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The following is the original problem description, which has been altered during the
course of this study due to increased knowledge and understanding.



Abstract

Aluminium is an important metal for the transition to net zero emission, widely used
in renewable power generation construction and as a construction material for build-
ings. The conventional production method emits 1.5 kg CO2 per kg aluminium due to
the consumption of the carbon anode. In this master’s thesis, an alternative approach
is investigated, by substituting the prebaked carbon anode with a hydrogen diffusion
anode. The proposed production route could reduce the GHG emission from the elec-
trolysis significantly, and a Life Cycle Assessment (LCA) is developed to compare the
environmental performance of the conventional carbon anode route and the alternative
hydrogen diffusion anode production route.

To identify hotspots of the production routes, four sensitivity analyses were carried out,
investigating the robustness to change in electricity source, fuel source and production
methods for hydrogen fluoride and hydrogen.

The results show that the direct effect of changing to hydrogen diffusion anode is a
significant reduction in GHG emissions and a moderate reduction in the remaining
categories. When including the hydrogen fluoride waste emission as a by-product, the
impacts experienced a significant reduction in almost every category. The energy source
for the many heat and electricity-demanding processes highly affects the environmental
performance of the production routes.

Hydrogen diffusion anode reduces environmental impacts, while recycling of hydrogen
fluoride results in a further reduction.
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Sammendrag

Aluminium er et viktig metall for overgangen til netto nullutslipp, mye brukt i fornybar
kraftproduksjonskonstruksjon og som konstruksjonsmateriale for bygninger. Den kon-
vensjonelle produksjonsmetoden slipper ut 1.5 kg CO2 per kg aluminium på grunn
av forbruket av karbon ved anoden. I denne masteroppgaven undersøkes en alternativ
tilnærming, ved å erstatte karbonet med en hydrogendiffusjonsanode. Den foreslåtte
produksjonsruten kan redusere klimagassutslippene fra elektrolysen betydelig, og en
livssyklusanalyse (LCA) er utviklet for å sammenligne miljøytelsen til den konvensjon-
elle produksjonsmetoden og den alternative produksjonsmetoden med hydrogenanode.

Fire sensitivitetsanalyser ble utført for å identifisere viktige prosesser i produksjonen,
og undersøkte robustheten overfor endringer i energikilde for elektrisitet og varme og
produksjonsmetoder for hydrogenfluorid og hydrogen.

Resultatene viser at den direkte effekten av å bytte til hydrogenanode er en betyde-
lig reduksjon i klimagassutslipp og en moderat reduksjon i de resterende kategoriene.
Når man inkluderer utslipp av hydrogenfluoridavfall som et verdifullt biprodukt, var
resultatet en betydelig reduksjon i nesten alle kategorier. Energikilden til de mange
varme- og elektrisitetskrevende prosessene påvirker i stor grad miljøpåvirkningen til de
to alternativene.

Hydrogendiffusjonsanode reduserer miljøpåvirkningen mens resirkulering av hydrogen-
fluorid gir en ytterligere reduksjon.
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Chapter 1

Introduction

1.1 Background
The most recently published annual report from the Intergovernmental Panel on Cli-
mate Change (IPCC) stated that the increase in carbon dioxide and methane concen-
tration in the atmosphere (47 % and 156 %, respectively) over the last 250 years has
far exceeded the natural variations over the last 800 000 years [1]. In addition, the
global surface temperature has increased more in the last 50 years (around 1 °C) than
in any fifty-year period in the last 2000 years [1]. As a response to this, 191 countries
are currently Parties to the Paris Agreement, an international UN treaty aiming at
reaching net-zero carbon emissions by 2050 and to limit the global temperature rise to
1.5 °C above pre-industrial levels [2].

To reach these goals, the green house gas (GHG) emissions must be reduced signific-
antly by increasing renewable power generation, decarbonising the global energy sector,
industrial processes and transport industry by developing new technology and more
electronic system control [3]. More renewable energy sources are needed, more power
transmission systems are needed, more electronic components are needed, and energy
usage must be more thoroughly monitored and controlled. In this transition to a more
sustainable and technology-oriented future, aluminium is a significant contributor.

Aluminium is lightweight, strong, highly malleable, corrosion-resistant and infinitely
recyclable. Due to its ductility, heat conductivity and reflectivity characteristics, it is
the most used material in solar power applications [4]. It has high electric and heat
conductivity-to-weight ratio, making it highly suitable for power transmission lines,
heat exchangers, heat sink in batteries and many other electrical products [5]. Alu-
minium is used in wind turbines, aeroplanes and other constructions exposed to the
weather due to its high durability caused by the non-corrosive properties [4]. It can aid
in decarbonising the mobility and transportation industry by reducing energy demand
and hence emissions, using aluminium in a range of components makes the vehicles
lighter [5].
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Chapter 1: Introduction

The global demand for aluminium was 95 million tonnes (Mt) in 2018, where two-thirds
were met by primary aluminium, and this demand is forecast by the International
Aluminium Institute (IAI) [6] to increase by up to 80 % by 2050. Despite the increased
focus on recycling, the demand for primary aluminium might be as high as 90 Mt
within the next 25 years [6]. To reach the common goal of net zero emission by 2050
by EA, IAI and Aluminium Federation (ALFED) [6–8], the industry must decarbonise
the production process at a rapid pace and increase recycling [6, 8].

Today’s primary aluminium production process used in all industrial primary alu-
minium production is the Hall-Héroult process [9]. It is an electrochemical process by
which solid aluminium oxide is dissolved in molten cryolite and electrolytically reduced
with carbon to produce liquid aluminium and gaseous carbon dioxide [10].

This is the most economically viable production method, but it is a highly energy-
intensive process, requiring large amounts of electric power for the electrolysis, with
a world average of 14.1 MWh per tonne liquid aluminium [11]. Globally, 67 % of this
electricity is produced by fossil energy sources [12], giving rise to indirect GHG emissions
of just above 10 t CO2 per t liquid aluminium [13]. The second main contributor to
GHG emissions is the direct emissions from consumption of the carbon anode, which
amounts to 1.5 tonne CO2 per tonne liquid aluminium [14].

To reach the 1.5 degrees goal of The Paris Agreement [2], the aluminium sector must
reduce the CO2 emissions to 53 Mt CO2-eq. in 2050 [15]. The challenges regarding
energy consumption in the smelting cell are difficult to overcome in the Hall-Héroult
process, which is close to the limit of possible current efficiencies [10]. This means that
industrial aluminium smelters today must aspire to decarbonise their power supply as
a short-term contribution, to reduce the indirect emissions for the production process.
At the same time, it is important to develop further and optimise the process, and
research possible methods to improve the existing process within the existing production
facilities and infrastructure. Changing from today’s Hall-Héroult process to a brand new
process is a large and expensive exercise, so finding parameters of the existing process
that can be decarbonised is highly important.

This study will investigate one of the areas of improvement, the direct CO2 emissions
from the use of consumable carbon anode. The effect of replacing the carbon anode
with a hydrogen diffusion anode will be studied. The conventional production of primary
aluminium is explained in Chapter 1.2, while the hydrogen anode option will be explored
in Chapter 1.3. Life Cycle Assessment (LCA) is used to interpret the environmental
impacts, sustainability and the difference between the conventional production route
and the hydrogen anode production route. The main goal and research questions are
defined in Chapter 3.2.

1.2 Primary aluminium production route
As mentioned in Chapter 1.1, aluminium is widely used in energy and technology ap-
plications needed for the decarbonising, necessary to slow global warming. Historically,

2



Chapter 1: Introduction

metallic aluminium was first identified in 1808, when the English chemist Sir Humphry
Davy identified a metal base of alumina which he termed alumina/aluminium. In 1825
a Danish chemist produced the first impure metal form of alumina, and in 1886 the
American chemist Charles Martin Hall and the French chemist Paul Héroult, inde-
pendently patented the electrolytic process. At the same time two different inventions
were made that significantly impacted the production of metallic aluminium, namely
the dynamo by W. Siemens in 1867 to produce electricity and the Bayer process by K.
Bayer in 1887 [9].

The electrolytic process from 1886 is called the Hall-Héroult process and is the process
exclusively used in industrial aluminium production globally today [16]. It is an electro-
chemical process where solid aluminium oxide (Al2O3) is dissolved in molten cryolite
(Na3AlF6) and electrolytically reduced with carbon (C) to produce liquid aluminium
(Al) and gaseous carbon dioxide CO2 [10]. The overall production process of primary
aluminium is shown in Figure 1.1 [17]. The left part of the figure, ending at liquid
aluminium, shows the reduction cell which will be the focus of this study.

Figure 1.1: Flow chart of the primary aluminium production process, from aluminium
oxide to ingots, from Kvande et. al [17].

Solid alumina is fed to the cell and dissolves in the electrolyte. Electricity is distributed
through the cell from the positively charged anode to the negatively charged cathode.
The Al2O3 is reduced by the carbon at the cathode, while liquid aluminium and CO2
are produced at the anode. The overall chemical reaction occurring is represented by
Equation (1.1) [10].

1
2 Al2O3 (diss) + 3

4 C (s) ⇌ Al (l) + 3
4 CO2 (g) (1.1)

The reduction cell is made of a steel shell lined with refractory materials for thermal
insulation, and on the inside the steel is lined with graphite to contain the corrosive
molten cryolite and the molten aluminium [10]. The carbon bottom lining is called the

3



Chapter 1: Introduction

cathode, but the liquid aluminium accumulating on the cathode surface has very high
electrical conductivity and acts in reality as the cathode [14]. The liquid aluminium is
tapped from the bottom of the cell [16], then cast into ingots or foundry alloys [9]. This
thesis will not consider the steps after the liquid aluminium.

The electrolysis process is a simple but at the same time complex process. There are
several different side and intermediate reactions, complete and partially reacted, that
describe what happens in the bath during electrolysis. This chapter describes the most
important reactions relevant to the scope of this study, while Appendix A provides a
more comprehensive overview of the chemical reaction equations for the process.

The reduction of alumina, in Equation (1.1), has a decomposition voltage (E0) of -1.19
V, meaning it is a non-spontaneous chemical reaction, and the reaction needs either an
applied voltage of at least 1.19 V or thermal energy of 606 kJ/mol Al (6.24 kWh/kg Al))
to proceed [16, 18]. Driving a non-spontaneous reaction using electricity as the driving
force to decompose the metal oxide into a metal is called electrolysis [19]. Electricity
is the flow of ions or electrons, and to enable the separation of the aluminium and
oxygen compounds, the ions in the aluminium oxide must be free to move [14]. This
can be achieved by melting the solid Al2O3, but the high melting point of 2 000 °C [20]
makes it challenging to perform electrolysis on pure molten alumina due to material and
process challenges [9]. The alternative is to dissolve the Al2O3 in a suitable electrolyte
[10]. The electrolyte has four main functions, to act as a solvent for Al2O3, to provide
electrical conductivity from the anode to the cathode, to provide a physical separation
between the liquid aluminium at the cathode and the CO2 gas at the anode, and to
act as an ohmic resistor in the cell, producing heat from the electricity to make the cell
self-heating [17].

Aluminium oxide has a hexagonal crystal lattice, which creates strong chemical bonds
with the oxygen atoms. In an aqueous solution the high reactivity with the protons
of the water results in a reduction of H+ instead of Al3+ ions. In other words Al2O3
insoluble in water because the water cannot react with the oxide ions, and an electrolyte
with high solubility of Al2O3 must be used, a molten aluminium salt electrolyte made
of cryolite (Na3AlF6) [16]. The cryolite has a lower melting point than Al2O3 at 1 011
°C [21] and high ionic conductivity [19, 22], allowing the ions to move freely at lower
temperatures [18]. In addition, the viscosity of Na3AlF6 is lower than that of liquid
aluminium [21, 23], which makes the liquid aluminium accumulate at the bottom of
the cell, making the tapping process easier [10].

The Na3AlF6 is composed of sodium fluoride (NaF) and aluminium fluoride (AlF3), and
the NaF/AlF3 ratio is called the cryolite ratio[24]. It is 3 for pure cryolite, but excess
AlF3 is added to obtain an even lower melting point, resulting in an industrial cryolite
ratio of 2-3 and a melting point of 945-955 °C [9, 17]. The electrolytic reduction process
is a mix of batch operations and continuous electrolysis. The batch operations of anode
change, aluminium oxide feeding and tapping impose slight changes to the temperature
in the cell [14]. That is why reduction cells are typically operated at temperatures
around 10 °C higher than the melding point, and this difference is called the superheat
[25]. This provides operational stability in the cell, since changes in temperature affect

4



Chapter 1: Introduction

the thickness of the frozen side ledge, and hence the heat balance of the cell. This
solidified cryolite (frozen crust), is used to provide thermal insulation and protect the
carbon lining from the corrosive bath [26]. The typical bath composition is 12 wt %
of AlF3, 5 wt % of CaF2 and 3 wt % of Al2O3 [9, 27], and the typical operational
temperature is 960 °C [9].

By lowering the melting point, the cell can be operated at a lower temperature, which at
the same time reduces the Al2O3 solubility in the bath [28]. This requires good control
on Al2O3 feeding, and most modern smelter cells use point-feeders to add 1-2 kg every
other minute [17]. If the Al2O3 concentration in the bath becomes too low, the cell
experience an anode effect, a situation where the cell voltage increases from 4-4.5 V to
20-50 V in a short time [14]. During this state two gases with very high global warming
potential are produced, tetrafluoromethane (CF4) and hexafluoroethane (C2F6), which
require manual intervention to stop [29].

The total stoichiometric reaction enthalpy (ΔH0
tot) is 606 kJ/mol, or 6.242 kWh/kg Al

[16, 18, 30], but smelter cells typically operate at twice this value [9]. To form the
aforementioned frozen electrolyte side ledges the heat flux through the walls must be
very high, to cool the electrolyte enough to freeze at the wall [16]. This results in
significant heat loss through the walls and high energy consumption [24]. The specific
electric energy consumption of a reduction cell can be calculated from Equation (1.2)
[16, 18].

Wel = EC =
Ecell F v𝑒

3600 MAl CE vAl
= 2.98 · Ecell

CE (1.2)

Over 90 % of Al2O3 used in modern cells consists of γ-Al2O3 [9], which converts to the
α-Al2O3 which is in equilibrium with the electrolyte at the operational cell temperature
of 960 °C [10].

The main impurities of the Al2O3 are Na2O and CaO, which are neutralised by alu-
minium fluoride (AlF3) in the bath to form Na3AlF6 and CaF2, according to the reac-
tions in Equation (1.3) and (1.4) respectively [28].

3 Na2O + 4 AlF3 = 2 Na3AlF6 + Al2O3 (1.3)

3 CaO + 2 AlF3 = 3 CaF2 + Al2O3 (1.4)

The basic function of the cathode is to act as an electric conductor and to contain
the molten aluminium [25]. The aluminium ions (Al3+ cations) of Al2O3 are reduced to
liquid aluminium at the electrolyte-metal interface of the cathode, and the half-reaction
is described in Equation (1.5) on the next page [16, 19].

Al3+ (bath) + 3 e− = Al (l) (1.5)
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The basic function of the anode is to act as an efficient converter of chemical energy,
and the surface of the carbon anode is consumed by the release of energy in the presence
of oxygen [10]. Oxide ions (anions) from the dissolution of Al2O3 are electrolytically
discharged onto the anodes as an intermediate product as of Equation (1.6), and then
oxidised by the carbon of the anode, gradually consuming the anode by the formation
of gaseous CO2 [9] as of Equation (1.7) [16, 19].

2 O2 = O2 + 4 e− (1.6)
3
2 O2− + 3

4 C = CO2 (g) + 3 e− (1.7)

One of the main issues with the conventional primary aluminium production process is
the consumption of carbon [16]. The main reaction from Equation (1.1) earlier in this
chapter consumes carbon and produces CO2. A similar reaction is possible, with CO
as a product instead of CO2, but studies have shown that oxidation of CO to produce
CO2 is shifted far towards CO2 [31], and hence the overall reaction producing CO2
is the most likely. Carbon is consumed at a higher rate than the theoretical for this
reaction, mostly by the re-oxidation of Al [10, 31] and the reaction between CO2 and
solid carbon particles in the bath [31, 32], represented by Equations (1.8) and (1.9).

Al (l) + 3
2 CO2 (g) →

1
2 Al2O3 (diss) + 3

2 CO (g) (1.8)

CO2 (g) + C (s) = 2 CO (g) (1.9)

The anodically CO2 emissions could be eliminated by using an inert anode. The cathode
reaction for an inert anode is the same as for a carbon anode from Equation (1.5), while
the anode reaction differs and is described by Equation (1.10) [16, 33].

1
2 Al2O3 (s) = Al (l) + 3

4 O2 (1.10)

The decomposition voltage of the inert reaction is 2.2 V at 960 °C, about 1 V higher
than the carbon anode [34]. This could be reduced by minimising the ohmic voltage
drop in the electrolyte, requiring a highly redesigned cell [34].

No material for inert anode has proved to withstand the highly corrosive environment
[33], and one possible solution to these issues is to use a reducing gas, where CH4
and hydrogen are proposed [35–37]. This option will be further explained in the next
chapter.

A presentation of the chemical reactions in the electrolysis cell not shown in this chapter
is found in Appendix A.
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1.3 Hydrogen diffusion anode
As explained in Section 1.2 the basic principles of the production process are mostly
unchanged since it was proposed, but there have been significant technological im-
provements over the years. Key performance indicators like current efficiency, energy
consumption and cell size are close to the best performance practically possible [9], but
the direct GHG emissions from the carbon anode have the potential of reducing the
environmental impacts of the primary aluminium production.

Braaten et. al [38] investigated a non-electrolytic path, where hydrogen was dissolved
in molten aluminium. The paper showed that aluminium might possibly be formed at
1 200 °C, but the conclusion where that the temperature must be above 2 000 °C for
the reaction to occur at a reasonable rate1.

One of the possible solutions is to use a gas anode, where hydrogen (H2) as a reducing
gas is supplied to the anode [34]. The goal of introducing a reducing gas is to depolar-
ise the anode, resulting in lower anode potential and reduced cell voltage and energy
consumption [33]. The reduction of Al2O3 with hydrogen as a reducing gas supplied to
the anode, producing liquid aluminium and steam is shown in Equation (1.11) below
[37].

1
2 Al2O3 (s) +

3
2 H2 (g) ⇌ Al (l) + 3

2 H2O (g) (1.11)

This reaction has a decomposition potential of 1.28 V at 960 °C, similar to the conven-
tional anode process and 1 V lower than the inert anode [37]. The theoretical amount
of H2 to produce 1 tonne of molten aluminium is 0.11 t, resulting in 1 t H2O in the
off-gas. At the anode, the hydrogen can react in multiple different ways, but the main
reaction is the one described in Equation (1.12) below [37].

H2 = 2 H+ + 2 e− (1.12)

The introduction of hydrogen to the cell at the expense of carbon effectively eliminates
the anodic CO2 emissions from the carbon consumption of the anode, as seen from the
overall reactions in Equation (1.1) and (1.11) [34]. The overall reaction of Al2O3 and
H2 theoretically produce only H2O vapour as a by-product [14], but as mentioned in
Section 1.2, the process is comprehensive and complex and results in waste emissions
other than that of the main reaction [10, 39].

The main concern when introducing hydrogen to the cell is the increased generation of
one of these emissions, the hydrogen fluoride (HF) emissions, as the hydrogen content
in the cell increases [37]. The emissions are promoted by hydrogen content in the cell,
introduced to the cell by moisture from alumina, ambient air moisture and residual
hydrogen content of the anode [40].

1Halvor Kvande, PhD and Doctor Technicae, retired at NTNU (personal communication, November
19, 2021)
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HF is a colourless, toxic, highly corrosive, non-flammable chemical compound in the
form of a gas or fuming liquid [41]. It is highly water-soluble, and the aqueous solution of
HF is called hydrofluoric acid [42]. Fluorides as fluoride ions are naturally in many rocks,
minerals and soils as fluoride ions, and are the 13th most abundant element, comprising
around 0.06 % of the Earth’s crust [41]. These fluorides are released through weathering
and dissolution of minerals, and through emissions from volcanoes and marine aerosols
[43]. The gas is highly soluble in water, and dissolves in clouds, fog and rain, impacting
the environment as acid rain, contaminating the groundwater [43].

