as AN, both ceramic
and steel grinding media,
diesel-generated electricity, and
transport by lorry show zero impact on
disease incidence. Also MIBC and Floc,
but they likely will be insignificant
contributors.

Check all input CFs for DI
and confirm zeros.
Recalculate.  Check text
against figure.

The disease
incidence CF for
the steel and
ceramic grinding
media, diesel
and AN is very
low, therefore
when dividing
the LCI by the
CF the impact is
minimal.

40 4.4.1 GE I calculate 72.1 t water/t product from
the Lycopodium study, and the
spreadsheet calculates to 75.4, vs the
report value of 63.9.  I am not aware of
how the AWARE process works, but I
see the 80% factor used in the

Add description to how
AWARE factors are used
and show the difference
between total water use
and AWARE water use.

AWARE method
only takes into
account the
water lost within
the system (via
evaporation, in
tailings, in
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spreadsheet.  If valid, it could use
some description.

product etc)
which is 180.29
t/hr and is from
GS mining study
page 160. The
direct water lost
is calculated by
adding together
the normalised
water value by
the CF and the
direct water
consumed. The
AWARE method
then multiplies
the water
consumed by
the regional
water scarcity
factor of the
region which is
0.8. The
calculation is as
follows: 75.4 kg
water/kg x 0.8 =
60.4 kg
water/kg. The
other inventory
flows are
multiplied by the
average water
scarcity factor of
1, unless the
location of where
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the reagent is
produced is
known. The end
result is 60.6 kg
water per kg
graphite
concentrate.

LT 42 4.5.1 TE The results imply that mining the area
increases the biotic production, which
seems incorrect (a negative reduction
in biotic production).  In the
spreadsheet, the calculations add the
land use forestry and the land use
mining.  It looks to me like it should
subtract the land use mining from
forestry.  This would change all land
uses (i.e. reduction in biotic production
from -6.4 to +3.8).

Check calculations and
revise if necessary.

Calculations
have been
redone (see
excel model
excel sheet
“LANCA v2”)
which details the
breakdown of
the surface area
of the project
site. A positive
value means a
negative impact
for all LANCA
results. A
positive value
means that the
ability to create
excess biomass
at the project
site is decreased.
The overall biotic
reduction
potential is
positive.

LT 43 4.5.2 TE As above, reduction in soil erosion
potential does not necessarily make

Check calculations and
revise if necessary.

Calculations
have been
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sense.  It could, if the soil were
removed and stored in a protected
sense.  But the suggested recalculation
would convert this to an increase in soil
erosion potential which feels more
rational.

revised. There is
a negative
erosion
potential,
meaning that soil
loss due to
erosion is less
likely to occur.

LT 44 4.5.3 TE The current reduction in groundwater
generation could be accurate due to
pit dewatering. The suggested
recalculation would make this an
increase in groundwater generation,
which does not feel right.

Check calculations and
revise if necessary.  Check
LANCA values for the two
land uses as this is at
odds with infiltration.

Calculations
have been
revised. The
positive results
indicates the
project reduces
the possibility for
more water to
infiltrate
groundwater
aquifers.

LT 45 4.5.4 TE The negative reduced infiltration
implies an increase in infiltration, which
does not feel consistent with the
reduction in groundwater.  The
suggested recalculation would make
this an reduction in infiltration, which
feels appropriate with pit dewatering
and covering land with buildings. The
writeup shows expected more
compacted soil leading to reduced
groundwater generation, but then
suggests more permeable soils to
create more infiltration.  These are at
odds.

Check calculations and
revise if necessary.  Check
LANCA values for the two
land uses as this is at
odds with groundwater
generation.

Calculations
have been
revised. The
results indicate
that the activities
related to any
ground
movement or
infrastructure
development
reduce the
amount of water
able to infiltrate
due to change in
soil permeability.
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LT 46 4.5.5 TE As above, the negative reduction in
physicochemical filtration does not
make sense with the removal of soils.

Check calculations and
revise if necessary.

Calculations
revised. All of
the
physicochemical
filtration
reduction
potential arises
from the
different stages
in which land is
removed or
covered. This
indicates that
activity reduces
the ability to fix
and exchange
cations to clay
and humus
particles
because of
changes to soil
properties and
surface sealing.

LT 47 4.6 ED It is not clear that the quantity of fuel is
being held constant on a GJ basis,
which it should be (if the calculations
were correct).

Revise text Text revised -
clearly states the
fuel is on a Gj
basis.

LT 47 4.6 TE The numbers for the natural gas fleet
do not seem appropriate.  Similar GJ
of natural gas are required as diesel,
and natural gas should have a GWP
footprint similar to diesel (less Scope 1
but more Scope 3).  The CF shows

Correct all formulas to
eliminate the
inappropriate unit
conversion.

Formula
corrected - the
conversion has
been removed.
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0.0666 kg/MJ for natural gas vs 0.0915
kg/MJ for diesel.  The math is incorrect
for this Scenario analysis as it should
not use the Natural Gas MJ/kg divider.

