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Abstract

The carbon anode, which is an important raw material in the production of aluminium, is
conventionally produced by mixing granular calcined petroleum coke (CPC) and coal-tar pitch
(CTP), which acts as a binder. The mixture is compacted and then baked to produce carbon anodes.
With the continued rise in the global demand for aluminium, the demand for carbon anode is
expected to increase significantly. The aluminium industry is exploring methods to lower its carbon
footprint on the path to achieving net zero greenhouse gas emissions by 2050. One potential
approach involves using biomass-based binders instead of CTP-based binders. While this
technology is in its early stages and not yet in industrial production, it still generates emissions
despite using biomass as a raw material. The current study, which supports the ongoing global
efforts to mitigate industrial processes' environmental impact, delves into the comprehensive life
cycle assessment (LCA) of CTP-based carbon anode production. By utilizing the LCA
methodologies, the results of this study will serve as a baseline for comparison with the potential
impacts of bio-pitch-based anodes. A baseline process tree, which represents a cradle-to-gate life
cycle inventory process system, has been built to produce 1 t of CTP-based anode and assess its
environmental impacts in Quebec. The study utilized the ReCiPe midpoint (H) environmental
impact method for the assessment. The results from the study show that CTP and CPC have the
major environmental impacts in all environmental impact categories. CTP and CPC accounted for
about 69.5 % of the climate change emissions, and 82.7 % of the emissions from human toxicity.
The two sensitivity analyses proved that an increase in the total mass of CTP within the accepted
range of the mixing ratio from the industry causes a consistent increase in the total emissions in
each environmental impact category.
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1. Introduction

In Canada, and particularly in the province of Quebec, aluminium production is among the major
industries. Globally, Canada is the fifth-largest aluminium producer and the second-largest
aluminium exporter, with aluminium constituting 2 % of Canadian exports. Countrywide, nine
smelters (eight in Quebec and one in British Columbia) are operated by three major aluminium
producers (Rio Tinto, Alcoa, and Alouette). The total annual production was 3.1 Mt in 2021, 90 %
of which was produced in Quebec [1]. Based on assessments by the International Energy Agency
(IEA), it was predicted that by the end of 2050, the demand for aluminium in various industrial
applications will increase between 2.6 and 3.5 times [2]. The emissions from aluminium production
have made the aluminium industry currently responsible for 2 % of global greenhouse gas (GHG)
emissions, i.e., about 1.1 Gt CO; equiv. annually [3]. According to the International Energy Agency
report, several countries have pledged to maximize their efforts to fight against atmospheric
emissions. The main target is to reach net zero GHG emissions by 2050 and provide an equitable
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means for the world to limit the global temperature rise to 1.5 °C [4]. To achieve this target, all
industries have been edged to play their part in the effort to achieve net zero GHG emissions by
2050 [5].

The aluminium industry is exploring methods to lower its carbon footprint toward achieving net
zero greenhouse gas emissions by 2050 [6]. Some researchers are studying how carbon capture [7]
and inert anodes [8] can be incorporated into aluminium production to help achieve this aim.
Another potential approach involves using biomass-based binders instead of coal-tar pitch-based
binders for anode production. This technology, being investigated by some researchers [9-13], is in
its initial stages and not yet in industrial production. Before this technology can be accepted and
used in industrial production, the potential environmental benefits, including CO, and PAH
emissions reduction, as well as the environmental impacts of using this new technology should be
studied in comparison with the existing technology. This can be achieved using life cycle
assessment (LCA) to analyze the impacts of raw materials acquisition and processes utilized in the
production of carbon anode.

The pre-baked anodes used in aluminium production are produced from a recipe of calcined
petroleum coke, anode butts, and coal-tar pitch [14], which serves as a binder. The calcined
petroleum coke and the CTP are fossil-based materials, and their consumption emits about
1.5t CO, eq./t Al produced [15, 16]. The calcination of petroleum coke and the distillation of coal
tar to produce the coal-tar pitch also release CO,. CTP transportation, storage at the site, and anode
paste processing release polycyclic aromatic hydrocarbons (PAHs), although most are captured on-
site in the paste plant [17]. Again, during the baking of the carbon anodes, which is part of the
production process, the coal-tar pitch releases PAHs, but most of these PAHs are combusted in the
furnace and other subsequent scrubbing processes also remove some of the released PAHs [18, 19].
These PAH substances are assumed to be carcinogenic to humans and potentially hazardous to the
environment [20-22].

The current study delves into the comprehensive LCA of CTP-based carbon anode production. The
LCA approach has been used by several researchers to assess the emissions and impacts of primary
aluminium production [23-26] and one study has reported the CO, emitted by the Alouette smelter
in Quebec, including data on the production of CPC and CTP and on the manufacture of
anodes [27]. The International Aluminium Institute (IAI), as part of their inventory data for the
production of aluminium, reported the CO, emissions and 5 other impact categories for the anode
production process in Canadian smelters [28]. However, none of the studies described above have
included the human toxicity impact category in their LCA. In the case of bio-binders, it is important
to quantify those impacts since the reduction of PAH emissions is one potential incentive to use
those materials. The current study therefore focuses on CO, emissions and human health impacts
from the production of CTP-based carbon anodes in Quebec. As part of the study, a baseline process
tree has been built to produce 1 t of CTP-based anode. The baseline represents a cradle-to-gate life
cycle inventory process system, that covers the entire life cycle, from the extraction of raw materials
to the production of the pre-baked anode. Input and output data were supplemented with
background data from the Ecoinvent version 3.10 database. The impact factors were quantified with
ReCiPe midpoint (H) method. This will guide future studies to determine the potential benefits of
using bio-pitch for anode production.