In industrial settings, nearly 60 % of the HF is used to produce refrigerants, the other
major uses being as a catalyst in petroleum refining (to produce high-octane gasoline),
to make uranium hexafluoride (UF6 needed to separate uranium isotopes in nuclear
power plants) [44] and in the semiconductor industry [42]. In the semiconductor pro-
duction process it is used in the native oxide etching of silicon wafers [45]. The corrosive
quality of HF makes it a valuable ingredient in rust and stain removers [46].

In adequate amounts, fluoride helps bone mineralisation and dental enamel formation
in humans [43], while exposure to higher concentrations affects the metabolic processes
[47]. Exposure to gaseous HF causes irritation to the eyes and respiratory system,
and could result in lung diseases, e.g., fluid accumulation in the lungs (pulmonary
oedema) [41]. Direct contact with aqueous HF can cause severe burns which can damage
internal tissue since the HF easily penetrates skin and tissue and causes poisoning, skin
ulcers and blindness if contact with the eyes [42]. Chronic exposure can lead to skeletal
fluorosis which causes increased bone density, joint pain and restricted joint movement
[47] or chronic lung diseases [43].

The conventional production process of hydrogen fluoride is the reaction between fluor-
spar and sulphuric acid (H2SO4) [48]. The fluorite ore is mined and purified to acid
grade fluorspar (98 % CaF2), as of the reaction in Equation (1.13) below [48].

CaF2 + H2SO4 = 2 HF + CaSO (1.13)

They are mixed with fluorspar to a slurry and heated to around 900 °C in rotary kilns for
several hours [48]. The solid waste and sulphuric acid are removed, while the hydrogen
fluoride gas is collected and purified through distillation in copper or steel vessels, and
either condensed and stored as liquefied gas or diluted with water to obtain hydrofluoric
acid [49]. This production process is the most widely used industrial method globally,
and the burning of natural gas provides heat. China accounts for over 50 % of the global
production of hydrogen fluoride, with Germany the second largest manufacturer [50].

The HF gas is generated in the cell through hydrolysis of a hydrogen source with a
reactive fluoride in either liquid or gaseous phase [51]. In the liquid phase an electro-
chemical hydrolysis of the bath occurs, while thermal hydrolysis of the pot gas occurs
in the gaseous phase [52]. HF evolution/emissions can be characterised as gaseous or
particulate fluorides, where gaseous fluorides are those which continue to be in the gas
phase at ambient temperature, mainly HF, CF4 and C2F6 [40]. Particulate or volatilised
bath are the fluorides which become particulate at ambient temperature [40].
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The main sources of hydrogen are ambient air moisture, moisture in primary alumina
and residual hydrogen content in the anode, while the major fluoride species reacting
with the hydrogen sources are AlF3, NaAlF4 and Na3AlF6 [40, 52, 53]. The mechanisms
and different hydrogen sources are schematically presented in Figure 1.2, and will be
further explained during the course of this chapter.

Figure 1.2: Schematic view of the contribution to HF generation from the different
hydrogen sources in a cell, from Hyland et al. [52]

As illustrated in Figure 1.2 the electrochemical hydrolysis of the liquid bath involves the
structural water in alumina (OH– ) and the anode hydrogen content, while the thermal
hydrolysis of pot gas involves ambient humidity as adsorbed moisture on the alumina
or direct air humidity and small amounts of unreacted hydrogen from the anode and
the Al2O3 [54].

Hyland et al. [52] studied the HF levels in the duct gas and found that smelter grade
alumina (SGA) represented the largest single contributor to HF evolution, as illustrated
in Figure 1.3 on the next page.

Figure 1.3: Schematic view of the relative contribution to HF generation from the three
major hydrogen sources in a cell, from Hyland et al. [52]
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The electrochemical hydrolysis occurs inside the electrolyte and is called primary gen-
eration of HF, while the thermal hydrolysis occurs in the duct gas under and is called
secondary generation of HF [53].

Hydrolysis of bath

The electrochemical hydrolysis of the liquid bath, also called dissolved water hydrolysis,
occurs when the structural water in the Al2O3 and the hydrogen content of the anode
react with the liquid bath, either directly with Na3alF6 or with fluorides in the form of
AlF3 or NaAlF4 [40].

The hydrogen content of prebaked anodes is thermodynamically stable, but since the
anode potential is relatively high (around 1.5 V), multiple oxidation reactions are pos-
sible [53]. The two main reactions are hydrogen reacting with the Na3AlF6 or the
dissolved AlF3 to produce HF as of Equation (1.14) [37, 53, 55] and (1.15) [33, 56].

2 Na3AlF6 (l) + 3 H2 (g) = 2 Al (l) + 6 NaF (l) + 6 HF (g) (1.14)

2 AlF3 (diss) + 3 H2 (g) = 2 Al (l) + 6 HF (g) (1.15)

Patterson et al. [53] concluded with an average hydrogen conversion factor of 10 %,
consistent with the 8 % value by Wahnsiedler et al. [51] (also used by Haupin and
Kvande [40]). Hydrogen anode content contributes to around 8 % of the total HF
emissions [53]. "The remainder of the unreacted hydrogen either forms part of the
dissolved water content in the bath or is transported to the extraction system via the
crust vents where it could aid in secondary HF generation" [53].

Dissolved water in primary alumina and adsorbed moisture on the anode during anode
change introduces moisture to the cell [53]. The Al2O3 used in modern cells has a
structural hydroxyl (OH– ) content which results in a dissolved H2O concentration in the
bath [52], and is the major contributor to HF generation during the electrolysis [53]. The
main fluoride specie reacting with the structural water is believed to be AlF3 because
of its significantly higher equilibrium coefficient compared to other fluoride species [14,
40]. The hydrolysis reaction between the dissolved H2O and AlF3 is represented by
Equation (1.16) [29, 51, 52].

2 AlF3 (𝑔 or diss) + 3 H2O (𝑔 or diss) = Al2O3 (𝑠 or diss) + 6 HF (g) (1.16)

Thermal hydrolysis of pot gas

The thermal hydrolysis of the pot gas is a reaction between vaporised bath and moisture
in the air stream. At the operating temperature of the cell, the major vapour fluoride
species from the molten electrolyte is NaAlF4 [40, 56] (Most volatile species evolved is
NaAlF4 [17]).
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Aluminium fluorides in the form of NaAlF4 due to vaporisation of the electrolyte [56]
could react directly with air moisture [40] or with water adsorbed on the alumina
surface which is released as steam when experiencing a large temperature difference
[53]. The same reaction can describe the two different mechanisms, shown in Equation
(1.17) [17, 33, 54].

3 NaAlF4 (g) + 3 H2O (g) = Al2O3 (s) + Na3AlF6 (l/s) + 6 HF (g) (1.17)

Hydrogen production methods

The hydrogen gas to be used as the reducing agent is produced by three methods, which
are called grey, blue and green hydrogen [57]. The grey and blue hydrogen is produced
by steam reforming, whereas the blue hydrogen utilises carbon capture technology to
reduce the environmental impact [58]. Green hydrogen is produced by water electro-
lysis, with electricity supplied from renewable energy sources [19]. Today, over 90 %
of hydrogen production is performed by steam reforming of natural gas [57]. 60 % is
produced as the main product and the rest is a by-product of petroleum refining and
chloralkali electrolysis [59]. Hydrogen is mentioned as a future solution to provide clean
energy and energy storage, but it then requires clean electricity [57].

1.4 System description and research questions
To evaluate the potential environmental effects of the alternative production route
of primary aluminium production compared to the conventional route, a Life Cycle
Assessment (LCA) has been developed. The assessment is performed by studying the
production routes’ impact from raw material acquisition, production, transport and
use to the end-of-life treatment, to provide a robust comparison between the studied
systems.

The main issue with the LCA method is that the inputs and outputs are aggregated into
impact categories using assumptions and uncertainties associated with each material
or energy flow, accumulating considerable uncertainty for each impact category. The
LCA study must consider these uncertainties to provide a robust and correct result.

The application of the LCA methodology for the study of the primary aluminium
production routes is described in more detail throughout Chapter 3.

The main goal of this thesis is to investigate the environmental performance of primary
aluminium produced by the use of hydrogen diffusion anode, and the main objectives
are:

• To develop a system description and a model for process simulation of the primary
aluminium production process, for the conventional approach using a carbon an-
ode and a novelty approach using a hydrogen diffusion anode.

• To develop the LCA of the primary aluminium production process, comparing
the two alternative approaches to identify main differences and important contri-
butions.
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• To investigate the effect of a change in the electricity mix, fuel sources and hy-
drogen production methods on the environmental impacts of primary aluminium
production.

The main goal and objectives lead to the following research questions:

• What are the life cycle characteristics of the primary aluminium production,
using consumable carbon anode and hydrogen diffusing anode, in Norway, and
the different impact contributions from the two alternative production routes?

• How sensitive is the environmental impact of aluminium production to fuel sources,
reductant production method and changes in the electricity mix?

A simplified flowchart of the two systems and the main reactions occurring in the
reduction cell is illustrated in Figure 1.4 on the next page.

Figure 1.4: Simplified flowcharts of the two primary aluminium production systems,
with main chemical reactions.

This thesis is structured in the following way:

• In Chapter 1: Introduction the life cycle of primary aluminium production
process has been described, and the hydrogen fluoride evolution mechanisms are
explained. The aim, objectives, research questions, system description and the
use of an LCA for this study have been described.
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• In Chapter 2: Previous work and future trends previous studies regarding
primary aluminium production and the use of hydrogen as reducing gas is iden-
tified and discussed. The future prospects for aluminium and hydrogen demand
and production are described.

• In Chapter 3: Material and methods the methodological choices for devel-
oping the Life Cycle Assessment are described, including the definition of the
goal, the functional unit, the system boundaries and the impact categories to be
assessed.

• In Chapter 4: Results and discussion the impact assessment and contribution
analysis results are presented and discussed, together with the sensitivity analysis.

• In Chapter 5: Conclusion the main findings of this study is stated.
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Chapter 2

Literature review

2.1 Conventional production route
The environmental impacts of the conventional aluminium production route are thor-
oughly studied. Numerous reports are available, both from industry and research-
ers. The International Aluminium Institute (IAI) reports that electricity production
is the most significant contributor to overall environmental impact globally, contrib-
uting between 50 % and 90 % of the environmental impact in almost every impact
category [60]. The most significant contributors to GHG emissions are the calcination
of bauxite ore to produce Al2O3 and the electrolysis process. Electricity emissions con-
tribute around 65 % to GHG emissions, while direct process emissions contribute 14
% [60]. The International Energy Agency (IEA) further emphasises this, stating that
aluminium oxide refining and smelting account for over 90 % of the emissions [61]. The
IAI report concludes that the power mix is the most significant influence on primary
aluminium production, highlighting that a high share of hydropower results in greater
contribution from process emissions, while a high share of thermal power from fossil
fuel results in electricity as the most significant contributor [60].

The IAI published a report on the future roadmap for the aluminium industry and
concluded that decarbonising electricity offers the most significant potential for GHG
emissions reduction of the global aluminium sector [6]. Regarding the direct process
emissions, the need for zero-emission technologies for heat, electricity and direct cell
processes was concluded [6]. Research into the hydrogen diffusion anode as an altern-
ative for reducing direct carbon emissions is presented in the next section.

Shahjadi et al. [62] confirmed the life cycle findings provided by the IAI [60] regarding
the main impact categories for conventional primary aluminium production. Namely,
global warming, human carcinogenic and non-carcinogenic toxicity, acidification, fresh-
water ecotoxicity and fossil resource scarcity. The results were consistent with the pre-
vious industry-provided report, that power consumption in the smelting process and
calcination in the alumina production are the two main contributors to environmental
impacts [60, 62].
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2.2 Hydrogen diffusion anode
One of the proposed solutions to the GHG emissions from the consumable carbon anode
is to use hydrogen as an oxidisable gas to depolarise the anode process reducing gas
[34]. An added bonus of using a depolarising gas is that it will lower the anode potential
and hence the energy consumption [35].

Mokkelbost et al. [33] studied the use of a depolarising gas anode and found that in
general, the presence of water in some form promotes the formation of HF gas [33].
This is found in multiple studies regarding hydrogen fluoride generation in a reduction
cell [40, 53].

Namboothiri et al. [37] also predicted high HF emissions, and found that the carbon
can be replaced by a high-temperature material, such as nickel, for gas diffusion, as
proposed in other studies [33, 35].

Patterson et al. [53] studied the effect of the hydrogen content in the anode on HF
formation. They found that "any reduction of hydrogen content in the anode should
lead to a direct reduction in the overall emissions" [53]. Increased hydrogen content in
the process increases the H2O content in the cell and hence the HF formation [54].

Wahsniedler et al. [51] studied a 170 kA prebake cell, with an anode hydrogen content
of 0.093 %, and found that the fraction of hydrogen converted is around 8 %, a factor
that is widely used [40].

Patterson et al. [53], studied a 170 kA, point-fed cell with an anode hydrogen content
of 0.044 wt%, and found that up to 10 % of the anode hydrogen content reacts to form
HF, which makes up around 8 % of the total HF emissions of the cell.

The presence of water promotes HF formation, while the direct reaction with H2 yields
less HF, since H2 is more noble than Al so the re-dox reaction is forced to the left
[33]. By simple stoichiometric for the aluminium electrolysis process with hydrogen
anode, the amount of H2 needed to produce 1 329 kg (1 t Al = 112.08 kg) is 148.96
kg, producing 1 331.12 kg gaseous H2O (1 t Al = 1 001.53 kg). When we consider the
fact that roughly one-third of the H2O is converted to HF, while the H2 yields less HF,
then it is easy to see that the HF emissions are likely to increase with the introduction
of hydrogen to the cell [33].
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Materials and methods

3.1 Life cycle assessment methodology
A Life Cycle Assessment (LCA) is a tool to quantify the potential environmental im-
pacts of a product system throughout its life cycle [63]. The life cycle of a product
includes the raw material acquisition, production process, product use and waste man-
agement [64], and the methodology is used to identify the most important environmental
impacts and the contributors to these [63]. The benchmark standards for constructing
an LCA are the ISO standards ISO 14040 and ISO 14044 [65], and the methodology is
widely applied in practice [66].

ISO14040 and ISO14044 describe the LCA procedure, which consists of four phases [64]
as illustrated in Figure 3.1, which are introduced and further explained throughout this
chapter.

Figure 3.1: Illustration of the LCA methodology and the four phases, from ISO14040
[64]

16



Chapter 3: Materials and methods

3.2 Goal and scope
In the goal and scope phase of an LCA study, the purpose of the study and an outline of
how the study will be performed should be clearly described [67]. The scope definition
should explain the system of the study and the methodological choices, assumptions
and limitations [68].

3.2.1 Goal definition

The present study aims to quantify and evaluate the environmental impact of produ-
cing aluminium using a hydrogen diffusion anode, compared to using a consumable
carbon anode in the conventional production method. The analysis aims to identify
the main environmental impacts of the process, and where in the cycle these occur. In
addition, this study aims at identifying key areas of the system where available data
is of insufficient quality. The intended audience of this study is aluminium industry
actors, metallurgical researchers and other research organisations.

3.2.2 Scope definition

Functional unit

The functional unit (F.U.) is a quantitative measure of the function that the product or
system provides and must be chosen to facilitate easy comparison of different production
routes [66]. The F.U. is the reference to which all inputs and outputs are related and
needs to be of similar qualities for both systems to be comparable [67]. The input to
the system is Al2O3 and H2 or C, and the by-products of the process are CO2 or H2O.
Both systems produce liquid aluminium, the difference between the two production
processes is the anode material, yielding different off-gas compositions. The main input
of Al2O3 and the main output of Al is unchanged, so to compare the function of the
systems 1 tonne of liquid aluminium is chosen as the functional unit. All environmental
performance indicators are normalised to the functional unit.

Type of LCA and handling of multifunctionalities

Identifying the most suitable type of LCA, or modelling framework, is imperative to
the quality of an LCA study and highly depends on the purpose of the study [66]. This
is important for the methodological choices to be made, regarding system boundaries,
allocation procedures and data choices [69]. There are two different types of LCA,
the attributional LCA (ALCA) and the consequential LCA (CLCA), also referred to
as descriptive (accounting) and change-oriented respectively [70]. In short, a CLCA
accounts for the change in global impacts of a product life cycle as a direct or indirect
consequence of a decision, while an ALCA accounts for the share of the global impact
linked with the isolated product life cycle [66, 70]. This distinction is illustrated in
Figure 3.2 [71].
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Figure 3.2: Illustration of the difference between attributional and consequential LCA,
from Weidema [71]

While a CLCA is concerned with the broader environmental consequences of individual
decisions, the ALCA tries to avoid connections to large systems with large environ-
mental impacts [72]. The system in this study has a process-specific focus, trying to
have a confined, concise and correct system, isolated from the less relevant processes
outside of the system. For the present study, an ALCA would identify the environmental
impacts attributed to the liquid aluminium as a stand-alone product, not considering
how the change in the production process affects other processes or products outside
of the system boundaries, such as hydrogen demand or petroleum waste recycling used
in the prebaked anodes.

Average data is used in an ALCA and represents the average environmental impact of
the actual physical flows in the system for producing a unit of the product [66]. Marginal
data is used in CLCA and represents the effects of small changes in the output of the
system product on the environmental impacts of the system [66].

An attributional LCA is a more technical descriptive analysis, studying the cause and
effects of the processes and process chains of a product or system. It is suitable to
identify the connections between the system and the potential environmental impacts,
and how the different flows and unit processes affect the impact of the product, and is
illustrated from Figure 3.3 on the next page.
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Figure 3.3: Illustration of the mathematical difference between attributional and con-
sequential LCA, from Schaubroeck et al. [73]

Hydrogen diffusion anode is not technologically mature enough to be implemented
in a large-scale system and requires further experimental research and pilot testing
[37]. Data on the consequences of substituting carbon anode with hydrogen diffusion
anode is scarce, and will not be suitable for making assumption choices regarding
the consequences of implementing the change. This study will be more useful as a
process-specific study, aiming to be as accurate as possible with the available data and
assumptions made.

In the LCA community, there is a disagreement regarding the correct method of per-
forming an LCA study, but there have been made arguments that both ALCA and
CLCA can be used for decision-making and for learning purposes [66]. There has also
been discussion regarding past and future systems, but there has been argued that both
ALCA and CLCA can be used to evaluate past and future systems [66, 72]. Many LCAs
are incorporating both ALCA and CLCA in the same study, to complement each other
and obtain a robust result [74].

The alternative system in this study inhabits these characteristics, aiming at assessing
a future production alternative, with only a few preliminary laboratory experiments
performed, and in the need of experimental research and pilot testing before it could
be implemented at a larger scale. An ALCA is suitable to use when the production
systems are not applied at a large scale, since the consequences of the production are
less important at a smaller scale, due to the lower amount of materials and energy used.
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A consequential LCA for the system of study would investigate how introducing the
hydrogen diffusion anode to the production process would affect other activities in the
market. Hydrogen is a part of the “green transition" [75], and the use of hydrogen in
aluminium production prevents it from being used in petroleum refining or fertiliser
production. Hydrogen produced today is almost entirely supplied from fossil fuels [57],
and this demand will increase with the change to hydrogen in the aluminium smelter
industry. A consequential LCA would account for the increased global demand for
hydrogen, and hence fossil fuel consumption. In an even broader understanding, the
increased demand for hydrogen might affect the passenger car market, by slowing down
the research and introduction of hydrogen as fuel, due to a possible shortage in the
hydrogen market.

For this study, in compliance with the stated goal and scope, it is of interest to see
how the change in process input affects the environmental impacts of the production
of 1 tonne of liquid aluminium. The broader consequences for the rest of the hydrogen
consumers are not within the scope of this study. The system of study is at the early
R&D stage, and this study aims at providing a preliminary result on what changes
one could expect by changing the input from carbon to hydrogen. Hence the broader
consequences for other hydrogen consumers are not of interest until the process under
study has been further researched and implemented at a larger scale.

Handling of multifunctionalities

During the modelling of the inventory, multifunctionalities of the system might be
encountered. An LCA’s multi-functionality is when a process has multiple inputs or
outputs, or where processes are shared with other product systems [67]. These multi-
functionalities should be treated through the step-wise allocation procedure as defined
in ISO14044 [68]:

1. Avoid allocation by subdivision: Dividing the unit process into smaller sub-
processes to obtain specific impacts, input and output data to separate the pro-
duction of product from co-product. The system in this study, the production of
liquid aluminium consists of multiple interdependent chemical reactions needed
to obtain correct bath and electrolysis conditions to result in the final product,
meaning that the sub-division method is unsuitable for this study.

