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ARTICLE INFO ABSTRACT

The aluminium industry is facing a challenge in meeting the goal of halved greenhouse gas emissions by 2050,
while the demand for aluminium is estimated to increase 2-3 times by the same year. Energy efficiency will play
an important part in achieving the goal. The paper's aim was to investigate possible production-related energy
efficiency measures in the aluminium industry. Mining of bauxite and production of alumina from bauxite are
not included in the study. In total, 52 measures were identified through a literature review. Electrolysis in
primary aluminium production, recycling and general measures constituted the majority of the 52 measures.
This can be explained by the high energy intensity of electrolysis, the relatively wide applicability of the general
measures and the fact that all aluminium passes through either electrolysis or recycling. Electrolysis shows a
higher number of emerging/novel measures compared to the other processes, which can also be explained by its
high energy intensity. Processing aluminium with extrusion, rolling, casting (shape-casting and casting of ingots,
slabs and billets), heat treatment and anodising will also benefit from energy efficiency. However, these pro-
cesses showed relatively fewer measures, which might be explained by the fact that to some extent, these
processes are not as energy demanding compared, for example, to electrolysis. In many cases, the presented
measures can be combined, which implies that the best practice should be to combine the measures. There may
also be a future prospect of achieving carbon-neutral and coal-independent electrolysis. Secondary aluminium
production will be increasingly important for meeting the increasing demand for aluminium with respect to
environmental and economic concerns and strengthened competitiveness. Focusing on increased production
capacity, recovery yields and energy efficiency in secondary production will be pivotal. Further research and
development will be required for those measures designated as novel or emerging.
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1. Introduction

The aluminium industry is facing a challenge. The global demand
for aluminium is estimated to increase 2-3 times by the year 2050
[1,2]. At the same time, the industry's total GHG emissions are targeted
to be cut in half by the same year [1,2]. This implies that the GHG
emissions per produced ton of aluminium need to be reduced by at least
75% [1]. Energy efficiency cannot meet all of this reduction on its own
[2], but it will play a part in achieving the goal.

The production of aluminium is an energy- and CO,-intensive pro-
cess [2]. The refining of bauxite (aluminium ore) to alumina (alumi-
nium oxide) and the reduction of alumina to metallic aluminium are the
two most energy- and CO,-intensive processes in the production of
aluminium products [2].

A lot of research has been conducted in regard to aluminium pro-
duction in general. However, the majority of this research has not
studied energy efficiency measures but rather has focused on
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production-related factors. In some scientific articles, energy efficiency
issues are mentioned, but the main focus is on other things, e.g. de-
velopment of a technology or computational model. Energy efficiency
falls into the background in these articles. The reference documents for
best available technology (BAT) from the European Commission (see
e.g. [3-5]) have a main focus on environmental aspects and present
only a few measures for reduced energy demand. Kermeli et al. [6]
review 22 efficiency measures in aluminium production. However, they
focus just on primary production, including alumina refining, alumi-
nium electrolysis, anode production and ingot casting, and do not in-
clude measures for the subsequent processing into finished products or
recycling. They also focus on currently available measures and do not
present any innovative measures for future energy reductions. BCS [7]
has a main focus on electrolysis and process heating operations and
only provides a brief description of future prospects in other main
production processes when it comes to energy efficiency. This implies
that there is a lack of scientific reviews studying energy efficiency for
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Nomenclature

ACD Anode-cathode distance

GHG Greenhouse gas

Onsite energy demand Energy used within the facility, excluding
energy needed for generation/production and trans-
mission/transportation of the electricity and fuel used

PFC Perfluorocarbons, a group of powerful GHGs

Tacit energy demand Combination of the onsite energy demand,
the process energy needed for production and trans-
portation/transmission of the energy sources and the
inherent energy in the fuels used as materials

the entire aluminium industry as well as studying energy efficiency
measures that are under development and not currently available.

Therefore, the aim of this paper is to review the findings of pub-
lished papers on energy efficiency measures’ in the aluminium in-
dustry. The paper is limited to electrolysis of aluminium oxide (alu-
mina) to aluminium, secondary aluminium production (recycling) and
the most common production processes for processing of aluminium.
Mining of bauxite and production of alumina from bauxite are not in-
cluded in the review. The paper will include measures that are currently
available and innovative measures that are under development. How-
ever, the paper does not claim to present an exhaustive description of
all possible measures but will focus on energy efficiency measures
specific to the aluminium industry. This means that the article will
mainly focus on the production-related processes.