2. Life Cycle Analysis (LCA)

Life cycle assessment (LCA) is a systematic method for evaluating the impacts associated with a
product or process life, from its early stages to its end-of-life stage. It can assess all input material
and energy inputs of a process as well as the waste released to the environment [19]. It is concerned
with the environmental impacts of a series of industrial operations or a system. LCA has a wide
range of uses, including marketing, developing new products and processes, developing policies,
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and strategic planning. It can be applied as a learning and decision-making tool [29]. The software
used to execute and evaluate the LCAs conducted in this study was openLCA (GreenDelta, 2023)
which utilized the Ecoinvent version 3.10 database for product system evaluation and
environmental assessment.

A full LCA study, as summarized in Figure 1, involves four stages. The first stage involves the
definition of the goal and scope of the study. Data must then be gathered to support the goal and
scope, which forms the life cycle inventory stage. The environmental impact assessment, and
interpretation (including recommendations) respectively are the next stages [29]. The goal
definition includes the reasons for conducting the study as well as its intended application. How
the LCA is carried out is specified in the scope definition. This stage involves defining a functional
unit and describing the study's boundaries as well as the process system tree. The process system
tree is a set of elementary processes comprising product flows, fulfilling one or more defined
functions, which serve as a model for the product's life cycle. In LCA, the activity or product under
study must specify a function. This defines its functional unit. The functional unit defines both the
quantitative and qualitative properties of the product’s function [29, 30].

Applications
LCA FRAMEWORK 1.Product
Goal and scope fievelopment and
definition == improvement .
2.Strategic
Inventory — .
analysis = Interpretation 3.Public  policy
making
Tmpact 4 Marketing
===
assessment 5 Other. ..

Figure 1. LCA phases according to ISO 14040:2006.

The results of the life cycle (LCI) inventory analysis gather the environmental inputs, like natural
resources, and the outputs from each activity in the life cycle of the product, quantified per
functional unit. LCI involves gathering and analyzing input and output data from product systems.
The first step in this phase involves locating pertinent processes inside the product system and
obtaining information to calculate the inputs and outputs for each process according to the
functional unit [29, 31]. Within a product system, every process is interconnected. The objective of
the life cycle impact assessment (LCIA) is to comprehend and calculate the system under study's
possible environmental consequences, as well as their significance and magnitude.

The LCI results must be translated into their possible contributions to environmental consequences
to fully understand their environmental significance. The results of an inventory are translated by
LCIA into potential contributions to specific impact categories known as the midpoint indicators.
[29, 31]. It focuses on single environmental problems such as climate change or human toxicity.
The midpoint indicators can be further modeled into endpoint indicators. The endpoint shows the
environmental impact on three higher levels, which LCIA calls "areas of protection (AoP)." The
natural environment, natural resources, and human health are the domains under the AoP that
represent what society aims to conserve through LCA. Upon evaluating the outcomes of earlier
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phases in relation to the goals and constraints, recommendations and conclusions are made during
the interpretation phase [29].

2.1 Goal and Scope

The main objective of this current study is to evaluate the environmental impact derived from the
prebaked anode production process and to identify key materials and key processes in the
production process. In this study, a 1 t prebaked anode production was selected as the functional
unit to quantify the production process's energy, material input, and environmental impact. The
study is based on the production of CTP-anode in Quebec, using data from literature. To produce
1 t of aluminium, about 423 kg of anode is consumed as reported by the International Aluminium
Institute (IAI). Since the study did not consider the consumption of the carbon anode in the
electrolysis process to produce aluminium and because the final product needed for this study is
the anode, the functional unit is defined in terms of producing 1 t of the anode.

Anode production consists of raw materials crushing, grinding, sieving, mixing, forming, and
baking steps (Figure 2). The recipe typically contains about 60—67 % calcined petroleum coke, 20—
25 % butts, and 13—15 % coal-tar pitch [14, 15, 18, 32]. For the initial assessment, we used 66.6 %,
20 %, and 13.4 % for calcined petroleum coke, pitch, and anode butts, respectively. These values
are within the accepted recipe for anode production used by anode production smelters.

.
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Figure 2. Schematic representation of carbon anode production.

To assess the impacts, a system process tree (SPT) is built for the entire anode production process.
The SPT describes the set of elementary processes comprising product flows, fulfilling one or more
defined functions, which serve as a model for the product's life cycle. The flows in Figure 3 describe
a series of interconnected processes in producing various products related to the anode. Each box
represents a product of some unit processes (e.g. baked anode is a product of the baking process).
Product quantities are calculated per functional unit (a measure that quantifies the system's function,
e.g., 1 t of carbon anode). Each line represents a product flow. Each unit product is an input to
another product flow. The boxes represent the products to be used by other unit processes. For
example, box numbered 1, which is baked anode, is a product from the baking process. The unit
processes under this include the production of green anode, natural gas, electricity, and packing
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coke. From the figure, two boxes are labeled 9a and 9b. These boxes are products of the same
process, i.e., coke calcination, which is used both in anode recipe and as packing coke for anode
baking.

11. Electricity
D 18.Coal tar
S 12. Coal-tar pitch
i 19. Natural gas
2. Green anode 7. Electricity
16b. Green
3. Electricity 8. Hot green anode e 9b. Calcined petrolcum coke
13.Cru Petroleum coke
calcined petroleum 17b. Natural gas
coke
20. Electricity
2 14. Natural gas
_E 21.Cleaned anode
-] 15. Crushed anode butts
& butt
— 22. Electricity
. 16a. Green
9a. Calcined petroleum coke
) petroleum coke
4. Packing coke 17a Natural gas
10 Electricity
5. Natural gas
Figure 3. System process tree for pre-baked anode production.
2.2 Life Cycle Inventory (LCI)

In this study, the energy consumption of pre-baked carbon anode production and the data related to
the input of raw materials and exhaust emissions were retrieved from the literature. Table 1 below
shows the LCI of the pre-baked anode production process. Details on the calculations for each value
are given in the Appendix along with the source we used for such calculations. For instance,
according to the first raw of the table, to produce 1 t of prebaked anode, the required inputs are
1.072 t green anode, 17 kg packing coke, 63.4 kWh electrical energy, and 63.1 m® of natural gas
for baking. The same approach was used for all inputs along with the System Process tree.