LT 47 4.6 ED The switch from NG to diesel
generator should be better explained –
it is not a GJ per GJ basis, but an
assumed diesel generator efficiency.
The assumed efficiency is reasonable.

Revise text. Text is revised -
clearly stated the
diesel generator
has the assumed
energy efficiency
as natural gas
generator.

LT 49 5 TE The way the calculation has been
structured with natural gas
consumption and direct CO2 emissions
provides opportunity for
double-counting.  The reviewer
believes the numbers are correct.  On
a converted per MJ basis, the AP, DI,
Water factors are higher for Row 108
natural gas than for Row 82 natural
gas.

Confirm no
double-counting with
natural gas.  Confirm that
the non-GWP parameters
are correct to account for
the combustion of natural
gas.

Row 82 Natural
gas CF is used as
a GLO average
to understand
the difference in
environmental
impact if a
natural gas fleet
was used instead
of diesel. Row
108 natural gas
is used to
understand the
scope 3
emissions of
natural gas
consumption in a
generator.

LT 52 6 GE I disagree with the completeness
statement as it relates to
transportation.  Too many missing
elements at this time.

Completeness
has been
removed.
Transportation
has been
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excluded
completely due
to too many
missing values.

LT 59 9 TE The DI is driven by a dust emissions
factor of 0.33 kg/t ore feed for the
mining in China which is not applied to
the mining in Canada.  There is no
reason the mining in Canada should be
dust free.

Dust emissions
from the Chinese
data source is
given in the LCI
however the
calculation
behind the LCI
input was not
clarified in the
data source.
PM2.5 dust
emissions have
been calculated
for blasting. The
disease
incidence has
overall increased
but it should be
noted the Bissett
Creek site is
located in an
area with high
rainfall, low
weathering rates
and low surface
silt content
which reduces
the overall dust
emissions.
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LT 61 Paragraph 2 GE The writeup suggests a difference in
the natural gas combustion between
the facilities.  The LCI inputs are the
same on a per kg graphite concentrate
feed basis.  The bigger difference in
this study is the 40% conversion of
Northern Graphite to CSPG and 55%
conversion of China graphite to CSPG.
The calculations appear to use
incorrect CFs for natural gas – based
on MJ instead of m3.

Evaluate whether the
models should use
different conversions of
graphite concentrate to
CSPG.  Revise
calculations and writeup
as necessary.

Yield of
Northern
Graphite
concentrate to
CSPG is 40%,
whereas for the
Chinese route it
is 55%. Per kg of
final product for
Northern
graphite, they
will need around
30% more
consumables if
the yield is 40%
rather than 55%.

The calculations
use natural gas
CF’s in m3 to
avoid the double
counting of CO2

emissions. The
CF in m3 only
includes the
production of
natural gas, with
the direct CO2

emissions
allowing for the
combustion of
the natural gas
on site.
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LT 62 TE The AP for the Chinese route does not
appear to be fully aligned with the
Canadian route.  Working through the
calculations, the Chinese route has
diesel at 0.548 MJ/kg product from
13% ore, so 67 MJ/t ore (at 94%
recovery).  The Northern Graphite
model has 238 MJ/t ore.  This is a large
difference and impacts all LCI
endpoints.

Check the diesel use for
mining graphite ore in
Chinese situation and
revise if necessary.

There was a
mistake in the
data collected,
which has now
been corrected
in the model and
report. Yunshan
Graphite Mine
provides
~90,000 tonnes
per year of
graphite ore to
Wanda Graphite
who process it to
produce
graphite
concentrate. No
data is available
on diesel
consumption at
the mine itself
so proxy data
from similar
project with high
ore grade and
similar stripping
ratio was used to
calculate a proxy
diesel and
ANFO values
required. China
consumes 38 MJ
of diesel per
tonne material
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moved. Northern
Graphite
consumes a lot
more due to
having to moved
a lot more
material than the
Yunshan mine.

LT 62 GE The use of min/max to describe the
Monte Carlo results is not really
helpful.  Perhaps a P20/P80 or similar
would be better.

Re-consider how the
discussion of Monte Carlo
results is done.

P20/P80
statistics have
been added with
explanations of
what the
numbers indicate
within the
benchmarking
discussions.

LT 66 GE The recommendation to use an
electrified mine fleet is not a big
improvement when power is locally
generated from a fossil source.

Clarify that electric fleet is
only to be considered if
low-carbon power is
sourced.

Clarification has
been added that
the electrified
fleet would need
to be sourced
from a
low-carbon
power source to
reduce the
environmental
impact/

LT 67 GE Clarify that fuel replacement is on a GJ
basis.

Revise text. Clarification that
the fuel
replacement is
on a GJ by GJ
basis has been
added.
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LT 67 GE The phrasing around comparing
electricity consumption of electricity
sources seems inappropriate.  Grid
power is likely to be done with
transmission losses included.

Rephrase and be more
specific.

text has been
rephrased.

JSS 5 Table 2 ED Environmental indicators do not have
units.

Please add units in the
first column or in the next
column.