2. Avoid allocation by system expansion: Expanding the system to include the
additional functions of the by-product, where the environmental impacts of the
alternative production process of the co-product are added to or subtracted from
the initial system.

3. Allocation: Dividing (partitioning/allocating) the inputs and outputs of the sys-
tem and assigning (allocating) them to each of the products based on physical or
non-physical relationship, such as mass or economic value.
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Subdivision and allocation narrow the system, making it more focused, while system
expansion enlarges the system [66]. A proposed solution is to substitute by system
expansion, also called avoided burden method, where the environmental burden of an
alternative production process is added or subtracted from the initial system [76].

This study aims at comparing two production processes of the same product, to see
how the change in input and off-gas composition impacts the environment. Alumina
reduction using a consumable carbon anode is the reference system, while the modified
process using a hydrogen diffusion anode is the alternative system. For the off-gas, the
study will investigate how reduced CO2 emission and increased HF emission impacts
the environment.

For the system in the present study, the production process of HF is the alternative pro-
duction process, which is included as a by-product in the expanded system, illustrated
in Figure 3.4 in the next section.

System boundaries and limitations

This study aims at comparing two production processes of the same product, to see
how the change in input and off-gas composition impacts the environment. Alumina
reduction by the use of a consumable carbon anode is the reference system, while the
modified process using a hydrogen diffusion anode is the alternative system. For the
off-gas, the study will investigate how reduced CO2 emission and increased HF emission
impacts the environment.

In the conventional production route, the carbon anode is oxidised by the Al2O3 to
produce liquid aluminium, with CO2 as a by-product. Part of the carbon is removed
from the cell unreacted, as the consumed anode is replaced with a fresh anode, called
anode butts in the figure. As explained in Chapter 1.2, some amount of HF is produced
with carbon as a reductant, mainly due to moisture in alumina, hydrogen content in the
carbon anode and air moisture. The main difference between the two systems is that
the conventional system produces mainly CO2 as waste emission, while the alternative
system produces an increased amount of HF. The difference is illustrated in Figure
3.4 as blue arrows for the carbon route and yellow arrows for the hydrogen route. As
seen in the figure, the HF is captured and recycled in the conventional system, and is
included as an avoided burden.
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Figure 3.4: Flowcharts of the expanded systems

The main goal of this study is to compare the emissions of two production processes,
altering one input and keeping all other parameters unchanged. So the significance
of chosen spatial boundary is low, but to make the study more realistic, Norwegian
conditions are considered in this study. Subsequently, if data from Norwegian conditions
are unavailable, the data is assumed to be similar to average European conditions.
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Impact categories, methods and software tools

The impact methodology used in this study is the ReCiPe 2016 (H) method, at both
midpoint and endpoint, by the National Institute for Public Health and the Environ-
ment (RIVM) of the Netherlands [77]. The hierarchist view is used in this study because
it is a balanced approach between the short-term perspective of the individualistic ap-
proach and the long-term perspective of the egalitarian approach [77], and is the model
used in most scientific research [78]. The LCA software SimaPro is used in this study,
where the ReCiPe methodology is incorporated in the ecoinvent LCI database used in
SimaPro.

Characterisation factors are used to convert elementary flows, the resources, emissions
and wastes, of similar characteristics into impact categories[78]. As illustrated in Figure
3.5, the characterisation factors at the midpoint level group the inputs and outputs into
environmental impacts, which again are grouped into damage pathways, resulting in
the endpoint indicators [77].

Figure 3.5: Schematic illustration of the impact categories, pathway and endpoint area
of protection of the ReCiPe methodology [77].
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Whereas the midpoint categories focus on single environmental impacts, the endpoint
indicators, or Areas of Protection, present the environmental impacts at a higher ag-
gregation level. Converting and grouping the midpoint impacts into three endpoint
impacts makes the LCIA results easier to interpret, but at the same time, the uncer-
tainty increases with each aggregation step, grouping multiple uncertainties together.
By using endpoint impact categories, the detailed analysis is lost, and hence to account
for the detailed pathway and to provide an easily interpreted result, both midpoint and
endpoint analysis should be assessed [78].

The impact categories to be investigated are global warming, ionising radiation, ozone
formation (human health and terrestrial ecosystems), particulate matter formation,
terrestrial acidification, eutrophication (freshwater and marine), ecotoxicity (terrestrial,
freshwater and marine), human toxicity (carcinogenic and non-carcinogenic), land use,
resource scarcity (mineral and fossil) and water consumption. A brief introduction to
the impact categories considered is presented below:

Global warming: The Global Warming Potential (GWP) express the GHG
emission’s capacity to absorb infrared radiation, resulting in increased atmo-
spheric temperature, and is expressed in kg CO2eq.. GWP is associated with
the endpoints of human health and damage to ecosystems.

Ozone formation (human and ecosystem): Ozone is harmful depending if
it is present in the stratosphere or troposphere. The stratospheric ozone creates
a protective layer which reduces the harmful UV radiation reaching the Earth’s
surface, while the tropospheric ozone negatively affects the respiratory systems
and plant biomass. Tropospheric ozone is produced by photochemical reactions
of volatile organic compounds (VOCs) and nitrogen oxides (NOx). The ozone
formation potential of a substance is expressed in kg nitrogen oxide equivalents
(NOxeq.). As mentioned, this impact affects the endpoint of human health and
damage to ecosystems.

Fine particulate matter formation: Fine particulate matter formation is air
pollution causing aerosols in the atmosphere and is expressed as kg PM2.5eq. (kg
of particle matter of size less than 2.5 µmeter). These particles can be inhaled
and cause increased mortality and damage to the human health endpoint (Years
of Life Lost).

Freshwater and marine eutrophication: Eutrophication is when the environ-
ment experiences excessive levels of nutrients, mainly phosphorous and nitrogen
for freshwater and marine eutrophication respectively. This causes aquatic plant
overgrowth resulting in reduced water quality and decreased biodiversity. Fresh-
water eutrophication is measured in kg P equivalent and marine eutrophication
in kg N equivalent and causes damage to ecosystems.

Toxicity (carcinogenic, non-carcinogenic, freshwater, terrestrial and
marine): The Toxicity Potential (TP) express the potential harm of chemicals re-
leased into the environment and is expressed in kg 1.4-dichlorobenzene equivalents
(1.4-DCBeq.). The different toxicity categories are calculated through an environ-
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mental fate factor, an exposure factor, a toxicity effect factor and a toxicity-effect
damage factor. These represent the distribution and transformation of chemicals
in the environment, connects the chemical masses to human exposure or the dis-
solved chemicals, indicates the potential toxicity effects per chemical mass and
relate the potential effects to the endpoints of damage to human health or eco-
systems.

Terrestrial acidification: The Terrestrial Acidification Potential (TAP) ex-
presses the changes in soil chemical properties due to deposition of acidifying
chemicals, mainly nitrogen and sulphur, and is expressed in kg sulphur dioxide
equivalents (SO2eq.). Acidification results in declined soil fertility, a decrease in
root production and a reduction of photosynthetic rates, causing damage to dam-
age to ecosystems.

Resource scarcity: Mineral resource scarcity represents the consumption of
virgin mineral material, and the extraction of aggregates, metal ores and minerals
causes a decrease in the ore grade. The actual and expected future extraction is
compared to the future extraction of 1 kg copper (Cu) by the characterisation
factor Surplus Ore Potential (SOP), and is measured in kg Cu equivalents. Fossil
resource scarcity is the ratio between the energy content of the fossil resource and
the energy content of crude oil. This impact is expressed as kg oil equivalent, and
both resource scarcity impact categories cause damage to resource availability.

Ionising radiation: The Ionising Radiation Potential (IRP) accounts for the
anthropogenic emissions of radionuclides, from the nuclear fuel cycling, burning
of coal and mining of phosphate rocks. It is expressed relative to the emission
of reference substance Cobalt-60 to air with the unit kBq Co-60 eq. and causes
damage to human health in disability-adjusted life years (DALY).

Data quality requirements

To obtain a robust and precise assessment, the data should be representative of spa-
tial, temporal and technological coverage in compliance with the system boundaries as
defined in the scope of the study. Data for the foreground system is modelled by the
use of scientific reports and process simulation. The aim is to use the best possible
data available, either from experimental research or stoichiometric considerations. The
background data is provided by the comprehensive ecoinvent LCI database. The ver-
sion used in this study is the 3.6 version from 2019, meaning the background data is
not necessarily the most up-to-date data available. This might add uncertainties to the
results, but the data is still recent, and the uncertainty will be assessed in Chapter 4.3.

The inventory and assumptions made are developed throughout Section 3.3.
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3.3 Inventory analysis
During the Life Cycle Inventory (LCI) phase of an LCA, the inputs and outputs required
to produce the functional unit of the system are identified and quantified, in compliance
with the defined goal and scope [76]. To obtain robust and detailed results, the system
of study is modelled by two different systems, the foreground and background systems.
The foreground system describes the specific data for the system of study, the materials
and resources required for the system, and the resulting products, byproducts, emissions
and waste. The background modelling describes the value chains upstream of the defined
system, and is modelled using generic data from an LCI database.

3.3.1 Foreground modelling

To model the system consisting of a comprehensive amount of chemical reactions facil-
itating other side reactions, several assumptions and simplification has been made. A
mix of literature analysis and process simulation has been made, and the main assump-
tions and limitations of this study are presented in this section. Many factors of the
system in the study are dependent on operation procedures, hence a mix of literature
data, laboratory experiments data and stoichiometric considerations have been used in
this study.

All material flows are normalised to the functional unit of 1 tonne of aluminium, and
the multi functionalities of the system have been treated by expanding the system
by substitution, the Allocation at Point of Substitution (APOS) system model. The
considerations and assumptions made are described during the continuation of this
chapter, together with tables of the full inventory of the studied systems.

The electrochemical reduction process of Al2O3 to aluminium is well-established, with
several studies and industry-provided descriptions of the process and energy and mass
balances available. The process consists of numerous different reactions, where some
are intermediate reactions acting as facilitators for other reactions. As an example,
the dissolution of Al2O3 to facilitate the reduction of aluminium at the cathode and
oxidation at the anode is done through multiple reactions. The alumina feed, carbon
anode and electrolyte input to the cell and the CO2, HF and liquid aluminium out of
the cell account for the overall chemistry in the reaction. This means that only the
flows crossing the system boundaries are considered, while the intermediate reactions
are either balanced for or decided to be outside the scope of the study.

The aluminium production system of this study is assumed to exist in an averaged
steady state condition, a mature cell older than 1 000 days. The electrolysis cell experi-
ence reduced AlF3 requirements due to the extensive uptake of Na in the cathode during
the early operational life, which are countered by the addition of Na2CO3. The continu-
ing Na uptake of a mature cell due to temperature gradients down the side ledges is less
than 1 % of the overall consumption [26], and is not included in the system of study.
For a steady-state cell, the short-term fluctuations in temperature, bath composition,
reaction rates and HF evolution due to anode change and point feeding of alumina are
not considered. The end-of-life treatment and re-lining of the cells are not considered,
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and the anode effect and the resulting evolution of C2F6 and CF4 are not considered.
These emissions have high global warming potentials but are produced irregularly when
the Al2O3 concentration of the bath becomes too low and the voltage increase rapidly.
The cell chemistry of a stable cell represents the described cell reactions in Chapter 1.2
most accurately.

The mass and energy balance has been constructed primarily using data from literature,
and evaluated in the chemical process simulation tool HSC Chemistry. When literature
data has been deemed inadequate, stoichiometric calculations have been used. A stable
cell using literature and stoichiometric considerations is believed to result in the most
accurate mass and energy balance.

The temperatures used to obtain the energy balance are found in literature as mentioned
in Chapter 1.2, where the room temperature is 25 °C (298 K), and the operational
temperature is 960 °C (1 233 K) [10, 19].

A cell voltage of 4.1 V and current efficiency of 94 % has been assumed to express an
industrial cell [18]. The specific energy consumption of the cell has been calculated to
be 13 MWh/t Al from Equation (1.2) in Chapter 1.2. This amount is lower than the
global average of 14.1 MWh/t Al [11], but higher than Hydros best-performing smelter
at 12.3 MWh/t Al [79], and has been decided to act as a suitable midpoint between
current and future energy consumption.

All the carbon consumption reactions are accounted for in the net carbon input of 425
kg [10], including the air burn, Boudouard reaction and unreacted anode butts, and
the overall reaction provides a good estimate suitable for the scope of this thesis. In
addition, all CO produced is assumed to burn to form CO2 under the hood, hence the
ratio of CO to CO2 is not relevant to the scope of this thesis.

For the carbon anode, a residual hydrogen content of 0.094 wt %, amounting to 4 kg/t
Al, with a conversion factor of 10 % [51, 53] is assumed. Due to a lack of experimental
data on the use of hydrogen as a reducing gas, the amount of hydrogen used in the
hydrogen diffusion anode system is calculated stoichiometric from Equation (1.11) in
Chapter 1.3. This amounts to 112 kg/t Al, and an equilibrium conversion of H2O to HF
of 35 % is used in this study, a simplified midpoint between the 40 % of Wahnsiedler
et al. [51] and the one-third of Mokkelbost et al. [33].

The remainder of the unreacted hydrogen either forms part of the dissolved water
content in the bath or is transported to the extraction system via the crust vents where
it could aid in secondary HF generation [53]. These mechanisms are not considered due
to inadequate data, only the main HF generation from the anode hydrogen content is
included in the study.

The aluminium oxide input is assumed the stoichiometric value of 1 889 kg/t Al, which
is assumed 100 % reacted to form aluminium in the cell. The structural water and
moisture content of the Al2O3 is assumed to be similar to that of smelter grade alumina
(SGA), which is normally 2.25 wt% [52] and a hydrogen conversion rate of 10 % [51,
54].
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The modelling focuses on the hydrogen and fluoride species of the cell, thus the impur-
ities of Al2O3, CaO and Na2O, are not considered. The aluminium fluoride required to
neutralise these impurities is not included in the mass balance, only the AlF3 required
to maintain the bath ratio is used as input, amounting to 2.25 kg/t Al [30].

As mentioned in Chapter 1.3, the AlF3 is consumed through multiple different mechan-
isms such as vaporisation of bath, hydrolysis of the bath to HF by hydrogen introduced
as moisture in the anode, alumina or air [51]. The two main mechanisms by which AlF3
leaves the cell during the electrolysis, is by emission or by neutralisation by impurities
in Al2O3 [29]. The emissions are both particulate AlF3 and gaseous HF [40].

Input for the AlF3 is chosen to be 2.25 kg per tonne Al, since the neutralised AlF3 don’t
directly contribute to the evolution of fluoride gases. The resulting CaF2, Na3AlF6 and
Al2O3 products are dissolved in the bath, contributing with increased amounts of F,
which may increase the rate of reaction for other mechanisms, but the info is scarce, and
for this thesis, it is viable to neglect these possible reactions. Only 2.5 % of the CaF2
in the bath is measured in the off-gas [51]. Calcium can only be part of the off-gas as
entrained particulates, due to the absence of volatile compounds at bath temperatures
[51].

The simulation model consists of fewer chemical reactions compared to the real elec-
trolysis process. There are a vast amount of reactions that facilitate other reactions,
intermediate reactions, side reactions, etc. which are neglected when not affecting HF
or CO2 emissions. The full list of chemical reaction equations used to perform the mass
and energy balance is provided in Appendix B.

Table 3.1: Inventory for the electrolysis with carbon anode in SimaPro per F.U.

Output

Liquid aluminium 1 t F.U. of the system

Inputs

Aluminium oxide 1.889 t

Cryolite 0.018 t

Aluminium fluoride 0.002 t

Prebaked carbon anode 0.425 t

Anode hydrogen content 0.004 t

Electricity 13 MWh

Emissions to air

Carbon dioxide 1.56 t

Hydrogen fluoride 0.018 t
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Table 3.2: Inventory for the electrolysis process with hydrogen diffusing anode in
SimaPro per F.U.

Outputs

Liquid Al 1 t F.U. of the system

Hydrogen fluoride 0.80 t

Inputs

Aluminium oxide 1.889 t

Cryolite 0.018 t

Aluminium fluoride 0.002 t

Hydrogen 0.112 t

Electricity 13 MWh

The inventory with full names from ecoinvent are found in Tables C.1 and C.2 in
Appendix C.

3.3.2 Background modelling

The background system comprises all the raw materials, construction and production
processes, markets and energy sources, and accounts for up to 99 % of the unit processes
in a product system [80]. The database used in this study is the ecoinvent LCI database,
a very comprehensive database consisting of more than 10 000 interconnected flows,
and contains both country-specific and regional and global average data [80] It can
provide specific processes or grouped markets, average sector values, and global or
geographically specific. This makes it suitable for modelling the background of a system
with limited industry-specific data. The database has no strict cut-off rule, and hence
it provides a dataset as complete as possible [81].

3.4 Impact assessment
The Life Cycle Impact Assessment (LCIA) is the fourth and last phase of the LCA
methodology and aims to connect the LCI results to the system’s environmental impacts
[76]. This phase analyses the potential environmental impacts of the system in the study,
expressing the inputs and outputs in terms of environmental impact. The analysis is
performed to understand better the impacts caused by the system, trying to answer
what part of inputs and outputs contributes to which impact category [78]. The LCIA is
performed through three mandatory and three optional steps, schematically illustrated
in green colour in Figure 3.6 [68, 76].
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Figure 3.6: Schematic view of the Life Cycle Impact Assessment (LCIA) phases [68, 77]

The first three phases, illustrated in green in Figure 3.6, are mandatory for the LCA to
satisfy the requirements in the ISO 14044 standard, while the normalisation, weighting,
and grouping phases (orange) are optional [68].

The phase of selecting impact categories, category indicators and characterisation mod-
els should be consistent with the goal and scope of the study. The characterisation
models are the basis of deriving the CFs and category indicators. The classification
phase links the emissions to the correct impact categories. The characterisation phase
calculates the relative contribution from emissions to a reference substance in the cat-
egory, i.e. category indicator results. As an example, CF4 has a characterisation factor
(CF) of 6 500 kg CO2eq., meaning it contributes 6 500 times more to GWP than the
reference CO2. After the mandatory phases and before the optional ones, the indicator
results for the different impact categories should be presented together in an LCIA
profile to understand the indicator results’ reliability better.

Grouping is the sorting or ranking of impact categories, while weighting is the convert-
ing and aggregating of indicator results across impact categories to reflect the relative
importance of the impacts. The normalisation converts indicator results relative to a
reference to understand the relative magnitude of the results. This is done by dividing
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the results by a reference value, e.g. total inputs and outputs for a given area, a baseline
system or per capita.

The LCIA for the system in this study is carried out using the LCA software SimaPro,
using the ReCiPe 2016 (H/A) LCIA methodology, mentioned in Section 3.2.2, for mid-
point and endpoint indicators. The ecoinvent database is incorporated into SimaPro,
containing many existing impact categories, category indicators and characterisation
factors, and the software connects the background and foreground models of the in-
ventory.

All inputs and outputs of the system are normalised by the reference value of 1 tonne
liquid aluminium, the functional unit. The impact categories evaluated and analysis
methods comply with the Goal and Scope in Chapter 3.2. Normalised LCIA results for
the two alternative production processes, using consumable carbon anode or hydrogen
diffusion anode, are described throughout Chapter 4.

3.5 Interpretation
In the interpretation phase, the LCI and LCIA results are summarised and evaluated
about the main elements of the goal and scope definition [68]. The end goal of this phase
is to produce conclusions and recommendations on the indicator results’ consistency
to that defined in the goal and scope. The interpretation could be explained as a
continuously interdependent process between all the phases of the LCA, as illustrated
in Figure 3.7.

Figure 3.7: Schematic view of the interpretation phase of an LCA [64, 67]
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As Figure 3.7 shows, the first step of the interpretation is to try to identify significant
issues of the LCA. If the results are inconsistent with the goal and scope, it should
be identified if it is because of wrong assumptions or poor data quality, resulting in a
misguided/inaccurate inventory. This phase should see if the LCA is suitable for the
intended application, the audience of the study and the reason for the study to be car-
ried out. These significant issues are evaluated through one or multiple checks, namely
completeness, sensitivity and consistency checks. As illustrated by the green arrows in
Figure 3.7, the results of the interpretation checks are introduced to the previous LCA
phases, and this iterative method continues until the results are satisfactory about the
scope. Then the limitations of the interpretation phase, conclusions and recommenda-
tions are made.