Table 1. Life Cycle Inventory to produce 1 t of pre-baked carbon anode.
Process Input Quantity Output Quantity
Baking 2. Green anode 1.072 t
3. Packing coke 15 kg [33] 1. Baked anode 1t
4. Electricity 63.4 kWh [34]
5. Natural gas 63.1 m? [35]
Packing coke 9a. Calcined petroleum
production coke 15 kg [33] 4. Packing coke 15 kg
10. Electricity 0.156 kWh [34]
Hot green anode | 6. Water 0.17 m? [36]
cooling 7. Electricity 0.13 kWh [37] | 2. Green anode 1.072t
8. Hot green anode 1.072 t
Mixing and 11. Electricity 27.45 kWh [34]
forming 12. Coal-tar pitch 144 kg [38, 39]
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13. Crushed calcined 8. Hot green anode | 1.072 t
petroleum coke 713.8 kg
14. Natural gas 0.2 m?
15. Crushed anode butts | 214.2 kg
Coal-tar  pitch | 18. Coal-tar 144 kg [38, 39] | 12. Coal-tar pitch
production 19. Natural gas 1.705 m® [38] 144 kg
Crushing of | 9b. Calcined Petroleum
calcined coke 713.8 kg 13. Crushed
petroleum coke | 20. Electricity 7.449 kWh [34] | calcined petroleum | 713.8 kg
coke
Crushing of | 21. Cleaned anode butts | 214.2 kg 15. Crushed anode
anode butts 22. Electricity 2.232 kWh [34] | butts 214.2 kg
Calcination 16(a, b). Green
petroleum coke 1.0332°t 9(a, b). Calcined 728.8 kg

17(a, b). Natural gas 7.207 m* [40] petroleum coke

Petroleum coke, which is a product obtained from the petroleum refining process, is produced
through delayed coking of heavy residues of crude oil. In this process, the viscous liquid residue is
heated to a temperature between 415 °C and 550 °C at a pressure ranging from 1 bar to 6 bar to
convert it to solid coke particles [40]. The outcome of the delayed coking process is called green
petroleum coke. The green petroleum coke is then subjected to an additional calcination process at
a temperature ranging between 1 250 °C and 1 350 °C, performed in rotary kiln calciners [41]. The
emissions from green petroleum coke are obtained from the Ecoinvent 3.10 database, and the
calcination process is modeled in the present study.

Coal-tar pitch (CTP) is obtained by the distillation of coal tar, a by-product of the production of
metallurgical coke. The distillation yield of CTP was calculated using mass allocation, considering
other products from the process. The environmental impacts encountered with coal-tar are obtained
from the database. Only CO- emission from the distillation of coal-tar into coal-tar pitch is modeled
in the present study, due to insufficient information on other types of emissions from the production
of coal-tar pitch.

During anode baking, the pitch decomposes, releasing its volatiles, which burn and emit CO,.
Anode butts are the unconsumed part of the anode in the electrolysis cell. At the end of the anode
life, typically 25-28 days in modern cells, it is removed from the cell and cleaned from cover
materials, usually bath and alumina which are used to protect the anode from oxidation. Other green
and baked scraps from the plant are added to cleaned anode butts to be crushed and put back in the
anode recipe.

The electric power used in this study is a production mix in Quebec, where about 90 % is
hydroelectricity [42]. The calcined petroleum coke and coal-tar pitch are transported to the plant
from the USA and Canada (Ontario) respectively. The emissions from the transportation of these
materials are accounted for in this study. The transportation quantities are calculated per the amount
of material and the distance covered. The coal-tar pitch and CPC are transported by sea and natural
gas by pipeline. Table 2 gives a summary of the transportation quantity for the materials.
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In this study, the background data of petroleum coke, coal-tar, and water were LCI data in the
Ecoinvent 3.10 database. The LCI data for the market of natural gas was provided for the market
of North America and the electricity production mix from Quebec was also provided by the
Ecoinvent database. Emissions from the combustion of natural gas used in the calcination of coke,
coal-tar distillation, mixing and forming, and baking of the anode have been summarized in Table 3.
The CO; quantity is calculated per the quantity of natural gas used in each process. Details on the
calculations for the other emissions are given in Appendix.

Table 2. Transportation inventory.

Raw material Quantity transported | Approximated Transport
distance inventory
CTP (Canada) 144 kg 800 km 115.2 tkm
CPC (USA) 728.8 kg 3000 km 2186.4 t.km
Natural gas (Canada) 72.38 m? 700 km 50.67 tkm

Table 3. Emissions inventory.
Process Emission

. CO»: 392.2 kg/t of baked anode

. PAHs: 0.5 g/t of bake anode [28]

. SO,: 0.8 kg/t of baked anode [28]

. Gaseous fluoride: 0.01 kg/t of anode [28]

. Nitrous oxide: 0.1 kg/t of baked anode [28]

. Particulate Fluoride: 0.0004 g/t of baked anode [28]

Baking process

AN AW~

Green coke calcination process 1. VOCs: 7.158 g/t of anode
. CO»: 476 kg/t of baked anode

Coal-tar distillation 1. COz: 3.08 kg/t of anode

\S]