Units have been
added

JSS 8,  68 ED Reference section should be section
“11”

Fix the section number. Corrected

JSS 12 Section 3.1,
paragraph 1

GE A description of beneficiation
technologies is required.

Add information. Information
regarding the
beneficiation
stage has been
added.

JSS 13 Table 3 ED Graphite concentrate production is
reported in t/year; the value
corresponds to dry concentrate, as per
the previous paragraph.

Please specify in the table
that it corresponds to dry
concentrate (e.g.
“Graphite conc.
Production (dry)”).

Corrected - ‘dry’
is added

JSS 14-15 Section 3.3.1,
paragraph 1

GE Please rewrite the first sentence, as you
define the functional unit (FU) later.
Also, in section 3.3.2, please include
the quality of the concentrate (e.g.
"grading 95-97% carbon (C)") within
the FU and specify “natural flake
graphite ore”. Also, in the last
sentence, please use “graphite ore”
instead of “graphite mineral”.

Please rewrite as
suggested.

First sentence
now matches the
functional unit is
3.2.2

JSS 14 Section 3.3.1.,
paragraph 4

TE In the last sentence, please also specify
the other life cycle stages that are
being disregarded in this study
(manufacturing, use, end-of-life

Please edit the text as
suggested.

The
management,
use and
end-of-life of the
products derived
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management of products derived from
the CSPG).

from the study
have been
stated that they
are not included
within this LCA.

JSS 15 Paragraph 1 GE Lines  3-4, Line 8: “lower uncertainty”
or “large uncertainty” should be
supported by a quantitative value.

Please provide
quantitative values/ranges
for uncertainty.

Quantitative
values have
been added to
support the
description.

JSS 15 Paragraph 2 ED There is a typo in the last sentence
(“144044”).

Please remove the extra
“4”.

Typo corrected

JSS 19 Figure 2 TE Page 17 mentions that the life cycle of
CSPG includes graphite ore extraction
and processing. Those stages should
be included in the system boundary of
Fig. 2.

Please include additional
stages.

Figure 2 has
been updated to
represent the
production of
graphite
concentrate and
the
transportation of
the concentrate
to hypothetical
anode facility.

JSS 20 Section
3.3.3.4.

GE The choice of a scenario based on
Chinese production as a reference for
benchmarking is not being justified in
the report.

Please justify this choice.
For instance, you can
mention that China is the
world's leading producer
of graphite (Chehreh
Chelgani et al., 2016; U.S.
Geological Survey, 2021).

Reference has
been added to
support the fact
that China is the
world’s largest
graphite
producer and
how the graphite
production
process is well
defined in China.
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JSS 20-21 Section 3.3.4. TE Economic allocation based on the
economic value of the products (a last
resort in the ISO hierarchy) was used
for CSPG production.

In light of more recent
research, another
approach to dealing with
multifunctionality could
be considered for
comparison. For instance,
allocation based on
production costs, or
partial subdivision in
combination with
economic allocation (see
for reference, Lai et al.,
2021).

It is assumed
that the
economic value
of products
reflect the
production costs
when the project
is in
development.
Due to the
hypothetical
plant being
hypothetical
there is no data
available on
production costs.
It has been
recommended
within the
recommendation
s to compare the
change in overall
environmental
impact results
using production
cost allocation vs
market price
allocation.

JSS 23, 58 Sections
3.3.5.4 and 9

TE The system boundaries of the products
considered in the benchmarking
exercise are not in the report. Some
references are cited as data sources
(refs. 16-18), but I was unable to access
them. As an observation for the

To foster transparency,
please provide the system
boundaries considered for
the benchmarking
exercise (natural and
synthetic graphite

Added system
boundaries of
the
benchmarking
routes. URL’s
have been
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synthetic graphite production, there
are considerable differences between
the reported LCI (Excel workbook) and
information published in literature (e.g.
data published by Dunn et al., 2015,
which is also assumed for a Chinese
process and has been used as a basis
for other LCIs of Li-ion batteries).

production from China).
Also, please provide full
bibliographic details (e.g.
including website, if
applicable) if those
references are publicly
available to facilitate LCI
data verification of the
benchmarking datasets.

added to the
public databases
of the
benchmarking
routes.

JSS 26 Section
3.3.7.4,
paragraph 1

ED The last sentence should be rephrased
(e.g. “an inventory flow” or similar,
instead of “a literal quantity of water”).

Please rephrase the
sentence.

Text has been
rephrased.

JSS 29 Last paragraph ED Data quality assessment is found in
Chapter 6 and not in Chapter 5.

Please edit the text. Corrected

JSS 32 Section 4.1.1,
paragraph 1

ED The  last sentence should be
“…transporting materials to the
concentrator site, …”.

Please edit the text. Text has been
edited -
transport is not
being included
due to only half
the dataset is
available, thus
the transport is
understated.

JSS 34 Section 4.1.3,
paragraph 1

GE Scope 1 emissions should be disclosed
for each energy source in the LCA
report.

Please disaggregate the
values of total emissions
for the combustion of
diesel and natural gas
(Scope 1).