Throughout the work of this study, the interpretation phase has been continuously con-
sidered to improve the quality of data and assumptions. Limitations and assumptions
for this study are described in the Goal and Scope (Chapter 3.2, and the interpretation
phase evaluates these.

A sensitivity analysis of the system has been performed to improve knowledge of the
robustness of the result and better understand how different scenarios within the system
affect the impacts and is presented in Chapter 4.3.
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Results and discussion

The impact results presented in this chapter are obtained by the path from the Goal
and Scope definition in Chapter 3.2, through the inventory analysis in Chapter 3.3, to
the impact assessment in Chapter 3.4. The LCIA evaluated the production of 1 tonne
of liquid aluminium by two alternative production routes, the carbon anode and the
hydrogen diffusion anode routes. The hydrogen anode system was expanded to include
the hydrogen fluoride emission as a by-product for internal recycling or to the HF
market. The overall impact results are presented as three systems in Figure 4.1 to show
the direct effects of replacing carbon with hydrogen at the anode, and at the same time
show the effect of re-using the hydrogen fluoride emissions from the smelter cell.

Figure 4.1: Comparison of the midpoint impact results of the carbon anode system, the
hydrogen anode system and the expanded hydrogen anode system.
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As seen from Figure 4.1, using a hydrogen diffusion anode affects some impact categories
significantly, while some are affected very little. Half of the impact categories (9 of
18) experience less than 1 % change, while the main direct effects of changing anode
material are a significant decrease in the global warming impact category and noticeable
reductions in the fine particulate matter formation and terrestrial acidification impact
categories. A contribution analysis has been performed to obtain a more comprehensive
and detailed understanding of the impact results and identify the main contributors in
the different categories. The LCIA results are analysed and described in the subsequent
chapter.

4.1 Contribution analysis
In the contribution analysis, all three systems are illustrated by two columns in the
graphs. As stated in each figure, the carbon anode system is to the left, and the hydrogen
system is to the right. The hydrogen diffusion anode route column includes the expanded
system from Figure 3.4 in the Scope definition in Chapter 3.2.2, presented as the pink
blocks. During the contribution analysis, the direct effect of the change from carbon to
hydrogen anode has been commented on, but the main focus has been discussing the
effects of the system expansion. The total impact of the expanded system is illustrated
by the black dots in the figures, which for the carbon anode route only highlights
the total impact, but for the expanded system, this represents the total impact of the
system, including the avoided burdens from the hydrogen fluoride by-product.

4.1.1 Global warming

Figure 4.2: Comparison of the global warming impacts of the carbon anode system and
the expanded hydrogen anode system.
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Figure 4.2 shows the aluminium production routes using carbon anode and hydrogen
diffusion anode and their contribution to the global warming impact category. The
most significant contributor to global warming for both systems is the production of
aluminium oxide, accounting for 50 % of the carbon anode and 80 % of the hydrogen
anode system. This is attributed to using natural gas, heavy oil and hard coal as fuel
to provide heat, mainly for the rotary kiln in the calcination process.

For the conventional production route, the direct process emissions from carbon con-
sumption in the cell account for just above one-third of the impacts. This includes
all the chemical reactions in the cell which consume carbon, mainly the reduction of
aluminium oxide, air burn and the Boudouard reaction.

Prebaked anode production accounts for 6 %, whereas petroleum refinery processes,
accounting for producing petroleum coke and tar pitch, contribute 25 %. The remaining
impact is equally accounted for by heat and electricity production by fossil fuels, natural
gas production and transport.

The direct effect of using a hydrogen diffusion anode is a 38 % reduced impact. The
main contribution to GWP, other than the aluminium oxide it shares with the carbon
system, is the production process of hydrogen gas. This is almost exclusively produced
from fossil fuel, and the contribution accounts for around 4 % of the impacts and is
the result of direct process emissions from steam reforming of natural gas and the heat
required in the process.

The avoided impact from the hydrogen fluoride by-product results in a 62 % reduc-
tion compared to the conventional carbon anode system. These avoided impacts are
primarily assigned to the natural gas and hard coal used to heat the oven in the HF
production process. This accounts for 40 %, while electricity from fossil fuels accounts
for 26 %. Sulphur production used in the chemical reaction and corresponding natural
gas processes and transport accounts for around 20 %.

The electric work required for the electrolysis has the same value but accounts for 10.5
% and 6.5 %, respectively, for the carbon and hydrogen anode routes. The electrolysis
process is modelled using a Norwegian electricity mix, utilising a high share of renewable
energy sources. This contribution will likely increase with different spatial boundaries,
with a power mix weighted more towards fossil fuels.

4.1.2 Ozone formation

The ozone formation impact of the carbon anode and hydrogen diffusion anode route
are displayed in Figure 4.3 below. The ozone formation affects both human health and
terrestrial ecosystems, and the two hold the same unit, they are affected by the same
elementary flows, and their impact scores vary only by 1-2 %, such that they are decided
to be displayed and analysed as one common impact category.
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Figure 4.3: Comparison of the ozone formation impacts of the carbon anode system and
the expanded hydrogen anode system.

Aluminium oxide production accounts for around 80 % of the total impact for both
systems. Transport by ship and train accounts for 40 % due to VOCs from fossil fuel
combustion, while the fossil fuels used for heating the calcination process account for
17 %. Burning of fossil fuels releases nitrogen oxides and sulphur dioxides, which react
with water in rain, clouds and fog, to make acid rain. Aluminium hydroxide (Gibbsite)
production accounts for 17 % due to the burning of fossil fuels for heating the dissolution
process. The rest is emissions from natural gas production, electricity generation and
blasting (rust and corrosion treatment).

The introduction of hydrogen results in a direct reduction of almost 5 %, and the
production of hydrogen gas accounts for 8 % of the impact. The majority of this impact
can be assigned to various processes contributing to petroleum refineries and hence the
steam reforming of hydrogen. This involves fossil fuels, petroleum transport by ship,
waste natural gas and blasting, all carbon-based substances producing VOCs and NOx.

The hydrogen fluoride by-product reduces the total impact by 50 %. Sulphuric acid
used in the chemical reaction in hydrogen fluoride production accounts for 25 %, while
transportation by ship and freight lorry account for one-third. The remaining impacts
are associated with heat and electricity generation, blasting, waste natural gas and
diesel burning.

The carbon reductant accounts for 12 % of the impact due to emissions in the mining
and operation of hard coal. Electricity and cryolite production contributes with less
than 10 % due to the usage of fossil fuels like natural gas, heavy oil and hard coal for
heating.
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4.1.3 Fine particulate matter

Figure 4.4: Comparison of the fine particulate matter formation impacts of the carbon
anode system and the expanded hydrogen anode system.

Fine particulate matter is formed from NOx , NH3 and SO2 emitted through the exhaust
gas from burning fossil fuels, either directly to the air or by reaction with sunlight and
water to form secondary particles. Figure 4.4 displays the contributions to the impact
category. As can be seen, the primary contributor is aluminium oxide production which
accounts for 70-80 % of both the carbon anode and hydrogen anode system. Heat for
the aluminium hydroxide process step and the calcination step contributes 25 % each,
and alumina transport by ship accounts for 20 % of this impact. Most alumina is
produced in China, Australia, Brazil and India, and the amount not used domestically
is shipped to smelters in Canada, Norway, the USA and other countries. Large ships
most economically perform this shipping due to the heavy weight and large volumes,
consuming large amounts of fossil fuels. Electricity used mainly in coal mining, using
brown and hard coal as fuel, accounts for 8 %. Direct dust emissions from bauxite
mining and blasting account for the rest.

The introduction of hydrogen to the anode reduces the total impacts by 10 % since
the steam reforming of methane gas releases considerably fewer particulates than the
prebaked carbon anode production. The carbon reductant production contributes 20 %
of the total impacts for the carbon anode system and is caused by the coke and pitch
production processes and by the burning of fossil fuels for heating the baking furnace.

The HF by-product reduces the total impact by over 130 %. This is mainly due to the
production of sulphuric acid, which emits SO2 directly due to an incomplete reaction of
SO2 into SO3 on the catalyst and is performed at high temperatures provided by fossil
fuels combustion. The remaining impacts are associated with electricity production and
cryolite production.
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4.1.4 Freshwater and marine eutrophication

(a) Freshwater eutrophication (b) Marine eutrophication

Figure 4.5: Comparisons of the freshwater and marine eutrophication impacts of the
carbon anode system and the expanded hydrogen anode system.

As seen from Figure 4.5, the impacts on both freshwater and marine ecosystems are
minor compared to the F.U. of 1 t aluminium, but the effect of the hydrogen fluoride
by-product is significant.

For the freshwater ecosystem in Figure 4.5a, the aluminium oxide production accounts
for 80 % of the impacts, where 75 % is assigned to the red mud digestion into river and
groundwater. Phosphorus is tied up in rocks and sedimentary deposits and anthropo-
genically released through mining operations. 25 % of the impact is a result of coal and
copper mining and through nitrogen oxides released from the burning of fossil fuels.

The hydrogen anode reduces the total impact by 2.5 %, while the avoided burdens of
the HF by-product reduce the total impact by 55 %. Coal mining contributes over half,
and copper mining with over one-third of this impact. Electricity contributes 15 %,
where spoils from coal and copper mining account for almost two-thirds and one-third
of this contribution, respectively.

For the marine ecosystem in Figure 4.5b, aluminium oxide production accounts for 59
and 63 % of the impacts. Coal mining accounts for 57 %, and sugarcane production has
the second highest contribution with 12 %. Sugarcane is a commonly used raw material
for biofuel in Brazil, where large amounts of aluminium oxide production occur. The
rest of the impact is accounted for by wastewater treatment, uranium in yellowcake
used to prepare uranium fuels, and numerous small waste contributions from numerous
background processes.
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Using a hydrogen diffusion anode reduces the total impacts by 6 %, due to the increased
use of natural gas and biofuel as fuel, at the expense of coal and oil. The HF by-product
reduces the total impact by almost 90 %, whereas avoided coal mining contributes
55 % and copper mining 12 %. Electricity contributes 30 %, and the contribution is
mainly associated with coal and copper mining, the production of biofuel and various
wastewater treatments.

4.1.5 Terrestrial acidification and ecotoxicity

(a) Terrestrial acidification (b) Terrestrial ecotoxicity

Figure 4.6: Comparisons of the terrestrial acidification and ecotoxicity impacts of the
carbon anode system and the expanded hydrogen anode system.

For the terrestrial acidification impacts illustrated in Figure 4.6a, the aluminium oxide
production accounts for 70-80 % of the impacts. One-third is associated with burning
fossil fuels like natural gas, heavy oil and hard coal for calcination, and 25 % is related
to shipping aluminium oxide by ship due to the use of fossil fuel. Burning fossil fuels
releases nitrogen oxides and sulphur dioxides, which react with water in rain, clouds
and fog to make acid rain. 25 % of the impact comes from the aluminium hydroxide
production, the red mud waste from the digestion of bauxite, with nitrogen oxides and
sulphur oxides contaminating the groundwater.

The hydrogen diffusion anode reduces the total impact by 10 %, while the HF by-
product reduces the total impact by 150 %. Avoided acidification is mainly because of
the avoided production of sulphur and sulphuric acid, which contributes to 75 % of the
impacts, due to the burning of fossil fuels for heating the sulphuric acid process and
the mining process to reach sulphur deposits.
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The carbon reductant contributes 20 % to the total impact. Nitrogen oxides (NOx)
and sulphur dioxides (SO2) from burning heavy oil and natural gas for heating in the
production process of the prebaked anode account for 50 %. Petroleum coke and pitch
production account for 30 %, and heat and transport account for the rest. The common
reason for these emissions is the burning of fossil fuels that contributes to terrestrial
acidification, from NOx and SO2 emissions.

As seen in Figure 4.6b, the impacts on terrestrial ecotoxicity are substantial, amounting
to 7.3 tonnes of 1.4-DCBeq. per tonne liquid aluminium produced. The total impacts
are almost identical for the two systems, the hydrogen diffusion anode increases the
impacts by 0.3 %. The two main impacts common for the two are aluminium oxide and
electricity production, contributing 55 % and one-third, respectively. The aluminium
oxide contribution is 43 % heat from the oil and hard coal and 18 % from the air
pollutants of copper, nickel and chromium. Of the electricity contribution, 75 % is the
production of copper used in transmission and distribution networks due to its high
electrical conductivity. Nickel and chromium production account for 10 %, while the
rest is assigned to various emissions such as brake wear emissions and process electricity
generation.

The avoided burdens from the HF by-product results in a 190 % reduction of the
total impacts. The reduction is mainly a result of the avoided copper, zinc, nickel
and chromium emissions from mining operations. HF is produced from fluorspar and
sulphuric acid, and sulphuric acid is produced from sulphur at 450 °C using a vanadium
catalyst. Copper is widely used in electric transport in energy generation, and heat
production from fossil fuels releases various toxic substances.

Hydrogen production contributes 10 %, where 90 % is assigned to the direct process
by the emissions from vanadium, nickel and copper production. Steam reforming of
hydrogen from natural gas at high temperatures uses a nickel catalyst, while copper and
vanadium are used in electric transmission and generation equipment. Steam reforming
involves balancing the H2/CO ratio, the water gas shift reaction. It is a multiple-step
process occurring at high and low temperatures, where the high-temperature catalyst
is iron oxide and chromium oxide, while the low-temperature catalyst is copper-based.
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4.1.6 Freshwater and marine ecotoxicity

(a) Freshwater ecotoxicity (b) Marine ecotoxicity

Figure 4.7: Comparisons of the freshwater and marine ecotoxicity impacts of the carbon
anode system and the expanded hydrogen anode system.

As seen from Figure 4.7 (on the previous page), the amounts are slightly different, but
the distribution of the impacts is almost identical for both categories. Aluminium oxide
production accounts for two-thirds, where groundwater and river contamination from
the heavy metals in the red mud landfills accounts for 85 %.

Using hydrogen instead of carbon anode reduces the freshwater impact by 1 % but
increases the marine impact by 1 %. This is because the natural gas used for producing
hydrogen is made at petroleum refineries located off-shore, and 16 % of the marine
ecotoxicity impact is assigned to off-shore processes.

The HF by-product results in a reduction of the total impacts by around 75 %. Avoided
contamination from copper production accounts for 80 %, while the avoided production
of zinc, nickel, gold and silver accounts for 10 %. The rest is accounted for by coal
production and the red mud residue.

Electricity production accounts for one-third, where over 90 % are attributed to copper
mining operations and the rest from coal mining and nickel slag.

41



Chapter 4: Results and discussion

4.1.7 Human carcinogenic and non-carcinogenic toxicity

(a) Human carcinogenic toxicity (b) Human non-carcinogenic toxicity

Figure 4.8: Comparisons of the human carcinogenic and non-carcinogenic toxicity im-
pacts of the carbon anode system and the expanded hydrogen anode system.

Regarding carcinogenic toxicity, Figure 4.8a shows that the impact is almost exclusively
assigned to the production of aluminium oxide, accounting for 98 % of the total impact.
The main reason for the aluminium oxide contribution is the red mud, accounting for
99 %. This slag from the landfills is leached into the soils and groundwater, containing
heavy metals such as vanadium, chromium, nickel and mercury. The carbon reductant,
electricity and cryolite production contributes to the final 2 % of the total impacts.

Hydrogen at the anode reduces the impact only by 0.3 %, while the avoided burdens
from the HF by-product reduce the total impact by 3.1 %. The by-product reduction
is a consequence of avoiding slag and dust from producing steel used in the furnace,
leaching of spoils in surface landfills from coal mining and slag and sulphidic tailings
from copper production.

The non-carcinogenic impacts in Figure 4.8b are also mainly accounted for by the
aluminium oxide production, by 85 %, with the red mud as the primary contributor.
Hydrogen at the anode reduces the total impacts by 1 % due to high emissions of heavy
metals reaching rivers from oil refineries.

As opposed to the carcinogenic impact results, regarding the non-cancer effects, the HF
by-product reduces the total impact by 53 %. Slag and sulphidic tailings from copper
production account for 65 % of the avoided impact, while spoiling, ash and slurry from
coal mining accounts for 12 %. Mining of precious metals such as gold, silver and zinc
used in electronics and as catalysts account for 20 %.

Electricity contributes 11 %, where 70 % is copper production and 20 % is coal mining.
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4.1.8 Land use

Figure 4.9: Comparison of the land use impacts of the carbon anode system and the
expanded hydrogen anode system.

Figure 4.9 shows that aluminium oxide production is the main contributor, accounting
for over 60 % of the impacts. Occupation of area for both mining and red mud waste
landfills accounts for 90 % of the impact, while the last 10 % is accounted for by road
construction, pipelines for natural gas and onshore petroleum infrastructure.

The HF by-product reduces the total impact by 55 %. Avoided occupation of the area
for the power plants accounts for over 80 %, while the remaining is associated with
forestry and onshore petroleum wells. Electricity contributes one-third, where 80 %
is accounted for by the occupation of areas for power plants and the remaining from
forestry. The anode materials contribute only 2 % and cryolite with 3 %.
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4.1.9 Mineral and fossil resource scarcity

(a) Mineral resource scarcity (b) Fossil resource scarcity

Figure 4.10: Comparisons of the mineral and fossil resource scarcity impacts of the
carbon anode system and the expanded hydrogen anode system.

As seen in Figure 4.10a, the mineral resource scarcity is almost exclusively affected
by the bauxite mining of the aluminium oxide production, accounting for 97 % of
the total impacts. The hydrogen anode only reduces the total impact by 0.2 %, while
the HF by-product reduces the total impact by 7.2 %. The contribution from avoided
HF production is associated with mining precious metals used as catalysts and in
electrical equipment, such as nickel, zinc and copper. The carbon reductant, electricity
and cryolite contribute 3 %.

Figure 4.10b illustrates that the contributions affecting fossil resource scarcity are more
varied than for the minerals considerations. Aluminium oxide production is still the
main contributor, by almost two-thirds, due to the production of fossil fuels, with
natural gas and petroleum as the two main sources. The carbon reductant contributes
30 % to the total impact. Petroleum production for the petroleum coke and tar pitch
used in the prebaked anode production accounts for over 90 %, while the rest is due to
fossil fuels used to heat the anode baking furnace.

The hydrogen diffusion anode increases the total impacts by 0.4 % because hydrogen
is produced through steam reforming at petroleum refineries, and the oil refinery uses
more fossil resources than coal mining and heating for carbon anode production. The
hydrogen production process account for 32 %.

The HF by-product reduces the total impact by 40 %. Natural gas and sulphur produc-
tion account for two-thirds, while petroleum and coal account for the rest. Fossil fuels
provide heat for the combustion of liquid sulphur in the sulphuric acid production to
be used in the HF production process and for the rotary kiln in the HF production.
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4.1.10 Water consumption

Figure 4.11: Comparisons of the water consumption impacts of the carbon anode system
and the expanded hydrogen anode system.

As Figure 4.11 illustrates, in this impact category, aluminium oxide production accounts
for only 3 %, while electricity production holds the most significant contribution with
97 %. This is associated with the hydropower reservoir due to the choice of Norwegian
electricity production for the modelled aluminium production route.

The carbon and hydrogen production contributes practically nothing, while the HF by-
product reduces the total impact by 14 %. This contribution is almost solely assigned
to the liquid sulphur used in sulphuric acid production.

4.1.11 Ionizing radiation

Figure 4.12: Contribution to the Ionizing radiation impact of the carbon anode system
and the expanded hydrogen anode system
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Figure 4.12 presents the contributions to the ionising radiation impact category, and
it shows that the main contributor is electricity production by two-thirds. Uranium
tailings account for almost the entire impact and are associated with the imported
power mix from Sweden, Finland, Netherlands and Romania, where nuclear power
plants are used.

Aluminium oxide production accounts for one-third of the impact and is caused by
uranium tailings, the radioactive waste of uranium mining and enrichment, for use
in nuclear power plants, mainly from Chinese-made alumina. Hydrogen introduction
reduces the total impact by 1.5 %, while the HF by-product reduces the total impact
by 55 % due to avoided power consumption from nuclear power plants found in the
power mix. The carbon reductant contributes 6 % to the total impact, while cryolite
contributes 2 %.

Appendix D provides the characterised and normalised impact results, in Table D.1 and
Table D.2, respectively. The normalised results are included to provide a comparison
between impact categories, expressed relative to a reference system [78].