Fig. 1 shows a schematic supply chain for the production of alu-
minium products. The production processes within the dotted lines are
studied in this paper. In addition, the surface treatment process called
anodic oxidation and heat treatment are also included in the review,
but they are not shown in Fig. 1.

2. Literature search and classification

The work in this review can be divided into two parts: (1) an un-
systematic part and (2) a systematic part. The first part was char-
acterised by probing with a wide range of search strings based on
keywords related to the topic. Some of the references found gave in-
spiration for further search strings. In some cases, literature from the
reference lists of the references found were included in the review. The
starting point was the European Commission's reference documents for
BAT. In particular, the documents regarding non-ferrous metals in-
dustries [3], the smitheries and foundries industry [4] and surface
treatment of metals and plastics [5] were used. These documents pre-
sented a number of efficiency measures and gave some understanding
of the field that was helpful for the continued work with the review.

In the second part, a more systematic search for literature was
performed. Fig. 2 shows a graphical representation of the search pro-
cess, the search strings used and their results. The words were searched
for in titles, keywords and abstracts in the database Scopus. The sear-
ches were first limited to the past ten years (2007-2016) and to refer-
ences written in English or Swedish. The searches were further limited
to sources that seemed relevant by reading the titles and abstracts and
to sources available in full text through the Linkoping University li-
brary. Finally, these sources were read through, and the ones containing
relevant information were included in the review.

In some cases, relevant energy efficiency measures were identified
through the above search process, but the sources did not provide

1 In this paper, an energy efficiency measure is defined as a technical measure that
reduces the energy demand for producing one unit of product, e.g. one ton of aluminium.
This implies that even if the measure reduces the energy need for producing one unit of
product, the total energy demand can increase if the total production increases.
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sufficient information about the measures. In these cases, further
searches for information were conducted for those specific measures. In
this case, the search strings used were based on the name or description
of the measures. The searches were mainly conducted in the Scopus
database, but in some cases, Google Scholar and Linkoping University
library's UniSearch (based on EBSCOhost) were also used.

In total, 111 scientific references and 6 references from organisa-
tions and companies were included in the review. Ninety of the scien-
tific references were found in the second part of the search process, but
it is worth noting that some were found in the first part as well.

3. Aluminium industry

This chapter will provide a basic understanding of the production
processes studied in this article. Some of the processes are illustrated
below, but illustrations for the other processes can be found in e.g.
[138].

3.1. Electrolysis and alloying

Primary aluminium is produced from aluminium oxide (alumina),
and the major process for achieving this is the electrolytic process
called the Hall-Héroult process [8]. An electrical reduction line is
formed by connecting several electrolysis cells in series [3]. Fig. 3
shows a schematic drawing of an electrolysis cell.

The carbon anodes are continuously consumed during the electro-
lysis as the carbon combines with the oxygen in the alumina to form
carbon dioxide and carbon monoxide [3]. A part of the energy needed
for the cell operation is supplied by the carbon anodes [7]. The cathode
is not consumed but deteriorates over time and has to be replaced after
four to eight years, because of cracking, swelling and erosion [3].

Sederberg and prebaked are the two main types of electrolytic cells
[3]. The Sgderberg cells use a continuous anode, which is regenerated
through the addition of carbon material at the top and is baked in-situ
[3]. Prebaked cells use multiple anodes, which are manufactured in
separate anode plants and need to be changed when approximately
80% is consumed [3]. In a modern cell, the anode needs to be changed
after about four weeks [7]. As of 2013, there are only prebaked cells of
the point feeder type (PFPB) in operation in Europe [3]. Fig. 3 shows a
PFPB cell.

The world average energy use for only the electrolysis cell is 13.4
kWh/kg Al produced [10]. If rectifiers and other cell auxiliaries, such as
pollution control equipment, are included, the world average rises to
14.2kWh/kg [10]. The energy cost can amount to as much as 50% of
the production costs in the electrolysis [3].