Mixing and forming 1.COz3: 0.36 kg/t of anode

2. PAHs: 3.4 g/t of anode [28]

3. SO:: 0.9 kg/t of hot green anode [28]

4. Particulate: 0.1 kg/t of baked anode [28]

2.3 Environmental Impacts Assessments (LCIA)

To accurately reflect the environmental impact of the life cycle of the pre-baked carbon anode, the
ReCiPe 2016 v1.03, midpoint (H) is used. This method has been widely used in the field of LCA
analysis, compared to other methods [43]. The ReCiPe is therefore a reliable method of
intermediate point impact assessment [44]. The environmental impact categories considered in the
ReCiPe method are Climate change, human toxicity, ozone depletion, particulate matter formation,
acidification, eutrophication, water use, energy resources, land use, and ecotoxicity. The focus of
the present study is climate change and human toxicity. The following summarizes the reasons for
choosing the ReCiPe Midpoint (H) method [43, 45].

e Focus on relevant impact categories: For the specific focus of this study, that is climate
change and human toxicity, the ReCiPe method provides detailed and reliable indicators.
Climate change impacts are quantified in terms of greenhouse gas emissions (measured in
CO; equivalents), while human toxicity is assessed by evaluating the potential harm caused
by toxic substances to human health (measured in 1,4-DCB equivalents). 1,4-DCB is an
abbreviation of 1,4-Dichlorobenzene, an organic compound with a benzene ring and two
chlorine atoms. Its persistence in the environment poses a risk to wildlife and the
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ecosystem. Its accumulation in living organisms through inhaling, ingestion, or absorption
affects the health of living organisms [46].

e The midpoint approach focuses on specific impact categories, providing detailed insights
into each category. This is particularly useful for pinpointing areas of significant
environmental impact within the aluminium production process.

2.4 Life Cycle Assessment Interpretation

The interpretation in LCA is the result of inventory analysis and impact assessment to draw
conclusions and recommendations corresponding to the goal and scope. Sensitivity analysis was
conducted to evaluate the impact of different parameters and assumptions on the life cycle
environmental impact assessment of pre-baked carbon anode production. In this research, the
sensitivity analysis was carried out according to the principle of input parameter variation for the
anode production. Analysis was carried out on the percentage variation of the calcined petroleum
coke, pitch, and the anode butts. The sensitivity analysis is done to check the consistency of the
results. The mass of the pitch content was increased by 5 %, from 144 kg to 151.2 kg (see table
below) in the first sensitivity analysis and again increased by 10 %, from 144 kg to 158.4 kg in the
second sensitivity analysis. The mass of the green anode was adjusted to yield 1 t of baked anode
in each case, considering 50 % of the coal-tar pitch is consumed during baking. The table below
describes the variation in the parameters. These percentages are in the acceptable range for the
required recipe needed to produce the anode which is, about 60-67 % calcined petroleum coke, 20—
25 % butts, and 13-15 % pitch [12, 13, 16, 28].

Table 4. Initial and sensitivity analysis recipe parameters.

Parameter Initial quantity Sensitivity-1 quantity | Sensitivity-2 quantity
Calcined petroleum | 713.8 kg (66.6 %) 710.5 kg (66 %) 707.2 kg (65.5 %)
CC(Z)I;?-tar pitch 144 kg (13.4 %) 151.2 kg (14 %) 158.4 kg (14.7 %)
Anode butt 214.2 kg (20 %) 213.9 kg (20 %) 213.6 kg (19.8 %)
Hot green anode 1072 kg 1075.6 kg 1079.2 kg
Baked anode 1t 1t 1t

3. Results and Discussion

3.1 LCIA Results for Initial Analysis

The primary objective of this study was to provide insight into the overall environmental impact of
prebaked anode and to determine the importance of each raw material and manufacturing process
step on its overall environmental impact. The ReCiPe midpoint (H) method was employed to
analyze the environmental impact of the prebaked anode life cycle. The initial analysis results
(climate change and human toxicity; carcinogenic and non-carcinogenic impacts) are shown in
Table 5.
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Table 5. ReCiPe Midpoint LCIA results for initial analysis.

Impact category Initial Unit

Climate change 1 900 kg CO»-eq.
Human toxicity: carcinogenic 62.60 kg 1,4-DCB-eq.
Human toxicity: non-carcinogenic 1377 kg 1,4-DCB-eq.

Climate change impacts represent the emission of CO, and other greenhouse gases. The results
from the analysis show that the production of 1 t of CTP-based anode releases 1.9 t CO»-eq. This
represents all three scopes of emissions for the production of the anode. The summary of the
production processes generating emissions in the three scopes of the Greenhouse gas protocol is
shown in Table 6 [47]. Scope-3, Scope-2, and Scope-1 emissions accounted for an approximation
of 76 %, 3 %, and 21 % respectively of the total CO, emissions recorded in this study. In the human
toxicity emissions, Scope-3 emissions accounted for an average of about 99 %.

Table 6. Emission scope definitions and examples from anode production perspective.

Emission scope | Definition Examples in anode production
Scope-1 Emissions from the anode 1 Emissions from on-site physical
production at the smelter processes (e.g. Anode baking, and

mixing and forming)

2 Emissions from the combustion of
fuels to generate energy (e.g.
Electricity, steam, and natural gas)

Scope-2 Indirect emissions from the 1 Emissions from the production of
production of energy sources natural gas and electricity
provided by the database

Scope-3 Emissions from the acquisition of | 1 Emissions from the production and
raw materials calcination of CPC