4.2 Contribution to endpoint categories
The midpoint results assessed in the previous chapter consist of many impact cat-
egories, resulting in a complete and detailed result suitable for identifying important
aspects of the product life cycle. The midpoint results can be hard to interpret correctly
and be presented clearly and concisely for decision-making purposes. The endpoint res-
ults reduce the complexity by presenting the results in three Areas of Protection. The
impact results are summarised through normalisation and weighting to provide a com-
pressed and comparable presentation. The averaged weighting factors for the endpoint
categories are 40 % for human health and ecosystems, and 20 % for resources, for the
hierarchist perspective, and the endpoint results are shown in Figure 4.13.

Figure 4.13: Comparison of the weighted endpoint impacts of the carbon anode system,
the hydrogen anode system and the expanded hydrogen anode system.
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Figure 4.13 shows that aluminium electrolysis affects human health substantially more
than the ecosystems and resources. The carbon anode system has a higher impact on
human health and ecosystems, while the hydrogen system has a higher contribution
associated with the resources. This is in accordance with the midpoint impact results,
where the fossil resource scarcity category is more affected by the hydrogen system but
by less than 1 %. The expanded hydrogen system has a lower impact in all categories, by
the midpoint impacts, where the avoided production of HF further reduced the impacts
in all categories compared to hydrogen diffusion anode without system expansion.

By grouping the endpoint impact results as shown in Figure 4.14 below, it is clear that
the hydrogen anode has a lower contribution to the overall endpoint impacts.

Figure 4.14: Comparison of the endpoint impacts by aggregation

Table D.3 in Appendix D displays the endpoint impact results for the endpoint assess-
ment together with normalised and weighted results.

4.3 Uncertainty and sensitivity analysis
To provide a precise interpretation in compliance with the scope of the study, the results
of this LCA must be evaluated with regard to uncertainty and accuracy.

• Data availability: In this assessment, the hydrogen diffusion anode approach
holds a significant degree of uncertainty, as it is a novel approach at the experi-
mental research stage. Data is obtained from literature and process simulations
and provides sufficient accuracy to develop an inventory for small scale based on
stoichiometric and partly real condition data. Upscaling these considerations will
impose an accumulation of uncertainties caused by energy losses. Further research
and experimental data are needed to identify the actual losses in the alternative
process.
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• Model assumptions: When modelling the system of this study, several choices
are made. The accuracy of these assumptions could be significant. For example,
the conversion rate of hydrogen to HF is assumed from equilibrium calculations,
when in reality it is probably lower due to losses. At the same time, there might
be secondary reactions in the cell that contributes to the HF generation from
hydrogen. The model must be re-evaluated and modified when experimental data
are available to obtain more precise results.

• Data accuracy: The data Ecoinvent 3.6 is used in this study, updated in 2019,
whereas the newest version is compiled in 2023. This causes uncertainty towards
the technological advances used in the analysis if some unit processes correspond
to years or technology not suitable for the scope of the study. The present study
has aspired to use representative data to the best possible extent, to produce
correct and robust results, and comply with the Goal and Scope.

• Scope of the study: As mentioned, an LCA is highly case-dependent and is
subjective modelling, where numerous choices are made throughout the develop-
ment of the study. The uncertainty lies in how changes in conditions affect the
environmental impacts. For example, geographical limits could affect the impacts
of electricity or heat production. A sensitivity analysis is used to investigate the
system’s robustness regarding changes in conditions for the production process.

4.3.1 Uncertainty of the results

The numerous minor uncertainties accumulated from the limitations of available data,
model assumptions, data accuracy and scope of the study, result in more considerable
uncertainty for the final impact results. The iterative nature of an LCA provides the
possibility to re-evaluate the choices made and modify the models of primary aluminium
production routes, to improve the comparative assessment.

In this study, the data available for the conventional production route is more precise
and comprehensive than that of the alternative production route. For the consumable
carbon anode system, both independent and industry-provided LCAs and statistics
are available. The electrolysis cell is still a somewhat complex process when modelling
chemical reactions. Numerous intermediate and side reactions are occurring, facilitating
phase changes and other reactions. For this study, the chemistry is simplified for the
model to consist of only the reactions affecting the anode reaction and hydrogen fluor-
ide evolution. The data regarding hydrogen diffusion anode is scarce, and for example,
assumptions regarding reaction rates have been chosen based on literature and equi-
librium considerations. Considering the above considerations, the hydrogen diffusion
anode system impact is more sensitive to change in a future LCA.

4.3.2 Sensitivity to electricity mix

This LCA has been performed for Norwegian production conditions, subsequently,
European conditions. The energy crisis during the last year has accelerated the en-
ergy trading cooperation across Europe [82]. That scenario will further increase due
to increased energy demand to reach the Paris Agreement goal and provide a stable
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energy supply security across Europe [82]. A sensitivity analysis is carried out to as-
sess how the primary aluminium production process relies on the electricity source.
The Norwegian electricity mix relies heavily on hydropower and wind power, by 88
% and 11 %, respectively [83]. In contrast, 40 % fossil fuels cover the European mix,
25 % nuclear power and one-third of renewable sources [84]. Aluminium smelters are
usually located in areas with access to large amounts of cheap electricity, which can
result in a different power mix from the general electricity mix. This is not an issue for
Norwegian aluminium smelters since almost the entire mix is renewable. It affects the
European mix more because the industrial mix has a larger share of hydropower and
nuclear power than the general mix. So in this analysis, the Norwegian electricity mix
is substituted with the "Electricity, high voltage, aluminium industry IAI Area, EU27
& EFTA | market for | APOS, U".

The impact results of this substitution are shown in Figure 4.15.

Figure 4.15: Impact results using European electricity mix in the electrolysis process.
Comparison of the midpoint impact results of the carbon anode system and the expanded
hydrogen anode system with Norwegian and European electricity mix.

The European electricity mix increases impacts in all categories for both the carbon
anode and the expanded hydrogen anode system. The increased impacts are very notice-
able in the impact categories where the burning of fossil fuels is the main contributor,
such as global warming, ozone formation, fine particulate matter formation and acid-
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ification. Nuclear power and coal are responsible for the most significant increases, in
the ionising radiation and eutrophication impacts, respectively.

Marine resource scarcity and human carcinogenic toxicity are the least dependent on
the electricity source because nearly the entire impact is caused by bauxite mining
operations and red mud residue from the Bayer process.

Norwegian smelters have a significant advantage connected to geographical boundaries
since they use hydropower for the energy-intensive primary aluminium production pro-
cess. The impact difference is identical for the two production routes, since the modelled
electricity is the electrolysis requirement, and is the same for both production routes.
The hydrogen diffusion anode production route is favoured independently of the change
in the electricity mix.

The detailed results of the sensitivity to electricity mix are provided in Table E.1 in
Appendix E.

4.3.3 Sensitivity to hydrogen production method

As mentioned in Chapter 1.3, hydrogen could be produced by several methods. The
future alternative is green hydrogen, produced by water electrolysis, using renewable
energy sources for electricity. This sensitivity analysis modifies green hydrogen produc-
tion with renewable electricity and water as inputs. The electricity needed to produce
1 kg of hydrogen is ideally 39 kWh [59]. Most commercial electrolysers have efficiencies
between 56 % and 73 %, corresponding to electricity consumption between 53.4 kWh
and 70.1 kWh per kg hydrogen [85].

The average electricity requirement of 62 kWh, and 8.9 litres of water per kg hydrogen
[59] is used to calculate the 6.9 MWh electricity and 1 m3 of water input. The material
requirements for the electrolyser and infrastructure are not considered, which results
in underestimating the impacts. The simplified modelling of zero-emission hydrogen
production still provides a useful estimate of the effects of changing from grey to green
hydrogen. The Norwegian electricity mix in ecoinvent is manually modified to consist
of hydropower and onshore wind power without power import [83, 86]. The results are
shown in Figure 4.16.
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Figure 4.16: Comparison of the impact results for hydrogen production by steam re-
forming and electrolysis using renewable energy sources for the hydrogen diffusion anode
system.

The results in Figure 4.16 represent the hydrogen diffusion anode system, without HF
as a by-product. The two approaches need the same amount of hydrogen, meaning the
changed impacts are the same, only the percentage difference varies slightly. The overall
result is the same for both systems, that is the green hydrogen reduces the impact in
all categories except water consumption. The environmental impacts are significantly
reduced in the ionising radiation, terrestrial ecotoxicity and fossil resource scarcity
impact categories. This is associated with the avoided nuclear power and fossil fuel
consumption in the electricity mix. For terrestrial ecotoxicity, the reduction is caused
by the reduced requirements for copper used in power generators.

Half the categories experience between 7 % and 18 % lower impacts. The high share of
hydropower in the modelled electricity mix increases water consumption but reduces
the use of copper and precious metals for power generation equipment. The equipment
used in a hydropower plant has a long lifetime and needs few components to produce
power, such as pipes and turbines. This could have been different if solar or wind power
plants were exclusively used, with increased demand for minerals, precious metals and
aluminium. E.g., if only wind power is used, the terrestrial ecotoxicity impact increase
by over 300 % due to the copper used in the power generators in the turbine.

Compared to the original production method using a carbon anode, the GHG emissions
are reduced by 45 %, a further reduction of 7 % compared to grey hydrogen.

Detailed results of the sensitivity analysis regarding the hydrogen production method,
including the wind power alternative, are presented in Table E.2 in Appendix E.
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4.3.4 Sensitivity to fuel source in HF production

As mentioned in Chapter 1.3, the conventional production process of hydrogen fluoride
is the reaction between fluorspar and sulphuric acid (H2SO4) in a rotary kiln furnace.
The heat source is modelled using natural gas in the ecoinvent LCI database. Nat-
ural gas is widely used for its ability to produce high temperatures, while alternative
fuels might not be suitable due to lower calorific values and hence lower temperatures
[87]. Studies on alternative fuel sources for rotary kilns used in cement manufacturing
showed that the use of high and low calorific value fuels simultaneously as possible, with
replacement rates of 40 % to 100 % [88, 89], where the studied fuel sources included
dry sewage sludge, carpet residues, biomass and waste oil [88, 90].

With further research and experimental studies to avoid harmful effects on the product
quality, a flexible multi-fuel furnace is a possible future solution [90]. The ratio of 50
% natural gas and 50 % biomass is used in the model used for this sensitivity analysis
from the satisfactory results by the use of 55 % alter[89]. Biomass is chosen because it
is a renewable energy source, given that only the annual growth of the biomass source is
utilised, and 5 % of the Norwegian power production is made from biomass, potentially
doubling this production [91].

To model the change, the HF production process is the only process which has been
changed. The "Hydrogen fluoride RER| market for hydrogen fluoride | APOS, U" has
been affected in the production process, where the original heat from "Heat, district or
industrial, natural gas RER| market group for | APOS, U" is reduced to 3.5 MJ. The
remaining 3.5 MJ is provided by "Heat, district or industrial, other than natural gas
DE| heat and power co-generation, wood chips, 6667 kW, state-of-the-art 2014 | APOS,
U". The results of the sensitivity analysis regarding the thermal energy source for the
furnace in the hydrogen fluoride production process is shown in Figure 4.17.
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Figure 4.17: Impact results using 50 % biomass and 50 % natural gas for heating
the furnace in the hydrogen fluoride production process. Comparison of the midpoint
impact results of the carbon anode system, the expanded hydrogen anode system and the
expanded system with alternative fuels for HF production.

The overall result is that the introduction of biomass affects the impacts very little.
Biomass is said to be renewable if the planting and growing of new trees replenish the
used amount. The wood emits GHG emissions but is considered neutral because the
planted trees consume CO2, but this is not shown in the impact results. Freshwater
eutrophication experienced increased impact, due to ammonia produced from natural
gas, used as a redox mediator to facilitate energy transfer to biomass in the production
process.

Detailed results of the sensitivity analysis regarding fuel source for HF production are
presented in Table E.3 in Appendix E.

4.3.5 Sensitivity to energy source in aluminium oxide production

The energy sources used in aluminium oxide production vary geographically, where coal,
oil, gas and electricity are used at an industrial scale [92]. Australia is one of the largest
manufacturers of aluminium oxide, and the production facilities have combined heat
and power generation using natural gas, coal, or biomass [93]. There are several ongoing
pilot projects regarding alternative fuels for the digestion and calcination process of the
Bayer process, where both electrical boilers and electrification are piloted.
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Around 70 % of the fossil fuels consumed in the refining process is used to produce
steam in boilers, and Alcoa in Australia runs a pilot to demonstrate technology that
can electrify the production of steam in its alumina refining process [93]. European
countries are responsible for approximately one-quarter of global aluminium oxide ex-
port [94]. This sensitivity analysis will substitute the fossil fuels used in the boilers with
electricity from wind and solar power. These two are chosen to simulate the future of
European renewables since wind and solar power shares of the European electricity mix
are increasing [95, 96]. The results are shown in Figure 4.18.

Figure 4.18: Impact results using wind and solar power as energy sources for the alu-
minium oxide production process.

The result of using wind and solar power to produce aluminium oxide is a remarkable
increase in all categories. This is associated with the massive amount of materials
required to construct wind turbines and solar panels. The construction of a wind turbine
requires more than 100 t steel, 300 t concrete and 2 t copper per MW [97]. For solar
power plants, more than 65 t steel, 60 t concrete and 4 t copper are required per MW
[97]. Hence, all impact categories associated with mining and resources skyrocket. Fuel
sources to provide heat and electricity in the production routes of wind and solar power
plants contribute to significant environmental impacts.

Detailed results of the sensitivity analysis regarding energy source for the aluminium
oxide production are presented in Table E.4 in Appendix E.

54



Chapter 5

Conclusion

The research questions from the scope are clearly stated in the conclusion below to
provide a clear picture of the assessment and the conclusions made.

What are the life cycle characteristics of the primary aluminium production,
using consumable carbon anode and hydrogen diffusing anode, in Norway,
and the different impact contributions from the two alternative production
routes?

Throughout this research, a life cycle assessment has been made to study the sustain-
ability of the primary aluminium production process using both a conventional carbon
anode and an alternative hydrogen diffusion anode. Raw material data has been ob-
tained, a process simulation model has been performed, and the resulting data has been
analysed in the LCA software tool SimaPro.

The results show reduced impacts in the hydrogen diffusion anode production route for
most of the studied impact categories, and the most significant reduction was exper-
ienced in global warming, ionising radiation, ozone formation, fine particulate matter
formation, terrestrial acidification, freshwater and marine eutrophication. Nearly half
of the impact categories experienced less than one % change, i.e. freshwater and mar-
ine ecotoxicity, human carcinogenic and non-carcinogenic toxicity, mineral and fossil
resource scarcity and water consumption. Terrestrial ecotoxicity and fossil resource
scarcity experienced an increase in impact when using a hydrogen diffusion anode.

The fuel sources for heat in hydrogen production explain the small to moderate reduc-
tions in many impact categories. While the fossil fuels and carbon used for prebaked
anode production are avoided, most hydrogen produced today is made from methane
steam reforming. Hence, the impacts are similar in many categories, but the contrib-
uting fossil fuel sources and unit processes change. The main direct effect of changing
from carbon anode to hydrogen anode is the reduced direct process emission from the
consumed carbon anode, reducing the global warming impact by 38 %.
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A system expansion by substitution was performed on the hydrogen diffusion anode
system, to include the hydrogen fluoride waste emission as a by-product for internal
recycling or use in the HF market. The result was a significant reduction in all impact
categories.

For both the conventional carbon anode system and the hydrogen diffusion anode sys-
tem, the refining of aluminium oxide accounts for between 55 % and 98 % of the impacts
in 13 of 15 categories. Burning fossil fuel for electricity and heat in the digestion and
calcination processes is responsible for between 50 % and 80 % of the impacts in global
warming, ozone formation, fine particulate matter formation, terrestrial acidification
and fossil resource scarcity categories. The red mud waste from the Bayer process ac-
counts for between two-thirds and 98 % of the impacts in the freshwater and marine
ecotoxicity, human carcinogenic and non-carcinogenic toxicity and freshwater eutroph-
ication categories. The mining of bauxite accounts for 60 % and 97 % of the land use
and mineral resource scarcity impact categories, respectively. Coal mining and biofuel
production account for 60 % of marine eutrophication.

The reason for the reduction in most of the impact categories being small is as men-
tioned, that 90 % of the hydrogen produced today is produced by methane steam
reforming, reducing impacts slightly because natural gas emits less than petroleum for
the prebaked anode production.

The main effect of using hydrogen instead of carbon at the anode is reduced global
warming impact by 38 % and a 10 % reduction in fine particulate matter formation
and terrestrial acidification.

The significant reduction in this research is experienced when the hydrogen system is
expanded to include the hydrogen fluoride emission as a by-product. The HF can be
recycled internally and reused in the bath or used in the refrigerant industry. The system
expansion results in a reduction between 55 % and 190 % in 11 of 15 impact categories.
These substantial reductions are strongly linked with the avoided consumption of fossil
fuels for heating the furnace in the production of HF and sulphuric acid. The second
hotspot for the expanded system is the avoided impacts from mining and production of
copper and precious metals used as catalysts and power transmission and generation.

The endpoint impact assessment showed that the human health and ecosystems categor-
ies have lower impacts for the hydrogen diffusion anode, while the resource availability
has a higher impact. This is in accordance with the midpoint results, where the hy-
drogen anode system has higher impacts in the fossil resource scarcity and terrestrial
ecotoxicity categories. The endpoint of resources is grouped only by the two resource
scarcity midpoint categories, while the ecosystems endpoint consists of 9 midpoint cat-
egories. Hence, the relative contribution to the endpoint category is more significant
for fossil resource scarcity than terrestrial ecotoxicity on the ecosystems endpoint.

The aggregated endpoint results clearly show that the hydrogen diffusion anode per-
forms better than the carbon anode system, with an 11 % reduction directly from the
change to hydrogen, and by 49 % when including HF as a by-product.
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How sensitive is the environmental impact of aluminium production to fuel
sources, reductant production method and changes in the electricity mix?

The first sensitivity analysis studied the production systems’ sensitivity towards differ-
ent electricity sources for electrolysis. This will give insight into the production routes
for European smelters and for Norwegian smelters experiencing increased European in-
fluence on the Norwegian mix. The production process is highly energy-intensive and is
highly sensitive to changes in electricity sources, and all impact categories experienced
increased environmental impacts. The energy requirements for the chemical reactions
using carbon and hydrogen are almost identical, and hence the change in the electricity
mix does not change the preferred production route. Proposed further work will be
to produce a more comprehensive energy balance and change the electricity source for
multiple background flows, to obtain a more robust model.

The second sensitivity analysis investigated how the change in the hydrogen production
method would affect the environmental performance of the aluminium production route.
Grey hydrogen from methane steam reforming was changed to green hydrogen from
water electrolysis with renewable energy sources. The result showed a lower impact in
almost every category, due to avoided nuclear and fossil fuel production, and reduced
demand for copper and other metals.

A key finding of the sensitivity analysis was that the hydrogen production method
is highly sensitive to the choice of renewable energy source used in the electrolysis. A
quick assessment was performed to highlight this, showing that the exclusive use of wind
power for the hydrogen production plants resulted in a 300 % increase in terrestrial
ecotoxicity impact due to the extensive amounts of copper used in the turbine generator.
It experienced slightly increased GHG emissions, associated with the construction of
the turbines, such as cement for the base, fibreglass for the tower and blades and
steel. Hydropower uses fewer minerals and metals but occupies large areas and causes
significant nature interventions when constructed.

The third sensitivity analysis investigated the fuel source for hydrogen fluoride pro-
duction, substituting 50 % of the heat from natural gas with heat from biomass. The
environmental performance did not change, mostly due to the direct emissions from
burning wood and the ammonia from natural gas used in biomass production. The use
of biomass could reduce the impacts if produced sustainably, but this is not shown in
the results.

The last sensitivity analysis was performed to assess how the main contributing unit
process would respond to a change in energy source, namely the aluminium oxide pro-
duction. Fossil fuels for heat and electricity were substituted with wind and solar power.
This resulted in a tremendous overall impact increase, due to the massive material re-
quirements for construction of the wind and solar power plants. Energy sources and
raw material extraction in the production of wind turbines and solar panels hold a
significant impact on the environmental impacts of renewable energy production.
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Final conclusive remarks

In this study, an alternative anode has been proposed for primary aluminium produc-
tion. The hydrogen diffusion anode shows positive environmental results for a Norwe-
gian aluminium smelter cell. A reduction in almost every impact category resulted from
substituting the consumable carbon anode with a hydrogen diffusion anode.