Holding furnaces of either an induction or reverberatory type are
used for storing the molten aluminium from the electrolysis and for
adding alloying metals and additions to refine the grain of the metal
[3]. Primary aluminium sites melt internal and bought scrap, which
should be free from substances such as paint, plastics and oil [3]. The
scrap is either melted separately before adding molten metal or is added
to molten metal [3].

3.2. Recycling and alloying

Scrap melting is used to produce secondary aluminium. There is a
variety of raw materials and hence a variety of furnaces used for
melting the aluminium [3].

The first step is to sort the raw materials into wrought alloys and
cast alloys [3]. Reverberatory furnaces are used for remelting the ma-
jority of wrought alloy scrap [3]. Rotary drum furnaces (sometimes
tiltable) are mostly used for remelting cast alloys [3]. Sorting the scrap
into specific alloy types for production of the desired alloys is done to
minimise reprocessing [3]. The type and composition of the raw ma-
terials and the required product quality are major factors determining
suitable treatment processes, furnace type and other process steps [3].
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Fig. 1. A schematic picture of the supply chain for production of aluminium products.

Secondary production of aluminium uses 0.56-2.5 kWh/kg Al
where recycling of scrap with lower quality commonly uses more en-
ergy [3], although to produce secondary aluminium requires only 5% of
the energy used for primary aluminium production [3,8]. However, this
value depends on the recycling technology used [8].

Alloying additions can be made either directly to a casting system or
via a transfer system into a holding furnace [3]. Either a holding fur-
nace or an in-line reactor is used to refine the metal by removing gases
and other metals [3].

3.3. Generation of skimmings, dross and salt slag

Skimmings, dross and salt slag are by-products of the aluminium
industry [3]. Skimmings and dross are generated in the holding and
treatment processes in both primary and secondary aluminium pro-
duction [3]. Salt slag is generated in secondary aluminium production,
generally from rotary furnaces, where a salt flux is used to reduce
oxidation, promote removal of impurities and increase yield and
thermal efficiency [3]. Dross can be split into white dross and black
dross [11,12]. Skimmings, dross and salt slag contain metallic alumi-
nium, alumina and salts to varying degrees [11-13].
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3.4. Casting

Vertical direct chill casting machines with water-cooled metal
moulds are used in the casting of ingots, slabs and billets in both pri-
mary and secondary production [3]. Horizontal direct chill casting can
also be used for billets and slabs of smaller cross sections in primary
production [3]. Static or continuously moving metal moulds are
methods which can be used in primary production [3]. In secondary
production, a variety of smaller ingots is cast in moulds, and these are
used, for example to supply the casting industry [3].

The basic idea of shape casting is pouring or injecting molten alu-
minium alloys, typically remelted in a furnace, into moulds with one or
several cavities of the desired shape [7]. There are several different
shape-casting technologies; the important ones are described in Table 1.

3.5. Extrusion

In extrusion, an elongated shape with a consistent cross section is
formed by forcing a preheated billet through a steel die by hydraulic
pressure [7]. Virtually all modern extrusion presses extrude horizon-
tally [7]. The product design, desired mechanical characteristics and
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Fig. 2. Graphical representation of the systematic search process.

typically somewhere between 450 °C and 550 °C [7].

There is both a direct and an indirect extrusion process with the

difference that the billet is the moving part in direct extrusion, whereas

the die is the moving part in indirect extrusion [7], as shown in Fig. 4. A

3.6. Rolling

metal loss occurs in direct extrusion, since the billet surface is retained

in the extrusion container and does not become a part of the product
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[7]. This implies that removing the skin layer by scalping is not needed
[7]. However, scalping is required for indirect extrusion, since the billet
surface becomes a part of the product [7].

In rolling, the slab is passed between counter-rotating steel rolls

ble Energy Reviews 93 (2018) 525-548
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Fig. 3. Schematic drawing of an electrolysis cell for primary aluminium production. Based on [7,9].

Table 1
Description of the different shape-casting methods. Adapted from BCS [7].

Casting method Description

Pressure die casting The use of water-cooled steel dies in which the metal is injected at pressure up to about 70 MPa.

Green sand casting The use of moulds which are produced by blending sand, binders and moister.

Dry sand casting Finished moulds are produced by coating the sand particles with air or thermal setting chemicals.

Permanent mould casting Molten metal is introduced by gravity or counter-gravity means into iron or steel moulds.