2 Emissions from the production and
distillation of CTP

3 Emissions from the transportation of
materials (CTP, CPC, and natural gas)

The results show that 1.9 t CO»-eq. is generated per ton of baked anode. This means that 0.804 t
CO»-eq./t Al will be generated from the production of anode if 423 kg of the anode is consumed to
produce 1 ton of aluminium, as reported by the International Aluminium Institute. This figure is
about 13.6 % lower than the Canadian average smelter emissions reported by IAI, which is 0.931 t
CO»-eq./t Al [48]. A similar study was conducted in the Shandong province in China by Yuzhou et
al., in which the CO; emission results obtained for producing 1 t of carbon anode was 517.4 kg
COz-eq [34]. This value is about 72 % lower than the value recorded in this study for producing 1
t of anode and about 76 % lower than the Canadian average smelter emissions for producing 1 t of
aluminium. The value recorded for the China analysis is not consistent with the value in this study
as well as the Canada average value. This may be a result of differences in geographical regions,
data sources, and other gaps in the use of the database, which can cause major changes because of
its sensitiveness. The value reported in the current study only utilized data from the literature as
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well as using an LCA software different from what is used by the IAIL. Also, in the current study,
some parameters such as the refractory material used in the furnace and the steel from the
infrastructure were not considered. Since this study is a cradle-to-gate assessment, the reported CO,
emissions are accounted for up to the production of a baked anode and therefore do not include
anode consumption in the electrolysis cell.

The carcinogenic human toxicity impacts represent all the emissions from the anode production
processes that can cause cancer in humans depending on the extent of exposure. All other health-
related emissions are grouped under non-carcinogenic human toxicity emissions. These emissions
are used to weigh emissions inventoried as part of a life-cycle assessment to aggregate emissions
in terms of a reference compound. From the initial analysis, 62.6 kg 1,4-DCB-equiv. of
carcinogenic matters and 1 377 kg 1,4-DCB-equiv. are released per 1 t of anode produced.

Figure 4 shows the environmental impacts of different processes in anode production. Processes
with less than 1 % impact were grouped together as others. The graph reveals that CPC is the largest
contributor to climate change emissions, making up about 60.1 % of the total. CTP accounts for
about 9.4 %. Transportation of raw materials, including CTP and natural gas from Canada, and
CPC from the US, contributes 6.7 % of the total CO, emissions. The baking process contributes
20.6 % of the CO, emissions, mainly from burning carbon material in CTP, the baking furnace
packing coke, and natural gas. About 57 % of the CO; emissions from the baking come from
burning the pitch, 13.5 % from the packing coke, and the rest from natural gas combustion. The
3.1 % of CO; emissions from natural gas in Figure 4 are due to its production and transportation to
the smelter, excluding its combustion.

In human toxicity emissions, CTP occupies a greater part of the emissions. It accounted for 83.2 %
and 82.1 % of the carcinogenic and non-carcinogenic impacts respectively. CPC, on the other hand,
accounted for an average of 5.9 % of both carcinogenic and non-carcinogenic human toxicity
emissions. The human toxicity emissions associated with CTP production come mostly from the
Ecoinvent background data for coal-tar production, and more specifically from the emissions from
the coke oven. The non-carcinogenic emissions from CTP production are very high compared to
carcinogenic. About 90 % of non-carcinogenic emissions come from the metals, PAHs, VOCs, and
particulate matter emitted by the coke oven during metallurgical coke production to produce coal
tar as a by-product [49, 50].
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Figure 4. Environmental impact assessment of the anode production processes on climate
change and human toxicity: initial analysis.

The impact of the baking process from this study on the human toxicity effects is seen to be very
low or negligible. This is a result of the combustion process that occurs in the furnace during baking
and in the subsequent gas scrubbing operations, burning almost all the volatiles released [17]. The
baking process contributed to less than 0.1 % of the human toxicity impacts. From the analysis, the
emission contribution from the paste plant, which is reported as part of the others, accounted for an
approximation of 0.2 % of the total carcinogenic emissions and a negligible value on the non-
carcinogenic toxicity emissions. The toxicity emissions from the smelter only considered the
elementary flows that were calculated and input manually. The Ecoinvent data for the other
processes such as the coal tar production contain many more contaminants that were not taken into
account manually, which probably underestimates the calculated toxicity impacts from the smelter.
The emission contribution from the use of electricity was less than 0.05 %. This is due to the
hydroelectricity usage in Quebec. Also, most of the energy for this process takes the form of heating
and is provided with natural gas or the combustion of the anode volatiles.

3.2 LCIA Results for Sensitivity Analysis
The characterization results for the two sensitivity analyses conducted are presented in Table 7.

Table 7. ReCiPe Midpoint LCIA results for sensitivity analysis.

Impact category Sensitivity-1 | Sensitivity-2 | Unit

Climate change 1916 1932 kg COz-equiv.
Human toxicity: carcinogenic 65.02 67.60 kg 1,4-DCB-equiv.
Human toxicity: non-carcinogenic 1432 1488 kg 1,4-DCB-equiv.

From the sensitivity-1 results, a 5 % increase in the total CTP increased the total emissions from
each impact category. Climate change emissions increased approximately by 1 % from
1.9 t COz eq. to 1.916 t CO; eq. This increase is a result of an increase in the quantity of coal-tar to
be produced, given a reduced, but balanced quantity of CPC. The amount of natural gas needed for
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the distillation increased as the quantity of the gas was allocated to the quantity of coal-tar to be
distilled. Also, the quantity of CTP to be transported increased. Again, increasing the CTP increases
the carbon content in it. This will increase the CO, emission in the furnace during baking, because
of the burning of the carbon.