The demand for aluminium in the future will undoubtedly increase, as it is an essential
material for the energy transition and the corresponding increased demand for digital-
isation and electricity transmission. The production process is highly developed in some
regards but has considerable potential for improvement in others, such as in electricity
supply and direct process emissions. The consumable carbon anode is the source of
1.5 kg CO2 per kg liquid aluminium and modifying the anode could contribute to the
zero-emission required to retard global warming.

The hydrogen diffusion anode system was expanded to include the hydrogen fluoride
emissions as a by-product, for reuse in the bath or fertiliser industry. This resulted in
the system performing even better environmentally, primarily associated with avoiding
burning fossil fuels and mining.

The hydrogen fluoride emissions contribute less to the environmental impacts than
predicted beforehand. The main issue with HF gas concerns the work environment in
the production facility, as the gas affects the respiratory system and can cause lung
diseases. The research to further improve dry scrubbers and avoid local emissions when
the bath is exposed to aluminium oxide during feeding would contribute to minimising
this potential hazard.

Further experimental research to obtain more precise data will reduce the uncertainty of
the LCA on primary aluminium production by using a hydrogen diffusion anode. This
is a novel approach with limited experimental studies, which this master’s thesis has
aimed to provide a first environmental evaluation of. The uncertainties of the LCA are
associated with the practical conditions regarding the large-scale implementation of an
approach barely tested experimentally. This thesis still provides a valuable assessment
of the alternative aluminium production route, showing that the hydrogen diffusion
anode performs better environmentally if implemented in industrial smelter cells.

58



References

[1] V. M. et al., ‘2021: Summary for policymakers,’ Climate Change 2021: The Phys-
ical Science Basis. Contribution of Working Group I to the Sixth Assessment
Report of the Intergovernmental Panel on Climate Change,

[2] UNFCCC. ‘Key aspects of the paris agreement.’ Accessed 20.03.2023. (2021),
[Online]. Available: https://unfccc.int/process-and-meetings/the-paris-
agreement/the-paris-agreement/key-aspects-of-the-paris-agreement.

[3] I. E. A. (IEA), ‘Net zero by 2050 - a roadmap for the global energy sector,’ Paris,
2021, Accessed 20.03.2023. [Online]. Available: https://www.iea.org/reports/
net-zero-by-2050.

[4] E. Aluminium. ‘Innovative, circular and low-carbon products thanks to aluminium.’
Accessed 2023-04-12. (2023), [Online]. Available: https://european-aluminium.
eu/about-aluminium/aluminium-in-use/.

[5] M. J. Wang. ‘Aluminium in green buildings - a guide to green building develop-
ment and certification with aluminum products.’ ().

[6] I. A. I. (IAI), ‘Aluminium sector greenhouse gas pathways to 2050, executive
summary,’ London, 2021, Accessed 27.03.2023. [Online]. Available: https : / /
international-aluminium.org/resource/aluminium-sector-greenhouse-
gas-pathways-to-2050-2021/.

[7] A. F. (ALFED), ‘Uk aluminium sustainability roadmap to 2050,’ West Midlands,
2021, Accessed 16.04.2023. [Online]. Available: https://alfed.org.uk/wp-
content/uploads/2021/06/ALFED_Sustainable-roadmap_DIGITAL-V2.pdf.

[8] E. Aluminium, ‘The european aluminium industry’s sustainability roadmap to-
wards 2025,’ Brussel, 2015, Accessed 27.03.2023. [Online]. Available: https :
/ / european - aluminium . eu / wp - content / uploads / 2022 / 10 / european -
aluminium-industry_sustainability-roadmap-towards-2025.pdf.

[9] O.-A. Lorentsen, ‘Aluminium,’ in Metal Production in Norway, M. Tangstad, Ed.,
Trondheim: Akademika Publishing, 2013, pp. 25–56, isbn: 978-82-321-0241-9.

[10] K. Grjotheim and H. Kvande, Understanding the Hall-Héroult process for produc-
tion of aluminium. Düsseldorf: Aluminium-Verlag, 1986, isbn: 3870171812.

[11] I. A. I. (IAI). ‘Statistics: Primary aluminium smelting energy intensity.’ Accessed
2023-04-19. (2023), [Online]. Available: https://international-aluminium.
org/statistics/primary-aluminium-smelting-energy-intensity/.

59

https://unfccc.int/process-and-meetings/the-paris-agreement/the-paris-agreement/key-aspects-of-the-paris-agreement
https://unfccc.int/process-and-meetings/the-paris-agreement/the-paris-agreement/key-aspects-of-the-paris-agreement
https://www.iea.org/reports/net-zero-by-2050
https://www.iea.org/reports/net-zero-by-2050
https://european-aluminium.eu/about-aluminium/aluminium-in-use/
https://european-aluminium.eu/about-aluminium/aluminium-in-use/
https://international-aluminium.org/resource/aluminium-sector-greenhouse-gas-pathways-to-2050-2021/
https://international-aluminium.org/resource/aluminium-sector-greenhouse-gas-pathways-to-2050-2021/
https://international-aluminium.org/resource/aluminium-sector-greenhouse-gas-pathways-to-2050-2021/
https://alfed.org.uk/wp-content/uploads/2021/06/ALFED_Sustainable-roadmap_DIGITAL-V2.pdf
https://alfed.org.uk/wp-content/uploads/2021/06/ALFED_Sustainable-roadmap_DIGITAL-V2.pdf
https://european-aluminium.eu/wp-content/uploads/2022/10/european-aluminium-industry_sustainability-roadmap-towards-2025.pdf
https://european-aluminium.eu/wp-content/uploads/2022/10/european-aluminium-industry_sustainability-roadmap-towards-2025.pdf
https://european-aluminium.eu/wp-content/uploads/2022/10/european-aluminium-industry_sustainability-roadmap-towards-2025.pdf
https://international-aluminium.org/statistics/primary-aluminium-smelting-energy-intensity/
https://international-aluminium.org/statistics/primary-aluminium-smelting-energy-intensity/


References

[12] I. A. I. (IAI). ‘Statistics: Primary aluminium smelting power consumption.’ Ac-
cessed 2023-04-19. (2023), [Online]. Available: https://international-aluminium.
org/statistics/primary-aluminium-smelting-power-consumption/.

[13] I. A. I. (IAI). ‘Statistics: Greenhouse gas eissions intensity primary aluminium.’
Accessed 2023-04-19. (2023), [Online]. Available: https : / / international -
aluminium.org/statistics/greenhouse-gas-emissions-intensity-primary-
aluminium/.

[14] K. Grjotheim and B. Welch, Aluminium smelter technology: A pure and applied
approach, und, 2nd ed. Düsseldorf: Aluminium-Verlag, 1988, isbn: 3870171626.

[15] I. A. I. (IAI). ‘1.5 degrees scenario: A model to drive emissions reduction.’ Ac-
cessed 27.03.2023. (2021), [Online]. Available: https://international-aluminium.
org/resource/1- 5- degrees- scenario- a- model- to- drive- emissions-
reduction/.

[16] J. Thonstad, Aluminium electrolysis: Fundamentals of the hall-héroult process,
eng, Düsseldorf, 2001.

[17] H. Kvande and P. A. Drabløs, ‘The aluminum smelting process and innovative
alternative technologies,’ Journal of occupational and environmental medicine /
American College of Occupational and Environmental Medicine, vol. 56 Suppl 5S,
S23–S32, May 2014. doi: 10.1097/JOM.0000000000000062.

[18] O.-A. Lorentsen, ‘Extra information regarding aluminium production,’ in Metal
Production in Norway, M. Tangstad, Ed., Trondheim: Akademika Publishing,
2013, pp. 221–234, isbn: 978-82-321-0241-9.

[19] ‘Electrosynthesis,’ in Electrochemical Science and Technology. John Wiley & Sons,
Ltd, 2011, ch. 4, pp. 71–83, isbn: 9781119965992. doi: https://doi.org/10.
1002/9781119965992.ch4. eprint: https://onlinelibrary.wiley.com/doi/
pdf/10.1002/9781119965992.ch4. [Online]. Available: https://onlinelibrary.
wiley.com/doi/abs/10.1002/9781119965992.ch4.

[20] M Chase, NIST-JANAF Thermochemical Tables, 4th Edition, en. American In-
stitute of Physics, -1, 1998.

[21] A. Sterten and I. Mæland, ‘Thermodynamics of molten mixtures of na3alf6-al2o3
and naf-alf3,’ Acta chemica Scandinavica. Series A: Physical and inorganic chem-
istry, vol. 39, pp. 241–257, 1985, CAS RN: 15096-52-3. doi: 10.3891/acta.chem.
scand.39a- 0241. [Online]. Available: https://onlinelibrary.wiley.com/
doi/abs/10.1002/apj.79.

[22] .
[23] A. K. A. R. O. Tkacheva P. Arkhipov and Y. Zaykov, ‘Electrolyte viscosity

and solid phase formation during aluminium electrolysis,’ Electrochemistry Com-
munications, vol. 122, p. 106 893, 2021, issn: 1388-2481. doi: https://doi.
org/10.1016/j.elecom.2020.106893. [Online]. Available: https://www.
sciencedirect.com/science/article/pii/S1388248120302447.

[24] W. E. Haupin, ‘Principles of aluminum electrolysis,’ in Essential Readings in Light
Metals: Volume 2 Aluminum Reduction Technology, G. Bearne, M. Dupuis and
G. Tarcy, Eds. Cham: Springer International Publishing, 2016, pp. 3–11, isbn:
978-3-319-48156-2. doi: 10.1007/978-3-319-48156-2_1. [Online]. Available:
https://doi.org/10.1007/978-3-319-48156-2_1.

60

https://international-aluminium.org/statistics/primary-aluminium-smelting-power-consumption/
https://international-aluminium.org/statistics/primary-aluminium-smelting-power-consumption/
https://international-aluminium.org/statistics/greenhouse-gas-emissions-intensity-primary-aluminium/
https://international-aluminium.org/statistics/greenhouse-gas-emissions-intensity-primary-aluminium/
https://international-aluminium.org/statistics/greenhouse-gas-emissions-intensity-primary-aluminium/
https://international-aluminium.org/resource/1-5-degrees-scenario-a-model-to-drive-emissions-reduction/
https://international-aluminium.org/resource/1-5-degrees-scenario-a-model-to-drive-emissions-reduction/
https://international-aluminium.org/resource/1-5-degrees-scenario-a-model-to-drive-emissions-reduction/
https://doi.org/10.1097/JOM.0000000000000062
https://doi.org/https://doi.org/10.1002/9781119965992.ch4
https://doi.org/https://doi.org/10.1002/9781119965992.ch4
https://onlinelibrary.wiley.com/doi/pdf/10.1002/9781119965992.ch4
https://onlinelibrary.wiley.com/doi/pdf/10.1002/9781119965992.ch4
https://onlinelibrary.wiley.com/doi/abs/10.1002/9781119965992.ch4
https://onlinelibrary.wiley.com/doi/abs/10.1002/9781119965992.ch4
https://doi.org/10.3891/acta.chem.scand.39a-0241
https://doi.org/10.3891/acta.chem.scand.39a-0241
https://onlinelibrary.wiley.com/doi/abs/10.1002/apj.79
https://onlinelibrary.wiley.com/doi/abs/10.1002/apj.79
https://doi.org/https://doi.org/10.1016/j.elecom.2020.106893
https://doi.org/https://doi.org/10.1016/j.elecom.2020.106893
https://www.sciencedirect.com/science/article/pii/S1388248120302447
https://www.sciencedirect.com/science/article/pii/S1388248120302447
https://doi.org/10.1007/978-3-319-48156-2_1
https://doi.org/10.1007/978-3-319-48156-2_1


References

[25] R. Peterson and A. Tabereaux, Aluminum production, eng, 2014.
[26] F. S.-M. M.M. Hyland E.C. Patterson and B. Welch, ‘Aluminium fluoride con-

sumption and control in smelting cells,’ Scandinavian Journal of Metallurgy,
vol. 30, no. 6, pp. 404–414, 2001. doi: https://doi.org/10.1034/j.1600-
0692 . 2001 . 300609 . x. eprint: https : / / onlinelibrary . wiley . com / doi /
pdf/10.1034/j.1600- 0692.2001.300609.x. [Online]. Available: https://
onlinelibrary.wiley.com/doi/abs/10.1034/j.1600-0692.2001.300609.x.

[27] Q. Li, J. Jensen and N. Bjerrum, ‘Chemistry, electrochemistry, and electrochem-
ical applications | aluminum,’ in Encyclopedia of Electrochemical Power Sources,
J. Garche, Ed., Amsterdam: Elsevier, 2009, pp. 695–708, isbn: 978-0-444-52745-
5. doi: https : / / doi . org / 10 . 1016 / B978 - 044452745 - 5 . 00951 - 5. [On-
line]. Available: https://www.sciencedirect.com/science/article/pii/
B9780444527455009515.

[28] A. Solheim and E. Skybakmoen, ‘Mass- and heat transfer during dissolution of
alumina,’ in Light Metals 2020, A. Tomsett, Ed., Cham: Springer International
Publishing, 2020, pp. 664–671, isbn: 978-3-030-36408-3. doi: https://doi.org/
10.1007/978-3-030-36408-3_90.

[29] S. Kolås and T. Støre, ‘Bath temperature and AlF3 control of an aluminium
electrolysis cell,’ Control Engineering Practice, vol. 17, no. 9, pp. 1035–1043, 2009,
issn: 0967-0661. doi: https://doi.org/10.1016/j.conengprac.2009.03.008.
[Online]. Available: https://www.sciencedirect.com/science/article/pii/
S0967066109000586.

[30] B. W. V. Gusberti D. Severo and M. Skyllas-Kazacos, ‘Modeling the mass and
energy balance of different aluminium smelting cell technologies,’ in Jan. 2012,
pp. 929–934, isbn: 978-3-319-48570-6. doi: 10.1007/978-3-319-48179-1_161.

[31] T. Eidet, Reactions on carbon anodes in aluminium electrolysis, eng, Trondheim,
1997.

[32] N. Stanic, E. T. Bø and E. Sandnes, ‘Co and co2 anode gas concentration at lower
current densities in cryolite melt,’ Metals, vol. 10, no. 12, 2020, issn: 2075-4701.
doi: 10.3390/met10121694. [Online]. Available: https://www.mdpi.com/2075-
4701/10/12/1694.

[33] O. P.-B. Ø. H. G. A. R. T. Mokkelbost O. Kjos and G. Haarberg, ‘A concept for
electrowinning of aluminium using depolarized gas anodes,’ in Light Metals 2014,
J. Grandfield, Ed. Cham: Springer International Publishing, 2016, pp. 765–769,
isbn: 978-3-319-48144-9. doi: 10.1007/978- 3- 319- 48144- 9_129. [Online].
Available: https://doi.org/10.1007/978-3-319-48144-9_129.

[34] A. R.-S. X. G.M. Haarberg E. Kvalheim and T. Mokkelbost, ‘Depolarised gas
anodes for aluminium electrowinning,’ Transactions of Nonferrous Metals Society
of China, vol. 20, no. 11, pp. 2152–2154, 2010, issn: 1003-6326. doi: https:
//doi.org/10.1016/S1003- 6326(09)60434- 9. [Online]. Available: https:
//www.sciencedirect.com/science/article/pii/S1003632609604349.

[35] O. P.-A. R. S. Xiao T. Mokkelbost and G. Haarberg, ‘Sno2-based gas (hydrogen)
anodes for aluminum electrolysis,’ Transactions of Nonferrous Metals Society of
China, vol. 24, no. 12, pp. 3917–3921, 2014, issn: 1003-6326. doi: https://doi.

61

https://doi.org/https://doi.org/10.1034/j.1600-0692.2001.300609.x
https://doi.org/https://doi.org/10.1034/j.1600-0692.2001.300609.x
https://onlinelibrary.wiley.com/doi/pdf/10.1034/j.1600-0692.2001.300609.x
https://onlinelibrary.wiley.com/doi/pdf/10.1034/j.1600-0692.2001.300609.x
https://onlinelibrary.wiley.com/doi/abs/10.1034/j.1600-0692.2001.300609.x
https://onlinelibrary.wiley.com/doi/abs/10.1034/j.1600-0692.2001.300609.x
https://doi.org/https://doi.org/10.1016/B978-044452745-5.00951-5
https://www.sciencedirect.com/science/article/pii/B9780444527455009515
https://www.sciencedirect.com/science/article/pii/B9780444527455009515
https://doi.org/https://doi.org/10.1007/978-3-030-36408-3_90
https://doi.org/https://doi.org/10.1007/978-3-030-36408-3_90
https://doi.org/https://doi.org/10.1016/j.conengprac.2009.03.008
https://www.sciencedirect.com/science/article/pii/S0967066109000586
https://www.sciencedirect.com/science/article/pii/S0967066109000586
https://doi.org/10.1007/978-3-319-48179-1_161
https://doi.org/10.3390/met10121694
https://www.mdpi.com/2075-4701/10/12/1694
https://www.mdpi.com/2075-4701/10/12/1694
https://doi.org/10.1007/978-3-319-48144-9_129
https://doi.org/10.1007/978-3-319-48144-9_129
https://doi.org/https://doi.org/10.1016/S1003-6326(09)60434-9
https://doi.org/https://doi.org/10.1016/S1003-6326(09)60434-9
https://www.sciencedirect.com/science/article/pii/S1003632609604349
https://www.sciencedirect.com/science/article/pii/S1003632609604349
https://doi.org/https://doi.org/10.1016/S1003-6326(14)63551-2
https://doi.org/https://doi.org/10.1016/S1003-6326(14)63551-2
https://doi.org/https://doi.org/10.1016/S1003-6326(14)63551-2


References

org/10.1016/S1003- 6326(14)63551- 2. [Online]. Available: https://www.
sciencedirect.com/science/article/pii/S1003632614635512.

[36] J. C.-M. H. S. Namboothiri M.P. Taylor and M. Cooksey, ‘An experimental study
of aluminium electrowinning using a nickel-based hydrogen diffusion anode,’ Elec-
trochimica Acta, vol. 56, no. 9, pp. 3192–3202, 2011, issn: 0013-4686. doi: https:
//doi.org/10.1016/j.electacta.2011.01.055. [Online]. Available: https:
//www.sciencedirect.com/science/article/pii/S0013468611001162.

[37] J. C.-M. H. S. Namboothiri M.P. Taylor and M. Cooksey, ‘Aluminium production
options with a focus on the use of a hydrogen anode: A review,’ Asia-Pacific
Journal of Chemical Engineering, vol. 2, no. 5, pp. 442–447, 2007. doi: https:
//doi.org/10.1002/apj.79. eprint: https://onlinelibrary.wiley.com/
doi / pdf / 10 . 1002 / apj . 79. [Online]. Available: https : / / onlinelibrary .
wiley.com/doi/abs/10.1002/apj.79.

[38] O. Braaten, A. Kjekshus and H. Kvande, ‘Possible reduction of alumina to alu-
minum using hydrogen,’ JOM: the journal of the Minerals, Metals & Materials
Society, vol. 52, pp. 47–53, Feb. 2000. doi: 10.1007/s11837-000-0047-7.

[39] T. Aarhaug, A. Ferber, O. Kjos and H. Gaertner, ‘Online monitoring of aluminium
primary production gas composition by use of fourier-transform infrared spectro-
metry,’ in Jan. 2014, pp. 647–652, isbn: 978-3-319-48590-4. doi: 10.1007/978-
3-319-48144-9_109.

[40] W. Haupin and H. Kvande, ‘Mathematical model of fluoride evolution from hall-
héroult cells,’ in Essential Readings in Light Metals: Volume 2 Aluminum Reduc-
tion Technology, G. Bearne, M. Dupuis and G. Tarcy, Eds. Cham: Springer Inter-
national Publishing, 2016, pp. 903–909, isbn: 978-3-319-48156-2. doi: 10.1007/
978-3-319-48156-2_133. [Online]. Available: https://doi.org/10.1007/978-
3-319-48156-2_133.

[41] C. O. of Environmental Health Hazard Assessment, ‘Technical supporting docu-
ment for noncancer rels, appendix d2,’ 2008, Accessed 2023-05-30. [Online]. Avail-
able: https://oehha.ca.gov/chemicals/hydrogen-fluoride.

[42] N. C. for Environmental Health (NCEH). ‘Facts about hydrogen fluoride (hy-
drofluoric acid).’ Accessed 2023-05-30. (2018), [Online]. Available: https : / /
emergency.cdc.gov/agent/hydrofluoricacid/basics/facts.asp.