Investment casting The moulds are produced from ceramic slurries by repetitive immersion of low-temperature melting pattern materials. The ceramic is hardened by a

drying process after which the pattern material is removed by heating the mould to a temperature which eliminates the pattern material. Before
pouring the metal, the mould is typically preheated. The mould may also be filled under vacuum.
Plaster casting The production of thicker sections and larger parts, for which investment casting is less suited.

multiple times to reduce the slab's thickness [7], as shown in Fig. 5.
When producing rolled products, the slab typically passes through both
a hot rolling step and a cold rolling step [7]. In hot rolling, the metal is
preheated in a furnace to a temperature between 400 °C and 500 °C,
depending on the alloy [7]. The cold rolling step is typically conducted
after the hot rolling step and takes place at room temperature [7].

The ends and edges of the metal need to be cut off during several
occasions of the rolling processing operations [7]. Additionally, the top
layer of the slab surfaces needs to be scalped off for quality and uni-
formity reasons [7]. Heat treatments in furnaces, e.g. homogenisation,
are used in rolling plants [7]. Homogenisation can be either a separate
step or an integrated with the preheating prior to hot rolling [7].

—
Rolling direction

Fig. 5. Schematic drawing of the rolling process. Based on [138].

Direct extrusion Indirect extrusion

Die

Die Ram

Y/

Extrudate

< Billet

Billet

Extrudate

Container Container

Fig. 4. Schematic drawing of direct and indirect extrusion. Based on [138].
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3.7. Heat treatment and surface treatment

Heat treatments in furnaces are used to alter physical and me-
chanical properties of the metal [14]. This is to make the metal more
suitable for certain applications or to ease the manufacturing, for ex-
ample, regarding formability or machining [14]. There is an interna-
tional designation system used to state which heat treatment has been
used, which includes five main categories (F, O, H, W and T) [134]. For
the main category T, there are ten main subcategories (T1-T10) with
further subcategories [134]. For a description of the different main
categories and subcategories see for example [134].

Anodic oxidation (anodising) is an electrolytic surface treatment
process producing an oxide layer by enhancing the metal's natural
ability to oxidise, which enhances the properties of the metal surface
[5]. Sulphuric acid electrolyte is used in 90% of the cases to anodise
aluminium [5]. Phosphoric acid, chromic acid, sulphuric/salicylic acids
and sulphuric/oxalic acid electrolytes are examples of other process
solution types [5]. Pretreatment processes may be needed, for example
for cleaning purposes [5].

There is normally a sealing process following the sulphuric acid
anodising, which further improves the surface's properties [5]. Hot or
cold processes can be used for the sealing [5]. In hot sealing, hydration
of the aluminium oxide to boehmite is used to close the pores in the
oxide layer [5]. Hot or boiling (minimum 95-96 °C) deionised water is
used for the sealing process [5]. The same effect is achieved by using
steam for the sealing [5].

4. Opportunities for improved energy efficiency

Table 2 shows the number of publications presenting measures for
improved energy efficiency in the production processes studied. The
focus is on the publications found during the second part of the lit-
erature search, i.e., the structured approach.

The following sections will first present energy efficiency measures
which are commercially available for each of the production processes.
Then, in the last section, emerging or novel technologies, which are not
commercially available yet, will be presented.

4.1. General measures

4.1.1. Heat recovery and heat loss reduction

Several production processes in the aluminium industry use heat
and give rise to considerable amounts of excess heat. These processes
include but are not limited:

e Electrolysis cells for primary production

e Melting furnaces for secondary production, remelting and shape
casting

e Holding furnaces

Table 2

Renewable and Sustainable Energy Reviews 93 (2018) 525-548

e Furnaces for heat treatment and homogenisation
® Preheating prior to hot rolling and extrusion
® Process tanks for anodising

Excess heat from the exhaust gas is probably the easiest to recover,
since the exhaust gas is already channelled into duct layouts and
chimneys [15]. Excess heat from the gas exhaust from electrolysis cells
can be recovered through, for example, heat exchangers [16,17]. Excess
heat can be used for space heating within the production site [18],
district heating, (district) cooling through absorption, preheating/
drying of raw materials, power generation with an organic Rankine
cycle [16,18], a Kalina cycle or a heat engine [18] or the desalination of
water [16-18]. The temperature and medium of the excess heat de-
termine the technology to be used for heat recovery (see for example
[135]).