Scope 1
emissions have
been
disintegrated to
show the
contribution
from natural gas
combustion and
diesel
combustion.
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JSS 42 Section 4.5,
paragraph 1

ED The last sentence refers to land
“occupation”, but it should be
“transformation”.

Please edit the text. Text edited.

JSS 42 Section 4.5 GE I have problems in interpreting the
results from the impacts related to land
transformation using the LANCA
method. As pointed out by LT, the way
LCIA results are presented/discussed in
the LCA report may lead to an
incorrect interpretation. It seems that
the LANCA method has only been
applied to foreground processes; if so,
this should be made clear in the report.

Check the
characterization factors
and impact results. In the
methodology section
(3.3.7.5.), please explain
how a negative or
positive characterization
factor and its
corresponding
environmental impact
value relates to an
improvement or decline
in ecosystem quality for
the impact categories
assessed by LANCA. In
the results section (4.5),
explain and interpret the
results of each LANCA
indicator unambiguously
(i.e. whether it is a
negative or positive
impact and the reason for
that result).

See comments
above about
how LANCA has
been addressed.

JSS 48 Paragraph 1 GE The study concludes that the best-case
scenario corresponds to the
combination of the natural gas fleet
with electricity sourced from
hydropower. However, the feasibility
and upstream implications of those
modifications are unknown.

It should be pertinent to
briefly discuss the
implications (e.g.
infrastructure) and the
potential feasibility of
implementing those
scenarios in practice for
the analysed context.

A paragraph has
been added
outlining that the
feasibility and
upstream
implications for
the ‘best-case
scenario’ have
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Also, it is worth
highlighting the
uncertainties associated
with the best-case
scenario considering the
simplifications made in
the LCA modelling.

not been
accounted for
within the LCA.
Additionally, its
clearly stated
that the
assumptions
made within the
scenario’s results
in the increased
uncertainty of
the results and
the results being
potentially
underestimated.

JSS 49 Section 5,
paragraph 2

ED The first sentence should refer to Fig.
19, instead of Fig. 18.

Please edit the text Corrected.

JSS 49 Section 5,
paragraph 2

GE The last sentence states that “2.5
tonnes of graphite concentrate are
required to make 1 tonne of CSPG”.
This parameter seems to be uncertain;
it may also have a strong influence on
the results of LCIA.

Consider addressing the
uncertainty of this
assumption via sensitivity
analysis, for instance.

It has been
identified in
chapter 5, there
is a high degree
of uncertainty
around the
graphite
concentrate to
CSPG ratio. It’s
been added to
the
recommendation
s for the future
to repeat the
LCA with
quantitative data
from test work to
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gain a more
accurate
understanding of
the LCA impact
and reduce the
uncertainty of
the results.

JSS 53 GE The datasets for the hypothetical
upgrade plant and the benchmarking
cases were provided by Minviro.

Perhaps Minviro could
provide indications on
which flows or processing
stages for those datasets
require more refinement
in future analyses (i.e. are
likely to be more
uncertain and thus require
prioritization in data
collection in the future).

Recommendatio
ns have been
updated where
certain inventory
flows have been
highlighted as
higher
uncertainties due
to having the
largest impact of
the overall
results of the
hypothetical
plant, thus
should be
prioritized when
collecting data.

JSS 56 Section 8 GE Neither the type of probability
distributions assumed for the LCI items
nor the justification for this choice are
detailed.

Please specify the type of
distribution assumed and
the justification for that
assumption.

A more detailed
description has
been added to
the uncertainty
analysis chapter
detailing why
Monte Carlo
simulations have
been used and
why they are
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appropriate
within this LCA
to address the
uncertainty
associated with
the LCI values.

JSS 60 Paragraph
after Table 7

ED There seems to be a typo (“greater”,
instead of “greeted”). Also, this
paragraph seems to be the only place
where the acronym PEA is used;
perhaps it should be written as
“Preliminary Economic Assessment”.

Please improve the text as
suggested.

Text has been
corrected.

JSS 60-63 Figure 22,
Figure 23

TE The communication of results from
uncertainty analysis via Monte Carlo
simulation can be improved.

Tables including mean,
standard deviation and
standard error of the
mean for each product
alternative can be
reported. Also, it is
suggested to use a
pairwise method for the
comparison of products,
e.g. discernibility analysis.
See, for reference:
Heijungs, 2021; Mendoza
Beltran et al., 2018.

Tables have
been included
about the monte
carlo simulations
including the
average, min,
max and STDEV.
It’s been added
to the
recommendation
s to use the
pairwise method
for the
comparison on
products when
the LCA is
repeated.

JSS 61 Paragraph 2 ED The first sentence should be rewritten
as follows: “The environmental impact
of the Northern Graphite CSPG
product is the lowest for the GWP and
disease incidence categories”.

Please edit the text. Text edited.
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JSS 65 GE In the last sentence, it should be
emphasized that there is greater
uncertainty associated with the
Northern Graphite estimate due to the
fact that it uses data from the feasibility
stage of the project.