[43] M. V. K. S. D. K. Jha Sunil Kumar and T. Damodaran, ‘Fluoride in the environ-
ment and its metabolism in humans,’ in Reviews of Environmental Contamination
and Toxicology Volume 211, D. M. Whitacre, Ed. New York, NY: Springer New
York, 2011, pp. 121–142, isbn: 978-1-4419-8011-3. doi: 10.1007/978-1-4419-
8011-3_4. [Online]. Available: https://doi.org/10.1007/978-1-4419-8011-
3_4.

[44] P. Crouse, ‘Fluorine: A key enabling element in the nuclear fuel cycle,’ en, Journal
of the Southern African Institute of Mining and Metallurgy, vol. 115, pp. 931 –935,
Oct. 2015, issn: 2225-6253. [Online]. Available: http://www.scielo.org.za/
scielo.php?script=sci_arttext&pid=S2225-62532015001000007&nrm=iso.

[45] S. Semiconstory. ‘The ingredient that makes or breaks the semiconductor process:
‘hydrogen fluoride’.’ Accessed 2023-05-30. (2020), [Online]. Available: https :

62

https://doi.org/https://doi.org/10.1016/S1003-6326(14)63551-2
https://doi.org/https://doi.org/10.1016/S1003-6326(14)63551-2
https://doi.org/https://doi.org/10.1016/S1003-6326(14)63551-2
https://doi.org/https://doi.org/10.1016/S1003-6326(14)63551-2
https://www.sciencedirect.com/science/article/pii/S1003632614635512
https://www.sciencedirect.com/science/article/pii/S1003632614635512
https://doi.org/https://doi.org/10.1016/j.electacta.2011.01.055
https://doi.org/https://doi.org/10.1016/j.electacta.2011.01.055
https://www.sciencedirect.com/science/article/pii/S0013468611001162
https://www.sciencedirect.com/science/article/pii/S0013468611001162
https://doi.org/https://doi.org/10.1002/apj.79
https://doi.org/https://doi.org/10.1002/apj.79
https://onlinelibrary.wiley.com/doi/pdf/10.1002/apj.79
https://onlinelibrary.wiley.com/doi/pdf/10.1002/apj.79
https://onlinelibrary.wiley.com/doi/abs/10.1002/apj.79
https://onlinelibrary.wiley.com/doi/abs/10.1002/apj.79
https://doi.org/10.1007/s11837-000-0047-7
https://doi.org/10.1007/978-3-319-48144-9_109
https://doi.org/10.1007/978-3-319-48144-9_109
https://doi.org/10.1007/978-3-319-48156-2_133
https://doi.org/10.1007/978-3-319-48156-2_133
https://doi.org/10.1007/978-3-319-48156-2_133
https://doi.org/10.1007/978-3-319-48156-2_133
https://oehha.ca.gov/chemicals/hydrogen-fluoride
https://emergency.cdc.gov/agent/hydrofluoricacid/basics/facts.asp
https://emergency.cdc.gov/agent/hydrofluoricacid/basics/facts.asp
https://doi.org/10.1007/978-1-4419-8011-3_4
https://doi.org/10.1007/978-1-4419-8011-3_4
https://doi.org/10.1007/978-1-4419-8011-3_4
https://doi.org/10.1007/978-1-4419-8011-3_4
http://www.scielo.org.za/scielo.php?script=sci_arttext&pid=S2225-62532015001000007&nrm=iso
http://www.scielo.org.za/scielo.php?script=sci_arttext&pid=S2225-62532015001000007&nrm=iso
https://semiconductor.samsung.com/support/tools-resources/dictionary/hydrogen-fluoride-essential-to-the-semiconductor-processes/
https://semiconductor.samsung.com/support/tools-resources/dictionary/hydrogen-fluoride-essential-to-the-semiconductor-processes/
https://semiconductor.samsung.com/support/tools-resources/dictionary/hydrogen-fluoride-essential-to-the-semiconductor-processes/


References

//semiconductor.samsung.com/support/tools- resources/dictionary/
hydrogen-fluoride-essential-to-the-semiconductor-processes/.

[46] ChemicalSafetyFacts.org. ‘Hydrogen fluoride.’ Accessed 2023-05-30. (2022), [On-
line]. Available: https://www.chemicalsafetyfacts.org/chemicals/hydrogen-
fluoride/.

[47] t. E. Department of Climate Change Energy and W. (DCCEEW). ‘Fluoride com-
pounds: Sources of emissions.’ Accessed 2023-05-30. (2022), [Online]. Available:
https://www.dcceew.gov.au/environment/protection/npi/substances/
fact-sheets/fluoride-compounds-sources-emissions.

[48] T. E. C. Industry. ‘Hydrogen fluoride.’ Accessed 2023-06-13. (2017), [Online].
Available: https://www.essentialchemicalindustry.org/chemicals/hydrogen-
fluoride.html.

[49] Euroflor. ‘Hf production.’ Accessed 2023-06-13. (2023), [Online]. Available: https:
//www.eurofluor.org/hf-production/.

[50] T. O. of Economic Complexity (OEC). ‘Hydrogen fluoride (hydrofluoric acid).’
Accessed 2023-06-13. (2022), [Online]. Available: https : / / oec . world / en /
profile/hs/hydrogen-fluoride-hydrofluoric-acid.

[51] D. R. S. B. D. L. H. W. E. Wahnsiedler W. E. and J. W. Colpitts, ‘Factors
affecting fluoride evolution from hall-heroult smelting cells,’ in Essential Readings
in Light Metals: Volume 2 Aluminum Reduction Technology, D. M. Bearne Geoff
and G. Tarcy, Eds. Cham: Springer International Publishing, 2016, pp. 870–878,
isbn: 978-3-319-48156-2. doi: 10.1007/978- 3- 319- 48156- 2_129. [Online].
Available: https://doi.org/10.1007/978-3-319-48156-2_129.

[52] M. Hyland, E. Patterson and B. Welch, ‘Alumina structural hydroxyl as a con-
tinuous source of hf,’ in Essential Readings in Light Metals: Volume 2 Aluminum
Reduction Technology, G. Bearne, M. Dupuis and G. Tarcy, Eds. Cham: Springer
International Publishing, 2016, pp. 936–941, isbn: 978-3-319-48156-2. doi: 10.
1007/978-3-319-48156-2_138. [Online]. Available: https://doi.org/10.
1007/978-3-319-48156-2_138.

[53] V. K. E.C. Patterson M.M. Hyland and B. Welch, ‘Understanding the effects
of the hydrogen content of anodes on hydrogen fluoride emissions from alu-
minium cells,’ in Essential Readings in Light Metals. John Wiley & Sons, Ltd,
2013, pp. 924–929, isbn: 9781118647851. doi: https://doi.org/10.1002/
9781118647851.ch136. eprint: https://onlinelibrary.wiley.com/doi/pdf/
10.1002/9781118647851.ch136. [Online]. Available: https://onlinelibrary.
wiley.com/doi/abs/10.1002/9781118647851.ch136.

[54] Y. Yang, M. Hyland, C. Seal and Z. Wang, ‘Modelling hf generation: The role
of ambient humidity,’ in Light Metals 2014, J. Grandfield, Ed. Cham: Springer
International Publishing, 2016, pp. 641–646, isbn: 978-3-319-48144-9. doi: 10.
1007/978-3-319-48144-9_108. [Online]. Available: https://doi.org/10.
1007/978-3-319-48144-9_108.

[55] A. T. A. S. A. S. E. Osen Karen Sende and C. Sommerseth, ‘Hf measurements
inside an aluminium electrolysis cell,’ in Light Metals 2011, S. J. Lindsay, Ed.
Cham: Springer International Publishing, 2016, pp. 263–268, isbn: 978-3-319-

63

https://semiconductor.samsung.com/support/tools-resources/dictionary/hydrogen-fluoride-essential-to-the-semiconductor-processes/
https://semiconductor.samsung.com/support/tools-resources/dictionary/hydrogen-fluoride-essential-to-the-semiconductor-processes/
https://semiconductor.samsung.com/support/tools-resources/dictionary/hydrogen-fluoride-essential-to-the-semiconductor-processes/
https://semiconductor.samsung.com/support/tools-resources/dictionary/hydrogen-fluoride-essential-to-the-semiconductor-processes/
https://semiconductor.samsung.com/support/tools-resources/dictionary/hydrogen-fluoride-essential-to-the-semiconductor-processes/
https://www.chemicalsafetyfacts.org/chemicals/hydrogen-fluoride/
https://www.chemicalsafetyfacts.org/chemicals/hydrogen-fluoride/
https://www.dcceew.gov.au/environment/protection/npi/substances/fact-sheets/fluoride-compounds-sources-emissions
https://www.dcceew.gov.au/environment/protection/npi/substances/fact-sheets/fluoride-compounds-sources-emissions
https://www.essentialchemicalindustry.org/chemicals/hydrogen-fluoride.html
https://www.essentialchemicalindustry.org/chemicals/hydrogen-fluoride.html
https://www.eurofluor.org/hf-production/
https://www.eurofluor.org/hf-production/
https://oec.world/en/profile/hs/hydrogen-fluoride-hydrofluoric-acid
https://oec.world/en/profile/hs/hydrogen-fluoride-hydrofluoric-acid
https://doi.org/10.1007/978-3-319-48156-2_129
https://doi.org/10.1007/978-3-319-48156-2_129
https://doi.org/10.1007/978-3-319-48156-2_138
https://doi.org/10.1007/978-3-319-48156-2_138
https://doi.org/10.1007/978-3-319-48156-2_138
https://doi.org/10.1007/978-3-319-48156-2_138
https://doi.org/https://doi.org/10.1002/9781118647851.ch136
https://doi.org/https://doi.org/10.1002/9781118647851.ch136
https://onlinelibrary.wiley.com/doi/pdf/10.1002/9781118647851.ch136
https://onlinelibrary.wiley.com/doi/pdf/10.1002/9781118647851.ch136
https://onlinelibrary.wiley.com/doi/abs/10.1002/9781118647851.ch136
https://onlinelibrary.wiley.com/doi/abs/10.1002/9781118647851.ch136
https://doi.org/10.1007/978-3-319-48144-9_108
https://doi.org/10.1007/978-3-319-48144-9_108
https://doi.org/10.1007/978-3-319-48144-9_108
https://doi.org/10.1007/978-3-319-48144-9_108


References

48160-9. doi: 10.1007/978-3-319-48160-9_47. [Online]. Available: https:
//doi.org/10.1007/978-3-319-48160-9_47.

[56] T. A. Aarhaug and A. P. Ratvik, Aluminium primary production off-gas compos-
ition and emissions: An overview, 2019. doi: 10.1007/s11837-019-03370-6.
[Online]. Available: https://doi.org/10.1007/s11837-019-03370-6.

[57] T. I. E. A. (IEA). ‘The future of hydrogen.’ Accessed 2023-06-21. (), [Online].
Available: https://www.iea.org/reports/the-future-of-hydrogen.

[58] O. Petrii, ‘Chemistry, electrochemistry, and electrochemical applications | hydro-
gen,’ in Encyclopedia of Electrochemical Power Sources, J. Garche, Ed., Ams-
terdam: Elsevier, 2009, pp. 751–761, isbn: 978-0-444-52745-5. doi: https://
doi.org/10.1016/B978-044452745-5.00868-6. [Online]. Available: https:
//www.sciencedirect.com/science/article/pii/B9780444527455008686.

[59] L. J. H. K. S. P. Kroposki B. and F. Novachek, ‘Electrolysis: Information and
opportunities for electric power utilities,’ Jan. 2006. doi: https://doi.org/10.
2172/892998.

[60] I. A. I. (IAI), ‘Life cycle inventory data and environmental metrics for the primary
aluminium industry,’ London, 2022, Accessed 2023-01-28. [Online]. Available:
https : / / international - aluminium . org / resource / 2019 - life - cycle -
inventory-lci-data-and-environmental-metrics/.

[61] I. E. A. (IEA), ‘Aluminium,’ Paris, 2022, Accessed 2022-02-03. [Online]. Available:
https://www.iea.org/reports/aluminium.

[62] S. H. Farjana, N. Huda and M. P. Mahmud, ‘Impacts of aluminum production:
A cradle to gate investigation using life-cycle assessment,’ Science of The Total
Environment, vol. 663, pp. 958–970, 2019, issn: 0048-9697. doi: https://doi.
org/10.1016/j.scitotenv.2019.01.400. [Online]. Available: https://www.
sciencedirect.com/science/article/pii/S0048969719304474.

[63] Life cycle assessment handbook : a guide for environmentally sustainable products,
eng. Hoboken, N.J.: Wiley Scrivener, 2012, isbn: 9781118099728.

[64] I. O. for Standardization (ISO). ‘Iso 14044:2006(en), environmental management
— life cycle assessment — principles and framework.’ Accessed 2023-05-15. (),
[Online]. Available: https://www.iso.org/obp/ui#iso:std:iso:14040:ed-2:
v1:en.

[65] A. A. F. G. R. T. W. B. P. Z. A. Ekvall Tomas, ‘Attributional and consequential
lca in the ilcd handbook,’ The International Journal of Life Cycle Assessment,
vol. 21, pp. 293–296, 3 2016, issn: 1614-7502. doi: 10.1007/s11367-015-1026-0.
[Online]. Available: https://doi.org/10.1007/s11367-015-1026-0.

[66] G. Finnveden, M. Z. Hauschild, T. Ekvall, J. Guinée, R. Heijungs, S. Hellweg,
A. Koehler, D. Pennington and S. Suh, ‘Recent developments in life cycle as-
sessment,’ Journal of Environmental Management, vol. 91, no. 1, pp. 1–21, 2009,
issn: 0301-4797. doi: https://doi.org/10.1016/j.jenvman.2009.06.018.
[Online]. Available: https://www.sciencedirect.com/science/article/pii/
S0301479709002345.

[67] Goal and Scope Definition in Life Cycle Assessment (LCA Compendium – The
Complete World of Life Cycle Assessment), eng, 1st ed. 2017. Dordrecht: Springer
Netherlands : Imprint: Springer, 2017, isbn: 94-024-0855-X.

64

https://doi.org/10.1007/978-3-319-48160-9_47
https://doi.org/10.1007/978-3-319-48160-9_47
https://doi.org/10.1007/978-3-319-48160-9_47
https://doi.org/10.1007/s11837-019-03370-6
https://doi.org/10.1007/s11837-019-03370-6
https://www.iea.org/reports/the-future-of-hydrogen
https://doi.org/https://doi.org/10.1016/B978-044452745-5.00868-6
https://doi.org/https://doi.org/10.1016/B978-044452745-5.00868-6
https://www.sciencedirect.com/science/article/pii/B9780444527455008686
https://www.sciencedirect.com/science/article/pii/B9780444527455008686
https://doi.org/https://doi.org/10.2172/892998
https://doi.org/https://doi.org/10.2172/892998
https://international-aluminium.org/resource/2019-life-cycle-inventory-lci-data-and-environmental-metrics/
https://international-aluminium.org/resource/2019-life-cycle-inventory-lci-data-and-environmental-metrics/
https://www.iea.org/reports/aluminium
https://doi.org/https://doi.org/10.1016/j.scitotenv.2019.01.400
https://doi.org/https://doi.org/10.1016/j.scitotenv.2019.01.400
https://www.sciencedirect.com/science/article/pii/S0048969719304474
https://www.sciencedirect.com/science/article/pii/S0048969719304474
https://www.iso.org/obp/ui#iso:std:iso:14040:ed-2:v1:en
https://www.iso.org/obp/ui#iso:std:iso:14040:ed-2:v1:en
https://doi.org/10.1007/s11367-015-1026-0
https://doi.org/10.1007/s11367-015-1026-0
https://doi.org/https://doi.org/10.1016/j.jenvman.2009.06.018
https://www.sciencedirect.com/science/article/pii/S0301479709002345
https://www.sciencedirect.com/science/article/pii/S0301479709002345


References

[68] I. O. for Standardization (ISO). ‘Iso 14044:2006(en), environmental management
— life cycle assessment — requirements and guidelines.’ Accessed 2023-05-15. (),
[Online]. Available: https://www.iso.org/obp/ui#iso:std:iso:14044:ed-1:
v1:en.

[69] A.-M. Tillman, ‘Significance of decision-making for lca methodology,’ Environ-
mental Impact Assessment Review, vol. 20, no. 1, pp. 113–123, 2000, issn: 0195-
9255. doi: https : / / doi . org / 10 . 1016 / S0195 - 9255(99 ) 00035 - 9. [On-
line]. Available: https://www.sciencedirect.com/science/article/pii/
S0195925599000359.

[70] T. Ekvall, System Expansion and Allocation in Life Cycle Assessment with Im-
plications for Wastepaper Management. 1999, isbn: 9789171978097.

[71] B. Weidema, Market Information in Life Cycle Assessment. Jan. 2003.
[72] T. Ekvall, A.-M. Tillman and S. Molander, ‘Normative ethics and methodo-

logy for life cycle assessment,’ Journal of Cleaner Production, vol. 13, no. 13,
pp. 1225–1234, 2005, Life Cycle Assessment, issn: 0959-6526. doi: https://
doi . org / 10 . 1016 / j . jclepro . 2005 . 05 . 010. [Online]. Available: https :
//www.sciencedirect.com/science/article/pii/S0959652605001149.

[73] T. Schaubroeck, S. Schaubroeck, R. Heijungs, A. Zamagni, M. Brandão and E.
Benetto, ‘Attributional & consequential life cycle assessment: Definitions, con-
ceptual characteristics and modelling restrictions,’ Sustainability, vol. 13, no. 13,
2021, issn: 2071-1050. doi: 10.3390/su13137386. [Online]. Available: https:
//www.mdpi.com/2071-1050/13/13/7386.

[74] R. E. M. J. A. M. M. R. C. Moretti B. Corona and L. Shen, ‘Reviewing iso compli-
ant multifunctionality practices in environmental life cycle modeling,’ Energies,
vol. 13, Jul. 2020. doi: 10.3390/en13143579.

[75] Sintef. ‘About green hydrogen.’ Accessed 2023-06-21. (), [Online]. Available: https:
//www.sintef.no/projectweb/greenh2webinars/about-green-hydrogen/.

[76] Life cycle inventory analysis - methods and data, eng, Dordrecht, 2021.
[77] H. MAJ, S. ZJN, E. PMF, S. G, V. F, V. MDM, H. A, Z. M and van Zelm

R, Recipe 2016 : A harmonized life cycle impact assessment method at midpoint
and endpoint level report i: Characterization, 2016. [Online]. Available: http:
//hdl.handle.net/10029/620793.

[78] R. R. Hauschild Michael and S. I. Olsen, Life Cycle Assessment - Theory and
Practice. Springer, Cham, 2018, isbn: 978-3-319-56475-3. doi: https://doi.
org / 10 . 1007 / 978 - 3 - 319 - 56475 - 3. [Online]. Available: https : / / link .
springer.com/book/10.1007/978-3-319-56475-3#about.

[79] N. H. ASA. ‘The world’s most energy-efficient aluminium production technology.’
Accessed 2023-06-06. (2019), [Online]. Available: https://www.hydro.com/en/
about- hydro/stories- by- hydro/the- worlds- most- energy- efficient-
aluminium-production-technology/.

[80] G. Wernet, C. Bauer, B. Steubing, J. Reinhard, E. Moreno Ruiz and B. Weidema,
‘The ecoinvent database version 3 (part i): Overview and methodology,’ The
International Journal of Life Cycle Assessment, vol. 21, pp. 1–13, Sep. 2016. doi:
10.1007/s11367-016-1087-8.