Carcinogenic human toxicity emissions increased from 62.6 kg 1,4-DCB-equiv. from the initial
analysis to 65.02 kg 1,4-DCB-equiv. in the sensitivity-1 analysis, about a 4 % increase. Non-
carcinogenic human toxicity emissions also increased from 1377 kg 1,4-DCB-equiv. to
1 432 kg 1,4-DCB-equiv. about a 4 % increase. The major factor is the production quantity of the
coal tar. Since most of the human health impacts come from the coke ovens, an increase in the CTP
quantity proportionally increases the coke-oven coal tar content, hence an increase in the toxicity
impacts in the sensitivity analysis. In the sensitivity-2 analysis, the climate change emission
increased to 1.932 t CO,-equiv., representing about a 2 % increase from the initial value. In the
toxicity impacts, there was an increase from 62.6 kg 1,4-DCB-equiv. to 67.6 kg 1,4-DCB-equiv.
for the carcinogenic emissions, representing an 8 % increase, and 1 377 kg 1,4-DCB-equiv. to
1488 kg 1,4-DCB-equiv. for the non-carcinogenic emissions, also representing an 8 % increase.
Compared to the initial analysis results, the two-sensitivity analysis tested the robustness of the
results obtained as they were consistently in line.

To ensure that the data was relevant to the case study, a concentration was made on the specific
procedures involved in carbon anode manufacture in Quebec. While the Ecoinvent database is
comprehensive, some data related to the Quebec setting were missing. For example, the production
of natural gas. Where discrepancies were discovered, alternative data from similar processes or
places were employed. Again, Ecoinvent does not include data on some of the inputs and emissions
from the processes that were modeled. Data on coal tar distillation, coke calcination, and baking of
the anode for example were missing from Ecoinvent. Data from the literature were used in such
situations. In future studies, improvement can be made to the data by considering primary data from
the aluminium or carbon producers.

4. Conclusion

This work studied the environmental impacts associated with the production of 1 t of prebaked
CTP-based carbon anode in a typical smelter in Quebec with a focus on the total climate change
and human toxicity emissions. As a supportive measure on the path to achieving net zero GHG
emissions by 2050, this study set a baseline for future comparison with prebaked carbon anode
produced using a bio-based product as a binder. The study employed a cradle-to-gate life cycle
analysis for the assessment, using the ReCiPe midpoint (H) method from the Ecoinvent database.
In the analysis, two sensitivity analyses with variations in the input parameters were performed to
support the interpretation of the initial results. The reported emissions are accounted for up to the
production of a baked anode and therefore do not include anode consumption in the electrolysis
cell. The main results are listed below.

e The total GHG emissions from anode production is 1.9 t CO,-eq./t of anode. CTP, CPC,
and baking of the anode respectively accounted for 9.4 %, 60.1 %, and 20.6 % of these
emissions.

e About 57 % of the total anode baking process GHG emissions come from the combustion
of the volatiles in CTP, 13.5 % from the burning of the packing coke used in the furnace,
and 29.5 % from the combustion of natural gas.

e The carcinogenic and non-carcinogenic human toxicity impacts are 62.6 kg 1,4-DCB-
equiv. and 1377 kg 1,4-DCB-equiv. respectively. CTP production accounted for an
average of 82.7 % and CPC accounted for an average of 5.9 % in both impacts. The
impacts from PAH emissions at the smelter are very small, hence considered negligible.
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e Transportation of raw materials accounted for 6.7 % of the climate change emissions and
an average of 10.8 % of the human toxicity emissions.

e An increase of 5 % and 10 % in CTP content led to climate change impact emissions
increased by 1 %, and 2 % respectively. The carcinogenic and non-carcinogenic human
toxicity impact emissions increased by 4 %, and 8 % respectively from the initial results.

e Emission from the use and production of electricity was less than 0.1 % in all the impact
categories, due to the use of hydro power.

It is shown that CTP and CPC production accounts for most of the total impacts from each category.
The two results from the sensitivity analyses were consistently in line with the results from the
initial analysis and proved that an increase in the quantity of CTP for the anode recipe increases the
total emissions from each impact category. The data collected in this study and specifically the
impact of CTP sets a baseline for future work to evaluate the potential benefits of substituting a
part or the totality of CTP for a bio-based binder.
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6. Appendix

The appendix is written to further explain the build process tree (Figure 3 in the article) and the
values of the LClIs (Table 1 in the article) utilized in this study.

1- Life Cycle Process Tree

A. The baked anode is the product from the baking process which occurs in the baking furnace. To
bake 1.072 t of green anode, 15 kg of packing coke [33] is needed in the furnace to provide the
physical integrity of the anodes and protect the anode. 63.1 m® of natural gas is needed for the
furnace to complete the task of baking 1 t of anode [35]. Other machines such as cranes, trucks,
and the rest that are utilized for the baking process require about 63.4 kWh of electricity per tonne
of baked anode [34]. In the baking process, the coal-tar pitch in the green anode carbonizes into
carbon, releasing volatiles, most of which are burnt in the furnace [18]. This led to the loss in weight
from 1.072 t of green anode to 1 t of baked anode. The 1.072 t of the green anode is obtained from
the mixing recipe 713.8 kg of CPC, 214.2 kg of anode butts, and 144 kg of CTP utilized in this
study.
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Product Green anode baking
2. Green anode
(1.072 1)
3. Electricity
1. Baked anode (63.4 kW.h)
(1)
4. Packing coke
(7.5 kg)
5. Natural gas
(63.1 m?)

Figure Al. Anode baking input and output parameters.

B. The packing coke is produced from the crushing of calcined petroleum coke. To produce 15 kg
of packing coke, 15 kg of calcined petroleum coke is needed, and it requires 0.156 kWh [34] of
electricity for crushing. The quantity of the electricity needed is based on the mass of the CPC.
During the crushing, the dust emitted is considered negligible hence there is no loss in weight.

Product Calcination process

9a. Calcined petroleum
coke

production L5 kg
(15 kg) 10. Electricity
(0.156 kWh)

Figure A2. Packing coke production input and out parameters.