Please edit the text
according to the
recommendation.

Text has been
edited
accordingly.

JSS 66 Paragraph 3 GE Minviro recommends using natural
fleet or electrified fleet as alternatives
for haulage in open pit mining. Those
alternatives, however, need to be
evaluated accounting for the full life
cycle of those technologies (fuel and
fleet life cycles).

You may highlight the
need for evaluating those
scenarios more
comprehensively.

It has been
highlighted
within the
recommendation
s to include a
comprehensive
evaluation of
using alternative
mining fleets.

JSS 71 GE It would be relevant to include in the
report the LCI for all unit processes and
product systems (relative to the
functional unit).

Please add this
information to the report.

LCI’s have been
added relative to
the functional
unit.

JSS Excel
workbook
and site
data (2018
feasibility
report)

TE The updated feasibility report indicates
an average C grade of ~ 2.07% and a
stripping ratio of 0.24. Impacts from
overburden/waste rock removal and
management (stockpiling, reuse…) do
not seem to be modelled within the
LCI. The same applies to tailings
disposal in dams. I am not entirely sure
if particulate emissions from waste rock
handling and transport were included,
which are expected to be part of the
scope of this LCA. Sulphide-bearing
waste rock/tailings may potentially
cause long-term impacts such as acid
mine drainage (AMD) metal leaching.

It might be relevant to
highlight the limitations of
this LCA study in
overlooking those issues
and how these can be
approached in future LCA
studies through a more
comprehensive data
collection (LCI) from the
operation and
considering an increased
number of environmental
categories.

Particulate
matter emissions
from blasting
have been
included within
the LCA and the
report has been
updated
accordingly.
Future LCA work
regarding a
wider range of
impact
categories to
measure the
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impacts of waste
rock removal and
sulphide bearing
tailings have
been added to
the list of
recommendation
s and has been
highlighted.

JSS Excel
workbook
and site
data (2018
feasibility
report)

TE Power generation (natural
gas-powered generators) from the
updated feasibility report:
Installed: 1.9 MW x 4 = 7.6 MW = 7600
kW x 8080 h/year = 61,408,000 kWh
per year
Average power demand estimated: 3.7
MW = 3700 kW x 8080 h/year =
29,896,000 kWh per year
Peak power demand: 4.4 MW = 4400
kW x 8080 h/year = 35,552,000 kWh
per year
The LCA report uses a value of
36,147,141 kWh per year, which is
closer to the peak power demand.

The average power
demand might be a more
appropriate estimate of
electricity consumption.
On the other hand, while
the assumption made by
Minviro may overestimate
energy consumption and
related emissions (also
considering the expected
heat recovery from the
exhaust gases and the
cooling water circuit), it
can be viewed
conservatively. In any
case, the high uncertainty
related to this assumption
and its implications on the
LCA results must be
acknowledged.

From email
correspondence
the preferred
power usage is
based off the
Lyco study using
3,452 kW x 8080
= 27,822,160
kWh/a.

JSS Excel
workbook,
LCA report
and site
data (2018

TE There are some inconsistencies in the
LCI (workbook): LCI - Area 1: RoM
feedrate is reported as 1,000,000 dry
tonnes per year, but it actually
corresponds to 839500 dry tonnes per

Check the inconsistencies. Feed was
updated to
1,000,000 dry
tonnes per year
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feasibility
report)

year (according to the feasibility study
and also in line with Table 3 from the
LCA report)
LCI - Area 2: Hydrated lime
consumption is 0.56 tonnes per hour in
the workbook, but it has a different
value in the LCA report (0.7 tonnes per
hour, Appendix A)
LCI - Area 4: While the LCA report
states that the upgrade plant requires
nitric acid (page 18), the LCI in the
workbook does not have this input.

as cited in email
correspondence.

Hydrated lime -
being confirmed
- zero input

Nitric acid has
been corrected
to sodium
hydroxide

JSS Excel
workbook
and site
data (2018
feasibility
report)

TE Some streams in the LCI are missing
(e.g. metal/rubber liners, surfactant for
sulphide flotation, potable water, water
losses). Also, estimates of grinding
media consumption considered in the
LCI are different from the estimates
reported in the updated feasibility
study. While the feasibility study does
not report the use of depressant, its
use is not uncommon in natural flake
graphite flotation (Chehreh Chelgani et
al., 2016; Jara et al., 2019; Ma et al.,
2021).

Check these assumptions.
Report and justify any
omission in the inventory.
Adapt your cut-off criteria
and data quality criteria
accordingly; discuss the
implications and
significance of those
omissions/assumptions.

The reasoning
for excluding the
metal and
rubber liners has
been added to
the section 3.3.5.
Grinding media
and ceramic
media
consumption
rates have been
re-confirmed
with the client
(see email
correspondence
tab). There is no
depressant
consumed in the
FS data, thus has
been excluded.
However, it has
been added to
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the
recommendation
s to investigate if
a depressant is
used in future
LCA studies and
to be
incorporated
within the LCA.