65

https://www.iso.org/obp/ui#iso:std:iso:14044:ed-1:v1:en
https://www.iso.org/obp/ui#iso:std:iso:14044:ed-1:v1:en
https://doi.org/https://doi.org/10.1016/S0195-9255(99)00035-9
https://www.sciencedirect.com/science/article/pii/S0195925599000359
https://www.sciencedirect.com/science/article/pii/S0195925599000359
https://doi.org/https://doi.org/10.1016/j.jclepro.2005.05.010
https://doi.org/https://doi.org/10.1016/j.jclepro.2005.05.010
https://www.sciencedirect.com/science/article/pii/S0959652605001149
https://www.sciencedirect.com/science/article/pii/S0959652605001149
https://doi.org/10.3390/su13137386
https://www.mdpi.com/2071-1050/13/13/7386
https://www.mdpi.com/2071-1050/13/13/7386
https://doi.org/10.3390/en13143579
https://www.sintef.no/projectweb/greenh2webinars/about-green-hydrogen/
https://www.sintef.no/projectweb/greenh2webinars/about-green-hydrogen/
http://hdl.handle.net/10029/620793
http://hdl.handle.net/10029/620793
https://doi.org/https://doi.org/10.1007/978-3-319-56475-3
https://doi.org/https://doi.org/10.1007/978-3-319-56475-3
https://link.springer.com/book/10.1007/978-3-319-56475-3#about
https://link.springer.com/book/10.1007/978-3-319-56475-3#about
https://www.hydro.com/en/about-hydro/stories-by-hydro/the-worlds-most-energy-efficient-aluminium-production-technology/
https://www.hydro.com/en/about-hydro/stories-by-hydro/the-worlds-most-energy-efficient-aluminium-production-technology/
https://www.hydro.com/en/about-hydro/stories-by-hydro/the-worlds-most-energy-efficient-aluminium-production-technology/
https://doi.org/10.1007/s11367-016-1087-8


References

[81] B. Weidema, C. Bauer, R. Hischier, C. Mutel, T. Nemecek, J. Reinhard, C.
Vadenbo and G. Wernet, Overview and methodology. Data quality guideline for
the ecoinvent database version 3. May 2013.

[82] T. E. U. (EU). ‘Eu action to address the energy crisis.’ Accessed 2023-06-19.
(2023), [Online]. Available: https://commission.europa.eu/strategy-and-
policy/priorities-2019-2024/european-green-deal/eu-action-address-
energy-crisis_en.

[83] N. vassdrags-og energidirektorat (NVE). ‘Kraftproduksjon.’ Accessed 2023-06-
19. (2023), [Online]. Available: https://www.nve.no/energi/energisystem/
kraftproduksjon/.

[84] Eurostat. ‘Electricity production, consumption and market overview.’ (2023),
[Online]. Available: https://ec.europa.eu/eurostat/statistics-explained/
index.php?.

[85] N. R. E. L. (NREL), ‘Technology brief: Analysis of current-day commercial elec-
trolyzers,’ [Online]. Available: https://www.osti.gov/biblio/15009551.

[86] N. vassdrags-og energidirektorat (NVE). ‘Vindkraft.’ Accessed 2023-06-21. (),
[Online]. Available: https://www.nve.no/energi/energisystem/vindkraft/.

[87] I. Q. S. (IQS). ‘Types of industrial furnaces.’ Accessed 2023-06-13. (2023), [On-
line]. Available: https://www.iqsdirectory.com/articles/furnace/types-
of-industrial-furnaces.html.

[88] M. Vaccaro, ‘Burning alternative fuels in rotary cement kilns,’ in IEEE Cement
Industry Technical Conference, 2006. Conference Record., 2006, 10 pp.–. doi:
10.1109/CITCON.2006.1635711.

[89] L. Tokheim, ‘Burning chamber installation for increased use of alternative fuels at
norcem brevik, norway,’ in 7th International KHD Humboldt Wedag Symposium,
2006. [Online]. Available: http://hdl.handle.net/11250/2438521.

[90] M. P. Chinyama, ‘Alternative fuels in cement manufacturing,’ in Alternative Fuel,
M. Manzanera, Ed., Rijeka: IntechOpen, 2011, ch. 11. doi: 10 . 5772 / 22319.
[Online]. Available: https://doi.org/10.5772/22319.

[91] Energisenteret. ‘Hva er bioenergi?’ Accessed 2023-06-19. (2023), [Online]. Avail-
able: https://eis.no/energikilder/bioenergi/.

[92] I. A. I. (IAI). ‘Statistics: Metallurgical alumina refining fuel consumption.’ Ac-
cessed 2023-06-19. (2023), [Online]. Available: https://international-aluminium.
org/statistics/metallurgical-alumina-refining-fuel-consumption/.

[93] A. A. C. LTD. ‘Factsheet #3 australia will help develop low carbon alumina refin-
ing technologies for the world.’ (2022), [Online]. Available: https://aluminium.
org.au/wp-content/uploads/2022/07/220719-PATHWAY-FACT-SHEET-03-
ALUMINA.pdf.

[94] T. O. of Economic Complexity (OEC). ‘Aluminium oxide.’ Accessed 2023-06-21.
(2022), [Online]. Available: https://oec.world/en/profile/hs/aluminium-
oxide.

[95] E. E. Agency. ‘A future based on renewable energy.’ Accessed 2023-06-21. (),
[Online]. Available: https://www.eea.europa.eu/signals/signals-2022/
articles/a-future-based-on-renewable-energy.

66

https://commission.europa.eu/strategy-and-policy/priorities-2019-2024/european-green-deal/eu-action-address-energy-crisis_en
https://commission.europa.eu/strategy-and-policy/priorities-2019-2024/european-green-deal/eu-action-address-energy-crisis_en
https://commission.europa.eu/strategy-and-policy/priorities-2019-2024/european-green-deal/eu-action-address-energy-crisis_en
https://www.nve.no/energi/energisystem/kraftproduksjon/
https://www.nve.no/energi/energisystem/kraftproduksjon/
https://ec.europa.eu/eurostat/statistics-explained/index.php?
https://ec.europa.eu/eurostat/statistics-explained/index.php?
https://www.osti.gov/biblio/15009551
https://www.nve.no/energi/energisystem/vindkraft/
https://www.iqsdirectory.com/articles/furnace/types-of-industrial-furnaces.html
https://www.iqsdirectory.com/articles/furnace/types-of-industrial-furnaces.html
https://doi.org/10.1109/CITCON.2006.1635711
http://hdl.handle.net/11250/2438521
https://doi.org/10.5772/22319
https://doi.org/10.5772/22319
https://eis.no/energikilder/bioenergi/
https://international-aluminium.org/statistics/metallurgical-alumina-refining-fuel-consumption/
https://international-aluminium.org/statistics/metallurgical-alumina-refining-fuel-consumption/
https://aluminium.org.au/wp-content/uploads/2022/07/220719-PATHWAY-FACT-SHEET-03-ALUMINA.pdf
https://aluminium.org.au/wp-content/uploads/2022/07/220719-PATHWAY-FACT-SHEET-03-ALUMINA.pdf
https://aluminium.org.au/wp-content/uploads/2022/07/220719-PATHWAY-FACT-SHEET-03-ALUMINA.pdf
https://oec.world/en/profile/hs/aluminium-oxide
https://oec.world/en/profile/hs/aluminium-oxide
https://www.eea.europa.eu/signals/signals-2022/articles/a-future-based-on-renewable-energy
https://www.eea.europa.eu/signals/signals-2022/articles/a-future-based-on-renewable-energy


References

[96] Ember. ‘Wind and solar overtake fossil generation in the eu.’ Accessed 2023-06-21.
(), [Online]. Available: https://ember-climate.org/press-releases/wind-
and-solar-overtake-fossil-generation-in-the-eu/.

[97] P Alves Dias, C Pavel, B Plazzotta and S Carrara, ‘Raw materials demand for
wind and solar pv technologies in the transition towards a decarbonised energy
system,’

67

https://ember-climate.org/press-releases/wind-and-solar-overtake-fossil-generation-in-the-eu/
https://ember-climate.org/press-releases/wind-and-solar-overtake-fossil-generation-in-the-eu/


Appendix A

Chemical reactions in the
electrochemical process

Electrolyte considerations

Cryolite completely ionizes to form hexafluoroaluminate (AlF3–
6 ) anions, which further

dissociates to form tetrafluoroaluminate (AlF4
– ) as well as sodium (Na) and fluoride

(F) ions according to Equations (A.1) and (A.2) [25]:

Na3AlF6 (s) = 3 Na+ + AlF3−
6 (A.1)

The hexafluoroaluminate ion then dissociates partly as a consequence of the melting
process [25]:

AlF3−
6 = AlF4

− + 2 F− (A.2)

The aluminimum fluoride added in excess reacts with F– ions according to Equation
(A.3) [25]:

AlF3 + F− = AlF4
− (A.3)

Sodium uptake in a cells early life

The uptake of sodium (Na) in the cathode follows the reactions in Equations (A.4) and
(A.5) [26]:

4 Na3AlF6 + 3 C(anode) + Al2O3 + 6 𝑥 C(cath) → 6 NaAlF4 + 3 CO2 + 6 NaC𝑥 (A.4)

3 Na2CO3 + 6 NaAlF4 → 4 Na3AlF6 + Al2O3 + 3 CO2 (A.5)
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Appendix B

Chemical reactions used in HSC

As described in Chapter 1.3, there are numerous different chemical reactions occurring
in the cell. Below are the 7 reactions used in the mass and energy balance in HSC
Chemistry.

Overall reactions with carbon and hydrogen anode:

1
2 Al2O3 (s) +

3
4 C (s) = Al (l) + 3

4 CO2 (g) (1.1 revisited)

1
2 Al2O3 (s) +

3
2 H2 (g) = Al (l) + 3

2 H2O (g) (1.11 revisited)

The HF emission reactions used are:

2 Na3AlF6 (l) + 3 H2 (g) = 2 Al (l) + 6 NaF (l) + 6 HF (g) (1.14 revisited)

2 AlF3 (diss) + 3 H2 (g) = 2 Al (l) + 6 HF (g) (1.15 revisited)

2 AlF3 (𝑔 or diss) + 3 H2O (𝑔 or diss) = Al2O3 (𝑠 or diss) + 6 HF (g) (1.16 revisited)

The electrolyte reactions considered are:

Na3AlF6 (diss) + 2 AlF3 (diss) = 3 NaAlF4 (g)

3 NaAlF4 (g) + 3 H2O (g) = Al2O3 (s) + Na3AlF6 (l, s) + 6 HF (g) (1.17 revisited)
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Appendix C

Inventory

Table C.1: Inventory for the electrolysis with carbon anode in SimaPro per F.U.

Input/output Amount Reference
Outputs to technosphere: Products

Liquid aluminium 1 t System F.U.
Inputs from technosphere: Materials/fuels

Aluminium oxide, metallurgical IAI Area,
EU27 & EFTA | market for aluminium ox-
ide, metallurgical | APOS, U

1.889 t [10]

Cryolite GLO | market for | APOS, U 0.018 t [30]
Aluminium fluoride GLO | market for |
APOS, U

0.002 t [30]

Anode, prebake, for aluminium electrolysis
IAI Area, EU27 & EFTA| anode produc-
tion, prebake, for aluminium electrolysis |
APOS, U

0.425 t [14]

Hydrogen, gaseous GLO | market for hydro-
gen, gaseous | APOS, U

0.004 t [53]

Inputs from technosphere: Electricity/heat
Electricity, medium voltage NO | market for
| APOS, U

13 MWh [18]

Emissions to air
Carbon dioxide 1.56 t [16]
Hydrogen fluoride 0.018 t Mass balance HSC
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Chapter C: Inventory

Table C.2: Inventory for the electrolysis process with hydrogen diffusing anode in
SimaPro per F.U.

Input/output Amount Reference

Outputs to technosphere: Products and co-products

Liquid Al 1 t F.U. of the system

Outputs to technosphere: Avoided products

Hydrogen fluoride RER | market for hy-
drogen fluoride | APOS, U

0.80 t Mass balance HSC

Inputs from technosphere: Materials/fuels

Aluminium oxide, metallurgical IAI Area,
EU27 & EFTA | market for aluminium ox-
ide, metallurgical | APOS, U

1.889 t [10]

Cryolite GLO | market for | APOS, U 0.018 t [30]

Aluminium fluoride GLO | market for |
APOS, U

0.002 t [30]

Hydrogen, gaseous GLO | market for hy-
drogen, gaseous | APOS, U

0.112 t Stoichiometric

Inputs from technosphere: Electricity/heat

Electricity, medium voltage NO | market
for | APOS, U

13 MWh [18]
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Appendix D

LCIA results

Table D.1: Characterization results of the Life Cycle Impact Assessment (F.U. of 1 t
liquid Al in Norway).

Impact category Units Carbon
anode

Hydrogen
anode

Expanded
system

Global warming kg CO2eq. 4 273 2 638 1 632
Ionizing radiation kBq Co-60 eq. 184 181 82
Ozone formation, human health kg NOxeq. 8.4 8.0 4.1
Fine particulate matter formation kg PM2.5eq. 5.3 4.8 -1.7
Ozone formation, terrestrial eco kg NOxeq. 8.5 8.1 4.1
Terrestrial acidification kg SO2eq. 14.8 13.2 -7.4
Freshwater eutrophication kg Peq. 0.904 0.882 0.404
Marine eutrophication kg Neq. 0.037 0.035 0.004
Terrestrial ecotoxicity kg 1.4-DCBeq. 7 291 7 313 -6 573
Freshwater ecotoxicity kg 1.4-DCBeq. 253 251 63
Marine ecotoxicity kg 1.4-DCBeq. 346 343 100
Human toxicity (carcinogenic) kg 1.4-DCBeq. 2 189 2 181 2 121
Human toxicity (non-carcinogenic) kg 1.4-DCBeq. 5 652 5 602 2 676
Land use m2a cropeq. 520 512 236
Mineral resource scarcity kg Cueq. 186 186 172
Fossil resource scarcity kg oileq. 1 106 1 110 677
Water consumption m3 395 394 339
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Table D.2: Normalised results of the Life Cycle Impact Assessment (F.U. of 1 t liquid
Al in Norway)

Impact category Units Carbon
anode

Hydrogen
anode

Expanded
system

Global warming kg CO2eq. 0.53 0.33 0.20
Ionizing radiation kBq Co-60 eq. 0.38 0.38 0.17
Ozone formation, human health kg NOxeq. 0.41 0.39 0.20
Fine particulate matter formation kg PM2.5eq. 0.21 0.19 -0.07
Ozone formation, terrestrial eco kg NOxeq. 0.48 0.46 0.23
Terrestrial acidification kg SO2eq. 0.36 0.32 -0.18
Freshwater eutrophication kg Peq. 1.80 1.77 0.98
Marine eutrophication kg Neq. 0.008 0.008 0.001
Terrestrial ecotoxicity kg 1.4-DCBeq. 0.48 0.48 -0.43
Freshwater ecotoxicity kg 1.4-DCBeq. 10.05 9.96 2.51
Marine ecotoxicity kg 1.4-DCBeq. 7.96 7.89 2.2
Human toxicity (carcinogenic) kg 1.4-DCBeq. 212.51 211.77 205.90
Human toxicity (non-carcinogenic) kg 1.4-DCBeq. 0.18 0.18 0.09
Land use m2a cropeq. 0.09 0.09 0.04
Mineral resource scarcity kg Cueq. 0.002 0.002 0.001
Fossil resource scarcity kg oileq. 1.13 1.13 0.69
Water consumption m3 1.48 1.48 1.27

Table D.3: Contribution to the endpoint impact categories (damage assessment, norm-
alised and weighted)

Endpoint impacts

Category Unit Carbon
anode

Hydrogen
anode

Expanded
system

Damage assessment
Human health DALY 0.016 0.014 0.008
Ecosystems species.yr 2.21E-05 1.71E-05 5.58E-06
Resources USD2013 456 463 321

Normalised results
Human health - 0.687 0.608 0.353
Ecosystems - 0.031 0.024 0.008
Resources - 0.016 0.017 0.011

Weighted results
Human health Pt 272 241 140
Ecosystems Pt 6.1 4.7 1.6
Resources Pt 3.3 3.3 2.3
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Appendix E

Sensitivity analysis results

Table E.1: Results for the sensitivity analysis of the electricity mix for the aluminium
electrolysis process

Impact category Units Carbon anode
system

Expanded H2
anode system

Global warming kg CO2eq. 9 434 1 361
Ionizing radiation kBq Co-60 eq. 2 841 -27
Ozone formation, human health kg NOxeq. 18.1 3.5
Fine particulate matter formation kg PM2.5eq. 13.3 -2.1
Ozone formation, terrestrial eco kg NOxeq. 18.3 3.6
Terrestrial acidification kg SO2eq. 34.8 -8.2
Freshwater eutrophication kg Peq. 6.5 0.5
Marine eutrophication kg Neq. 0.429 -0.006
Terrestrial ecotoxicity kg 1.4-DCBeq. 11 502 -8 873
Freshwater ecotoxicity kg 1.4-DCBeq. 423 -18
Marine ecotoxicity kg 1.4-DCBeq. 579 -0.06
Human toxicity (carcinogenic) kg 1.4-DCBeq. 2 488 2 091
Human toxicity (non-carcinogenic) kg 1.4-DCBeq. 12 370 2 071
Land use m2a cropeq. 1 565 85
Mineral resource scarcity kg Cueq. 192 169
Fossil resource scarcity kg oileq. 2 521 626
Water consumption m3 119 -42
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Table E.2: Results for the sensitivity analysis of the hydrogen production method, by
methane steam reforming and water electrolysis.

Impact category Units

Hydrogen
anode system

(hydro and
wind power)

Hydrogen
anode system
(wind power)

Global warming kg CO2eq. 2 372 2 561
Ionizing radiation kBq Co-60 eq. 91 85
Ozone formation, human health kg NOxeq. 7.3 8.0
Fine particulate matter formation kg PM2.5eq. 4.3 5.1
Ozone formation, terrestrial eco kg NOxeq. 7.4 8.2
Terrestrial acidification kg SO2eq. 11.4 13.5
Freshwater eutrophication kg Peq. 1.04 1.39
Marine eutrophication kg Neq. 0.031 0.055
Terrestrial ecotoxicity kg 1.4-DCBeq. 5 638 17 312
Freshwater ecotoxicity kg 1.4-DCBeq. 206 799
Marine ecotoxicity kg 1.4-DCBeq. 288 1 010
Human toxicity (carcinogenic) kg 1.4-DCBeq. 2 177 2 256
Human toxicity (non-carcinogenic) kg 1.4-DCBeq. 5 283 8 027
Land use m2a cropeq. 493 639
Mineral resource scarcity kg Cueq. 186 196
Fossil resource scarcity kg oileq. 735 792
Water consumption m3 550 19
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Table E.3: Results for the sensitivity analysis of the fuel source for the HF production
process

Impact category Units Expanded system
with biofuel

Global warming kg CO2eq. 1 768
Ionizing radiation kBq Co-60 eq. 82
Ozone formation, human health kg NOxeq. 4.0
Fine particulate matter formation kg PM2.5eq. -1.8
Ozone formation, terrestrial eco kg NOxeq. 4.1
Terrestrial acidification kg SO2eq. -7.5
Freshwater eutrophication kg Peq. -0.64
Marine eutrophication kg Neq. 0.004
Terrestrial ecotoxicity kg 1.4-DCBeq. -6 775
Freshwater ecotoxicity kg 1.4-DCBeq. 63
Marine ecotoxicity kg 1.4-DCBeq. 100
Human toxicity (carcinogenic) kg 1.4-DCBeq. 2 121
Human toxicity (non-carcinogenic) kg 1.4-DCBeq. 2 634
Land use m2a cropeq. 155
Mineral resource scarcity kg Cueq. 172
Fossil resource scarcity kg oileq. 731
Water consumption m3 339
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Table E.4: Results for the sensitivity analysis of the energy source for the aluminium
oxide production method

Impact category Units

Carbon anode
system (wind

and solar
power)

Hydrogen
anode system

(wind and
solar power)

Global warming kg CO2eq. 7 033 5 398
Ionizing radiation kBq Co-60 eq. 505 502
Ozone formation, human health kg NOxeq. 16.9 16.5
Fine particulate matter formation kg PM2.5eq. 13.6 13.1
Ozone formation, terrestrial eco kg NOxeq. 17.6 17.2
Terrestrial acidification kg SO2eq. 30.2 28.6
Freshwater eutrophication kg Peq. 4.4 4.3
Marine eutrophication kg Neq. 0.373 0.371
Terrestrial ecotoxicity kg 1.4-DCBeq. 126 338 126 360
Freshwater ecotoxicity kg 1.4-DCBeq. 2 640 2 637
Marine ecotoxicity kg 1.4-DCBeq. 3 344 3 341
Human toxicity (carcinogenic) kg 1.4-DCBeq. 2 925 2 918
Human toxicity (non-carcinogenic) kg 1.4-DCBeq. 24 306 24 256
Land use m2a cropeq. 3 596 3 589
Mineral resource scarcity kg Cueq. 306 305
Fossil resource scarcity kg oileq. 1 666 1 671
Water consumption m3 518 518
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