4. Packing coke

C. An anode produced from the mixing and forming process is cooled to produce a green anode, a
product labeled 2 in the process tree. There will be no loss in weight from the anode paste formed
to the green anode. Anode paste cooling can be done in several ways but in this study, the cooling
is done by water. The process requires 0.13 kWh [37] of electricity to pump 0.17 m? [36] of water.
0.17 m? is the allocated quantity of water required for cooling 1 t of hot green anode after mixing
and forming. The 0.13 kWh is the average allocated amount of electricity needed to supply the
0.17 m*/h of cooling water. Water and electricity usage LClIs were provided by the database, hence,
all emissions are calculated.
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Anode paste

Product :
cooling

2. Green anode
1.07t
(1.079 7. Electricity
(0.13 kWh)

8. Anode
paste (1.07 t)

Figure A3. Hot green anode paste cooling input and out parameters.

D. From the process tree, the anode paste is a product from the mixing and forming of the raw
materials. The crushed calcined petroleum coke and the anode butts are preheated and mixed with
the coal-tar pitch at a temperature slightly above its softening point. Preheating makes use of natural
gas energy. The mixture is then compacted to form green anode paste using the vibro-compaction
process, which makes use of electricity. The LClIs of natural gas and electricity are provided by the
database. The dust produced is recycled and, hence, considered negligible. At the end, 1.072 t of
green anode paste is produced. The entire process requires the use of 27.45 kWh [34] of electricity
and 0.2 m® of natural gas. The natural gas value allocated for this process is only used to maintain
the temperature of the raw materials before mixing and forming, hence does not require much
energy. These are allocated values for forming 1 t of green anode.

Product Mixing and forming
11. Electricity
(27.45 kWh)
12. Coal-tar pitch
(144 kg)

8. Hot green 13. Crushed calcined
anode (1.072 t) petroleum coke

713.8 kg

14. Natural gas
(0.2 m?)
15. Crushed anode
butts (214.2 kg)

Figure AS. Anode recipe mixing and forming process input and out parameters.

E. The product labeled 12 in the process tree is coal-tar pitch, one of the most important raw
materials needed for anode production. The product is obtained from the distillation of coal tar.
Coal tar is a by-product of the coal coking process during metallurgical coke production. In the
production of the coal-tar pitch, natural gas is used to provide the energy needed for the distillation.
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For this study, the needed amount of pitch is 144 kg. To get 144 kg of pitch, 288 kg of coal tar must
be distilled since the pitch yield is about 50 % [38, 39]. By the application of mass allocation, the
quantity of distilled coal tar allocated to produce 144 kg of pitch needed for this study is 144 kg of
coal tar. 1.705 m?® of natural gas is needed to distill 144 kg of coal tar [38]. The quantity of the
natural gas is allocated to the corresponding quantity of coal tar to be distilled. The LCIs of the coal
tar and the natural gas are provided by the database.

Product Coal-tar distillation

18. Coal tar
< (144 kg)

19. Natural gas

12. Coal-tar
pitch (144 kg)

(1.705 m3)

Figure A6. Coal-tar pitch production process input and out parameters.

F. Figure A7 below represents the calcined petroleum coke crushing process. The calcined
petroleum produced from the calcination process is subjected to crushing. The product formed is a
crushed calcined petroleum coke, the product in box number 13. The needed amount of crushed
calcined petroleum coke for this study is 713.8 kg hence 713.8 kg of calcined petroleum coke is
crushed, neglecting losses during crushing. Based on the electricity consumption per crushed kg of
calcined petroleum coke, 7.449 kWh of electricity is used [34].

Product CPC crushing process

9b. Calcined petroleum
13. Crushed calcined coke (713.8 kg)
petroleum coke

(713.8 kg)

20. Electricity
(7.449 KW.h)
Figure A7. Crushed calcined petroleum coke production process input and out parameters.

G. Figure A8 below represents the butt-crushing process. The anode butt obtained from the
unconsumed anode in the electrolysis process is cleaned and subjected to crushing. The product
formed is a crushed anode butt, the product in box number 15. The needed amount of crushed anode
butt for this study is 214.2 kg, a value calculated based on the mixing recipe quantities from the
industry. Losses are neglected hence 214.2 kg of anode butt is crushed. 2.232 kWh of electricity is
utilized for the crushing [34]. The 2.232 kWh of electricity is an allocated value based on the energy
consumption per kg of crushed anode butts.

Product Butt crushing process

21. cleaned anode butt

15. Crushed anode (214.2 kg)
e A ) 22. Electricity
2.232kW.h

Figure A8. Crushed anode butt production process input and out parameters.

H. The total amount of calcined petroleum coke needed to produce 1 t of the anode is 728.8 kg,
15 kg of which is used as packing coke in the furnace. The remaining 713.8 kg is needed to produce
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the anode. To produce 728.8 kg of calcined petroleum coke, 1.0332 t of green petroleum coke is
calcined [40]. The change in mass is based on mass loss by volatilization during the calcination
process in the rotary kiln. The process requires an allocated quantity of 7.207 m® natural gas per
mass of green coke calcined [40]. These values are allocated based on the quantity of calcined
petroleum coke needed in this study. The quantities of the emissions have been calculated and
added to this study. The calculations were done considering published information on the
emissions. The life cycle inventories for petroleum coke, and natural gas were provided by the
database used. The study considered the transportation emissions of the calcined petroleum coke to
the aluminium production site in Quebec since the calcined petroleum coke is not produced in
Quebec.

Product Calcination process
16 (a, b).

Green petroleum coke

17 (a, b). Natural gas
(7.207 m%)

Figure A9. Green petroleum coke calcination process input and out parameters.

9 (a, b).

Calcined petroleum coke
(728.8 kg)

2- Initial Analysis Elementary Flow Calculations
2.1- Baking Process Elementary Flow
2.1.1- CO; Emission from Natural Gas Combustion

The CO; released was stoichiometrically calculated per the quantity of natural gas used for the
baking. The combustion of the natural gas equation is given below.