JSS Excel
workbook
and site
data (2018
feasibility
report)

TE LCIA related to raw water consumption
in the concentrator plant is estimated
using characterization factors for “tap
water// market for tap water [CA-QC]”.
The feasibility study report states  that
raw water will be supplied from nature
(“Blimkey lake”, page 146).

Check this assumption.
Also, please check the
calculation of dissipated
water (m3 water-eq) for
the raw water input in
"Area 2 LCIA" (Excel
workbook).

The calculation
has been
corrected where
the CF is
removed. Only
direct water
consumption has
been accounted
for and not the
embodied
impact of tap
water. The
AWARE method
multiplies the
direct water
consumption by
the regional
water scarcity
factor.

JSS Excel
workbook

TE GWP for flocculant in "A2 LCIA" is
calculated differently compared to the
other impacts (all the other categories
have a multiplication factor of 1000,
which does not make sense). Also, in
"A3 LCIA", the transportation distance

Check the calculations. Flocculant
corrected

All transport has
been removed
due to lack of
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for flocculant and steel balls is
reversed. It is unclear why the impacts
related to transportation for the other
inputs (e.g. ceramic media, hydrated
lime, etc.) are not calculated. In "A4
LCIA", the impacts related to the
transportation of graphite concentrate
to Montreal are being entirely
allocated to the CSPG product; in
addition, the conversion factor for
direct CO2 emissions might be wrong
(if I did not misinterpret the
calculations). Water use (AWARE) from
explosives needs to be included in the
total for "A1 LCIA"; the same for
ceramic media in "A2 LCIA".
In "Scenario Analysis 1 - Area 1.1" the
calculation of GWP for light vehicles
and mining equipment uses a
conversion factor (55.5 MJ/kg for
methane/NG) and the LCI inputs are in
MJ, but the characterisation factor for
the upstream impacts of NG is relative
to the functional unit of 1 MJ of NG.

complete
dataset

Allocation
included in
transport to
Montreal

Direct CO2
emissions is
correct

Explosives and
Ceramic have
been included
within AWARE.
They have been
multiplied by the
world average of
water scarcity (1)
due to the
location of
production of
inputs is
unknown.

Conversion
factor for
Scenario analysis
1 has been
corrected
(removed).
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JSS Excel
workbook
and site
data (2018
feasibility
report),
section 10.2
(page 66)

GE The feasibility study compared wet
tailings storage vs dry stack tailings.
While such a comparison was
inconclusive, it would be interesting to
reconsider it from an LCA viewpoint in
the future.

This technological
comparison could be
suggested in the
recommendations (from a
LCA viewpoint), especially
considering the
socioenvironmental risks
of tailings dams in the
long term.

Added to
recommendation
s

JSS Site data
(2018
feasibility
report),
section 10.2
(page 66)

GE Exploring alternatives in graphite
concentrate production might bring
environmental and possibly economic
benefits. Some examples are the use of
a biodegradable single reagent
(ether-alcohol), improved (e.g.
nanobubble) column flotation vs
conventional cell flotation (especially in
the cleaning stage), microwave
treatment prior to comminution or
leaching (in case of producing
upgraded graphite), comminution
technologies such as high-pressure
grinding roller (HPGR) and stirred mill
(Chehreh Chelgani et al., 2016; Jara et
al., 2019; Ma et al., 2021; Tong et al.,
2021).

Improvements in graphite
ore processing may also
be recommended at this
stage of the project.

Added to
recommendation
s
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CRITICAL REVIEW REPORT RESULTS TABLE – Version 2 – Change to CSPG Yield
Initials Index Page

number
Paragraph/
Figure /Table

Type of
comment

Reviewer comments Reviewer
recommendation

Practitioner
response

LT 1 5 ED Report references Wanada graphite,
which should be Wanda.

Corrected

LT 2 6 2, 3 TE Many of the values have changed since
V5 (Oct 2021) which was the product of
the revisions related to the technical
review, including for Chinese
production which should not be
affected by the 40-55 change in the
Hypothetical Upgrade case. There are
differences between the V3 model
reviewed and the V3 model provided
online for comparison to the current V4
model.

These are discussed in following
points.

Good practice would see
a changed file given a
new number, so that the
V3 reviewed would be
updated to a V4, not
another V3.

Many changes in the V3
Online appear to be due
to reflections of the
reviewers on the Bissett
Operations, but some are
not based on reviewer
comments.

Please see the
comments
below.

LT 3 54 5 ED The report notes that the impact of
mine-site electricity and refinery site
gas combustion are significant factors
for the overall GWP of the CSPG.  The
conversion rate of concentrate to
CSPG is actually the most important
factor.  A 20% increase in conversion
(55% � 66%) appears to yield a 15%
reduction in GWP.

Add commentary on the
importance of yield to the
document – perhaps just
refer to the sensitivity
analysis - in addition to
the noted values. It is not
related to location but is
the biggest factor.