A novel technology is the reduction cell structure with a lava
thermo-exchanger, which can control the temperature distribution
condition of the cell [19]. At the same time, the technology can reclaim
heat with a high efficiency, and the heat can be used for other appli-
cations [19]. Reduction cells with lava thermo-exchangers could have
the possibility for widespread application in the future [19].

Another technology is the two-phase thermosyphon technology,
which uses a gravity-assisted wickless heat pipe to transport heat by
using evaporation and condensation [20]. For low- or medium-tem-
perature excess heat recovery, in which self-controlling capability, high
reliability and high efficiency are important, two-phase thermosyphons
may be especially attractive [20]. Two-phase thermosyphon technology
has not yet been used in large-scale industrial applications, but it has
shown promising potential for excess heat recovery [20].

In furnaces, heat losses can be reduced by using better refractory
lining/insulating material [6,21-23], by using appropriate wall thick-
ness [23] and by covering open wells [24,25]. Heat can be recovered by
using heat exchangers and by using regenerative burners and re-
cuperative burners [24-26]. Furnaces with regenerative burners use
fluidised beds to preheat the furnace combustion air with the exhaust
gases [24,25], which can save up to 40% of the fuel need [21,24].
Recuperators are counterflow heat exchangers which can be used on a
furnace to preheat the combustion air, metal charge or both with excess
heat from the exhaust gases [23]. This can increase the furnace effi-
ciency [23]. Heat exchangers on the exhaust gas from large furnaces
can save about 23% of fuel on average [21]. Better insulation material
can reduce the energy use by 2-5% [6]. Preheating the combustion air
with recovered heat from the exhaust gases will reduce the heat losses
and the fuel need for reaching the process temperature, for a 10-30%
reduction in energy need [6].

A technology called preheat hearths can be added to the furnace; it
uses heat from the exhaust gases and some radiant absorption from the
burners to preheat ingots [21]. A 15% saving in fuel need can be
achieved by the preheating [21].

Number of publications presenting measures for improved energy efficiency in the production processes studied. The table only includes the publications found

during the structured literature search.

Year 2007 2008 2009 2010 2011 2012 2013 2014 2015 2016 Total
General measures 2 0 2 2 4 1 1 6' 3 25
Electrolysis 0 5 1 4 10 2 9 10* 2! 6 49
Recycling 0 0 1 1 1 0 1 27 1 1 8
Metal processing
Extrusion 0 0 0 0 0 0 0 0 0 0 0
Rolling 0 0 0 0 0 0 1 1 0 0 2
Casting 0 0 0 0 2 1 0 0 1 0 4
Anodising 0 0 0 0 0 0 0 0 0 0 0
Heat treatment 0 0 0 0 1 0 0 3 0 0 4
Total 2 5 4 7 18 7 12 16 9 10 90

1 One article repeats, being counted in the total for each process. But it is only counted once in the total for the year.
2 One article repeats, being counted in the total for each process. But it is only counted once in the total for the year.
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In casting facilities, excess heat from induction furnace cooling
systems can be used for drying raw materials, space heating and hot
water [4]. Excess heat from copula furnace off-gases can be used for
space heating, hot water or electricity production in a steam boiler [4].
Excess heat can also be used for preheating scrap or metal charge,
preheating the air supply to a furnace, electricity generation and ab-
sorption refrigeration [26].

Reducing the amount of extracted warm air from anodising process
tanks will reduce heat losses by evaporation [5]. This can be done by
using lids on the tanks, creating an airflow over the processing bath
surface or enclosing the plating line [5]. Heat from certain process steps
may be reused in other process steps [5]. Heat losses can be reduced by
better insulating the process tanks [5]. The solution surface can be in-
sulated by using floating insulation, although this is not applicable if
the insulation interferes with the treatment [5]. The energy input can
be minimised by controlling the temperature for a process where there
is a range of possible temperatures [5]. The operating temperature may
be lowered/increased for processes needing heating/cooling [5].