CHa(g) + 202(g) = COx(g) + 2H20(vap) (Al)
The molecular weights of the reactants and products are 16 kg (CH4), 64 kg (20,), and 44 kg

(CO»). Burning 1 kg of natural gas produces 2.75 kg of CO». The density of natural gas at STP is
0.657 kg/m* [51]. Burning 1 m? h natural gas produces 1.807 kg of CO..

ECO,=1.807 x Qty (A2)
Where:
ECO; CO; emitted, kg
Oty natural gas quantity for the baking process, m*

The quantity of natural gas used is 63.1 m>. Therefore, the quantity of CO, emitted is:
ECO;=114.02 kg CO,/t baked anode.

2.1.2- CO; emission from pitch volatile matter oxidation from pitch volatile combustion
During baking, 50 % of the CTP is burnt in the form of volatile matter. About 93 % of the
volatiles in the CTP contain carbon [38], which also burns during the combustion of the volatiles.

The equation below is used to calculate the CO, emitted during this process [33].

ECO;= (G4 — (Hw x G4/100) — B4 — Wy) x 44/12 (A3)
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Where:

ECO; CO;emitted, t

G4 Green anode loaded, t

Hy Hydrogen content in green anode, wt.%

B Baked anode produced, t

Wr Waste tar collected

44/12 CO; Molecular Mass: Carbon Atomic Ratio, dimensionless

G,4=1.072t, Hv=10.5%[33], B4=1t, Wr=0.005 x G4[33] =0,00536 t
ECO;=0.225 t COy/t of baked anode.

2.1.3- CO; Emission from Packing Coke Used in Furnace

In this study, the quantity of packing coke utilized is 15 kg per ton of anode. The equation given
below is used to calculate the emissions from the packing material [33].

ECO;= Pcc x B4 x (100 — Spc — Asipe)/100 x 44/12 (A4)
Where:
ECO; CO;emitted, t
PCC  Packing coke consumed, tonnes per tonne of baked anode
By Baked anode produced, t
Spc Sulphur content in packing coke, wt.%
Aspe  Ash content in packing coke, wt.%
44/12 CO; Molecular Mass: Carbon Atomic Ration, dimensionless

The values of the variables are [31]: Spc = 2 %, Aspe = 2.5 %. Pcc and B, are values used in this,
which are 0.015 t and 1 t respectively.
ECO;=0.053 t/t of baked anode

The total calculated CO, emitted during the baking process is the sum of all the values from the
calculations, which is 392.2 kg CO»/t of baked anode.

All other elementary flows recorded in the text for the baking process were taken from the TAI
anode and paste emission contributions, which are included in their aluminium production
inventory report [28].

2.2- Green Coke Calcination Elementary Flow
2.2.1- CO; Emission from Green Petroleum Coke Calcination
The CO; released during the calcination is calculated using the equation below [33].

ECO; = [(GC x (100 - H:O4e - Vee - Sge)/ 100 — (CC + UCC + DE) x (100-Scc)/100 + GC x 0.035]
x 44/12 (A5)

Where:

ECO, CO; emissions in kg per ton of baked anode
GC  Amount of green coke fed, t

H;0, Humidity in green coke, wt.%

Ve Volatiles in green coke, wt.%

See Sulphur content in green coke, wt.%

ccC Calcined coke produced, t
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UCC Under-calcinated coke collected
DE Coke dust emissions
See Sulphur content in calcined coke, wt.%

Coke dust emissions (DE) and under-calcined coke collected (UCC) were neglected in the
calculation of the CO, emission. All other parameters were taken from the experimental table below
excluding GC and CC, which are parameters used in this study.

Table A1. Composition comparison between green petroleum coke and CPC.
Composition Green coke Calcined coke

Volatile matter, % 10 [33] —
Moisture, % 10 [33] -
Sulfur, % 1.29-3.42 [52] 2.5 [33]

Putting in all the parameters, the quantity of CO- emitted is;
ECO;=0.468 t CO/t baked anode

2.2.2- CO; Emission from the Combustion of Natural Gas.

Calculated from equation 2 with the quantity of natural gas needed for the coal tar distillation
process. The quantity of natural gas for distillation is 7.207 m>.

ECO;=10.013 t COy/t baked anode.

The total calculated CO, emitted during the coke calcination process is the sum of all the calculated
values, which is 0.476 t CO»/t of baked anode.

2.2.3- Volatile Organic Compounds Emission.

Evoc = EFvoc x Qty (A6)
Where:
Evoc VOC emissions during coke calcining, kg
EFyoc Emission factor for VOCs released during coke calcination, kg
Oty Quantity of green coke calcined, t
The emission factor for volatile organic compounds released during calcination is 0.007 kg/t of
green coke [53]. The quantity of green coke calcined for this study is 1.03382 t. Therefore, the
quantity of VOC is:
Evoc=10.007237 kg/t baked anode
2.3- Coal Tar Distillation Elementary Flow
2.3.1- CO; Emission

Calculated from equation (A2) with the quantity of natural gas needed for the coal tar distillation
process. The quantity of natural gas for distillation is 1.705 m?.

ECO; =3.08 kg/t baked anode.

2.4- Mixing and Forming Elementary Flow
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2.4.1- CO; Emission

Calculated from equation (A2) with the quantity of natural gas needed for the mixing and forming
process. The estimated quantity of natural gas used in this process in this study is 0.2 m>.
ECO,=0.36 kg CO2/t baked anode.

Other emissions which include PAH, SO», and Particulate matter are taken from the IAI anode and
paste emission contributions, which are included in their aluminium production inventory
report [28].

3.0- Sensitivity Analysis Elementary Flow Calculations

All elementary flow related to the two sensitivity analyses are calculated using the same approach
for the initial analysis calculation above with the specified quantities used in this study.
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