Within the
introduction
section (section
3.3.3.3.2), it is
stated the
base-case
hypothetical
CSPG process is
based off a yield
of 55%. This has
a high
uncertainty and
is addressed
within sensitivity



analysis (section
7.2) where the
55% yield is
compared to a
conservative
yield of 40%.
The allocation
associated with
each yield is
addressed in
section 3.3.4.
The sensitivity
analysis for the
hypothetical
CSPG process
has been
sub-divided into
two parts: the
change in GWP
of the 4 main
consumables/dir
ect emissions
when having a
yield of 55% and
the change in
GWP of the 4
main
consumables/dir
ect emissions
when there is a
40% yield.

LT 4 59 7.2 ED Heading number is incorrect Revise from 4.2 to 7.2 Corrected.
LT 5 59 7.2 TE I don’t think the graphite concentrate

impact is addressed properly, since it
Revise the sensitivity
analysis regarding mass of

A optimistic
(55% yield)  and

2



also affects other factors such as
allocation.  You can discuss either
change in yield or change in
concentrate used, but they will have
different results. A 20% decrease in
yield (55% � 44%) � GWP of 11.5.  A
20% increase in concentrate used is a
yield of ~46% and gives a GWP of 11.1
(+17%), a bigger change than the 10.2
(+8%) noted in the document.

concentrate used by
reflecting the broader
suite of impacts
generated by a change in
yield.

conservative
(40%) yield is
assessed within
the LCA. When
taking into
account both
yields, the
allocation
associated with
each yield is
addressed in
section 3.3.4.2.
Within the
sensitivity
analysis chapter,
sensitivity
analysis was
carried out
twice: (1) on the
change in GWP
on the 4 main
drivers of the
impact with a
55% yield and
(2) on the GWP
with a 40% yield.
In the model -
cross-check
analysis was
completed to
compare the
change in overall
GWP when the
yield was
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decreased by
20% and 25%
and when
graphite
concentrate
used was
increased by
20%.

LT 6 67 Table 8 GE Per above, Disease Incidence results
for Chinese production have changed
since V5 was circulated. This appears
to be from changes to the LCI for the
natural graphite concentrate
production.

Comparing the V3 model sent to the
reviewers previously, and the V3 model
in the online folder, they are different.
The V4 seems consistent with the
online V3, but inconsistent with the
prior V3 sent to the reviewers.
(Example: Disease Incidence, Natural Graphite,
China.  Original V3 = 6.5E-4, derived from
27,200 kg/y dust.  New version = 5.9E-4
derived from 24,675 kg/y dust).

Explain why changes were
made that were not
included in prior reviewer
comments.

There are
changes in the
Chinese data -
when the data
was re-reviewed
(post review in
October) for
some sanity
checks for the
client, 2 errors
were found. The
data was in short
tons, not metric
tonnes. The data
has been
subsequently
updated to
metric tonnes,
hence the
decrease in each
LCI input. On
the review, I
noticed the data
point was
missing for
green coke,
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which has now
been included.
The reference
for the synthetic
graphite data is
included within
the references.

LT 7 70 Table 10 GE Per above, a number of results for
Chinese production have changed
since V5 was circulated.  It appears that
an additional reagent (Green Coke) has
been added.

Explain why changes were
made that were not
included in prior reviewer
comments.

Please see
answer to
comment No.6
above.

LT 8 76 Bullet 2 GE The discussion on CF for natural gas
should be for electricity.

Clarify discussion
appropriately.

Corrected
statement to
explain
electricity is
assumed to be
currently
sourced from a
conventional
power plant,
however the
LCA should be
repeated and
assume the
electricity is
sourced from a
medium voltage
small scale
natural gas
generator as that
would most
likely be more
representative
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for Northern
Graphite’s
project
specifically.

LT 9 77 Bullet 1 GE The discussion around electricity
consumption variation is confusing.  It
would be best to simplify to reflect that
any proposed revisions to electricity
supply be analyzed for delivered
electricity net of any transmission
losses.

Clarify discussion
appropriately.

The point has
been clarified.
Stated that
transmission
losses haven’t
been taken into
account and
should be in
future LCA work.

LT 10 78 2nd last bullet ED Dust emissions recommendation is
missing a verb (It is recommended to
this data)

Clarify discussion
appropriately.

Sentence has
been corrected.

JSS 11 TE Complement to comment No. 2. The authors should also
track document history in
the Excel model to foster
transparency. For
instance, in the first
worksheet, you could
include a table with the
version number and
description of the
changes compared to the
previous version.

This will be
executed in our
following LCA
work. Currently,
the reviewerss
have access to
the original
reviewed models
and the most
recent models.
Apologies for
the
inconvenience!

JSS 12 16 Paragraph 2 ED Frother name seems incomplete. Use “methyl isobutyl
carbinol”

Abbreviations
corrected -
stated full name
with the
abbreviation in

6



brackets and
added to the
acronyms list.

JSS 13 19-20 TE The 55% yield has not been mentioned
here, but this is a key assumption with
a high uncertainty.

You should mention the
hypothetical 55% yield in
producing CSPG and that
the uncertainty of this
assumption will be further
addressed through
sensitivity check.