4.1.2. Stirring system or metal pumping

The temperature gradient between the top and bottom of a furnace can
be reduced with the help of either stirring or metal pumping [27,28]. This
can reduce the dross generation by as much as 25% [27,28]. Both energy
use and CO, emissions associated with the energy use are reduced [28]. An
energy saving of 10-20% and an increase in energy efficiency of 15-35%
can be achieved with metal pumping in a reverberatory furnace [27]. Other
benefits are improved refractory life [28], increased productivity [27] and
improved alloy homogeneity [3,27].

4.1.3. Immersed furnace heaters

Immersion heaters can adopt electrical or fire-tube heaters together
with a refractory material housing to protect the heaters [29]. The
technique is based on immersing the heater into the metal and the
predominant heat transfer mechanism is conduction [29]. An immersed
heater furnace has a thermal efficiency that is 2-3 three times higher
than the thermal efficiency for an open fire burner furnace [29], and it
can be as high as 97% [7]. This results from an improved heat transfer
to the molten metal [29]. Up to about 66.7% of the gas demand can be
saved with immersed heaters [29]. The fire-tube immersion heater is
also more advantageous than its open flame equivalent when it comes
to oxidation losses and skim production [29]. Enhanced mixing of the
metal is also achieved due to the natural convection [29].

4.1.4. Oxy-fuel combustion

Increased energy efficiency can be achieved by combustion in pure
oxygen [4,26,30], or so-called oxy-fuel combustion. An overall energy
reduction of 50-60% has been demonstrated in an aluminium remelting
furnace [30]. For a rotary furnace for casting applications, the energy
saving may also be 50% [4]. However, there may be a risk of higher
dross generation when using oxy-fuel combustion [31].

Oxy-fuel combustion is practical for melting aluminium, which re-
quires a high specific melting rate [31]. However, for holding molten
aluminium, oxy-fuel combustion is not the most economical technique,
since a lower amount of heat is needed [31]. To hold molten alumi-
nium, air-fuel combustion is better suited, since it can provide constant
energy to the furnace [31]. Furnaces used for both melting and holding
aluminium should be able to switch between oxy-fuel and air-fuel
combustion to lower the energy usage and cost [31]. This will also help
reduce the dross generation, which increases the yield [31]. There will
also be metal quality improvements [31].

4.1.5. Non-stationary flame burner

In using a non-stationary flame burner, heat is transferred to the pre-
ferred areas of the furnace by directing the flame to those areas [31]. Higher
firing rates are used in areas with a higher concentration of metal charge
than in areas with less charge [31]. This results in both uniform heating and
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uniform melting by directing the flame to specific areas [31]. After the
metal has been entirely melted, uniform heat transfer to the molten bath is
achieved through continued movement of the flame [31]. The yield in-
creases through reduced problems with oxidation losses, since no hot spots
occur on the aluminium or the refractory material [31]. There will also be
metal quality improvements [31].

An experiment showed a reduction of more than 25% in dross
generation, compared to traditional air-fuel burners, when scrap was
charged [31]. The specific melt rate increased by a factor of two and by
30%, respectively, compared to traditional air-fuel and traditional oxy-
fuel burners [31]. There was also a decrease in the energy use compared
to traditional air-fuel burners [31].

4.1.6. Furnace operation improvements

A furnace's energy use can be reduced by implementing operational
improvements, for example reducing the door opening time and the
holding time [24]. Preheating the fuel-air mixture for the burners in a
holding furnace to 500K instead of supplying it at 300K can also in-
crease the energy utilisation efficiency from 34.55% to 37.14% [32]. An
excess air coefficient of around 1.05 is recommended for optimal en-
ergy utilisation efficiency in a holding furnace [32].

Other factors to consider are:

® The use of an air-fuel control system to measure and optimise the
flows of air and gas [33] to supply an optimal amount of excess air
and thus the appropriate air-fuel ratio. A 5-15% energy reduction
can be achieved [6].

e The use of a temperature control system with the temperature set

point not being too high [33].

The use of stirring [33].

Not making the depth of the metal bath too large, which could also

be overcome with stirring [33].

The length-to-width ratio of the furnace affects the energy intensity,

and a round or square furnace is better from an energy perspective

than a rectangular furnace [33].

o A higher space from the metal surface to the furnace roof is better

[331.

Automatic charging of metal to the furnace [33].