The two
scenarios
involving the
difference in
impact when
having a
different yield
(55% vs 40%
yield) have been
introduced
within the
scenario analysis
section of the
introduction
(section
3.3.3.3.2)

JSS 14 24 Paragraph 3 ED The last sentence seems incomplete
and needs improvement.

Edit the text. Sentence has
been corrected.
It was supposed
to of stated how
the current LCA
does not take
into account the
impact of waste
rock removal or
sulfide bearing
tailings, however
this it is
recommended in
the
recommendation
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s (section 10.2)
that this should
be included in
future LCA work.

JSS 15 GE The uncertainty of the hypothetical
upgrade plant was increased from 45%
to 50%, but this value still needs to be
updated in some sections of the
report.

Check the uncertainty
value throughout the
report and update it when
necessary.

Corrected.

JSS 16 59 Complement to comment No. 5. I agree with this
comment. Indeed, my
suggestion of including a
sensitivity check referred
only to the “optimistic”
and “pessimistic”
scenarios, whose impacts
were already calculated
and correspond to a
plausible variation in
yield.

Please see
answer to
comment No.5
above.

“type of comment”: the type may be referring to “general” (ge), “editorial” (ed) or “technical” (te)
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CRITICAL REVIEW REPORT RESULTS TABLE
Initials Index Page

number
Paragraph/
Figure /Table

Type of
comment

Reviewer comments Reviewer
recommendation

Practitioner
response

JSS 1 22 Last bullet
point

ED Incomplete sentence: “under the
assumption that  both the electric and
the diesel-powered mining fleet
require…”
Also, it seems contradictory to first
state that both fleets have the same
energy input and then, to state that the
electric fleet is more efficient and its
energy input is lower. Check units
(make sure you intend to refer to
“MWh”).

Edit the text (avoid
ambiguity and check
units).

The calculation
has been
updated using
Lyle’s most
recent research -
assuming 5000
MWh per ML
diesel. Text has
been altered to
clearly indicate
this is measuring
electricity going
to the wheels.
The
contradiction
stating the
electricity and
diesel have the
same energy
input, however
electricity is 47%
more efficient
has been
removed.

JSS 2 24 Last paragraph TE Most of the life cycle of the mining
fleet was disregarded. There are
differences between the life cycles of
diesel-powered and battery-driven
electric fleets (materials sourcing and
manufacturing of the battery, vehicle

Improve the justification
for the exclusion in the
new mitigation scenario
and discuss the
implications (e.g.
potential burden-shifting

It has been
stated within
section 4.6 the
manufacturing of
the electrical
mine fleet has



maintenance, battery waste
management). Both technologies are
not fairly compared.

to other environmental
categories/life cycle
stages). Acknowledge the
limitations of attrib. LCA
(e.g. it assumes that there
is electric power supply
capacity from the grid).

been excluded
and that the
embodied
impact of an
electric mining
fleet might be
higher if the
manufacturing of
the fleet is taken
into account. It
has been
recommended
to investigate
this in future LCA
work.

JSS 3 48 Paragraph 5 ED The differences between the last two
scenarios are marginal. It should be
more transparent to say that in the
scenario that uses electric mining fleet
and electricity from Ontario’s grid the
GWP decreases to 0.45 kg CO2 eq. per
kg graphite
concentrate.

Add a decimal number. Decimal added.

JSS 4 49 Figure 21 &
LCA model

TE The GWP for the mine in the last
scenario uses an incorrect
characterisation factor (Ontario's grid
instead of 100% hydropower),
although the effect on the calculations
is marginal.

Fix the CF and Figure 21. CF Fix and
Figure 21 and
text updated.

LT For clarity - looking at this further, there
are only two calculations for the GWP
for the electric mining fleet, one for
power from a gas-fired CHP and one
for the ON grid. The final scenario

The final
scenario has
been altered - it
assesses an
electric mining
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describes an odd situation however,
with two power supplies – ON grid
power for the mine fleet, and
hydropower for the process plant.
There would only be one power
supply, so suggest just eliminating the
final scenario – or redoing it with
hydropower for both. The processing
plant power contribution is 0.11 for the
grid power and 0.07 for the
hypothetical hydropower.

fleet and
processing plant
sourcing
electricity from
hydropower.

JSS 5 53-58 8. Comparison
of scenarios

GE There is a recent publication (Engels et
al., 2022) of a cradle-to-gate LCA of an
anode-grade material from natural
graphite with a scope similar to the
Northern Graphite's benchmarking
case (China) and a considerably lower
GWP (9.616 kg CO2 eq/ kg anode
graphite) based on industrial data.

It may be worth
considering this
information for
comparative analysis
(benchmarking or
discussion).

It has been
included within
the
recommendation
s to compare
Northern
Graphite’s
graphite
concentrate and
hypothetical
CSPG against
additional data
points.

JSS 6 72 Fourth
paragraph

ED The last sentence seems incomplete. Edit the text. Text edited.

LT 7 24 Figure B ED Typo in figure Change “calined” to
“calcined”

Corrected.
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