Only charge molten metal into furnaces designed for molten metal

delivery [33].

e The use of a furnace pressure system to ensure a slightly positive
pressure [33]. This leads to avoided heat losses due to air infiltration
and an energy saving of 5-10% [6].

e The amount of heat transferred to the metal can be increased by
adjusting the burners for efficient operation [6]. The energy use can
be reduced by 5-10%, and there will also be an increase in pro-
ductivity [6].

® Energy losses can be reduced by improved control systems, espe-
cially at low throughput, for an estimated energy saving of 5-10%
[6].

4.1.7. Gas purging system

Gas purging systems can be used during several stages of the metal
production, for example alloying, metal cleaning and melting [34]. The
technology is based on using several porous plugs, shown in Fig. 6, to

Plug
Furnace bottom

.
|

T Gas

Fig. 6. Simplified drawing of a purging plug. Based on [34,136].
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blow inert or reaction gases into the melt [34]. The benefits include
energy and production time savings, higher productivity, homogenous
temperature distribution and improved metal grades, maintenance and
refractory service life [34]. A case study showed a melting rate in-
creased by 33-38%, a 15% reduced energy use and yearly production
increased by 16% at lower costs [34]. There was also a reduced metal
loss through reduced metal combustion and lower dross formation,
since the process temperature could be lowered through better insula-
tion and less opening of the furnace door [34].

4.1.8. Increased aluminium surface emissivity

When melting aluminium shapes, such as ingots, it is common to utilise
radiant heat [35]. The surface emissivity of an object, which equals the ab-
sorption coefficient, is one thing affecting the heat transfer rate by thermal
radiation into or out from an object [35]. The radiant heat transfer to alu-
minium is inefficient, due to the very low absorption coefficient of alumi-
nium [35]. However, the absorption coefficient can be increased by applying
a dark surface coating to the aluminium [35]. An increase in the melting rate
and a reduction in energy use occurs, due to increased radiant heat transfer
[35]. Oxidation losses are expected to decrease, since there is less need for
direct flame impingement [35]. An experiment showed a reduction of the
energy use from 1.7 kWh/kg Al to 1.4 kWh/kg Al [35], a reduction of about
18%. No contamination of the aluminium from the coating could be seen in
the experiment [35].

4.1.9. Reduction of process scrap

Process scrap, or yield losses, can originate from high purity and speci-
fication requirements, quality problems [7,36], defects [1,7], over-ordering,
mismatches between batch and order volumes, subtractive processing,
scalping and trimming during processing and start-up losses [36]. This im-
plies that more material needs to be produced than ends up in the final
product, which increases the total energy need per unit of the final product
[36]. Additional energy is also needed for remelting the process scrap and
thus bringing the metal back to production [1]. Reducing the generation of
process scrap can provide both energy and economic benefits.

Yield losses can result in the embodied energy in the final products
being up to 15 times higher than the energy needed to produce liquid
metal [2]. On a global scale, 41% of the liquid aluminium produced is
diverted as process scrap [2]. A 6% reduction in total energy use and a
7% reduction in total CO, emissions can be achieved by eliminating all
process scrap [2].

4.2. Electrolysis

4.2.1. Process performance improvements
The process performance improvements in electrolysis can include:

o Automatic feeding of alumina at multiple points [3]
e Automatic anode effect suppression [3,37,38]
e The use of a computer-aided monitor and control system [3,39],
such as:
o Active cell databases [3].
o The Statistical Process Control (SPC) method [39].
o The combination of fuzzy theory, rough set and a genetic algo-
rithm for fault diagnosis [40].
o A fuzzy controller combined with mathematical models to predict
the process temperature [41]. An industrial application in 300 kA
prebake cells for two years showed [41]:
= An energy saving of about 0.6 kWh/kg Al (from about 13.4 to
about 12.8 kWh/kg Al).

= A voltage reduction of about 0.27 V (from about 4.17 to about
3.9V).

= A temperature reduction of about 7 °C (from about 958 to about
951 °C).

o Systems based on Kalman filters, a state estimation method for
dynamical systems [42].
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In addition to the reduced energy usage, there are several en-
vironmental and operational benefits associated with improving the
process performance [3,37,39], including a reduction in GHG emissions
[3,37,43]. Improvement of the cell control point-feeding systems of
existing PFPB cells can reduce the electricity use by 0.2 kWh/kg Al for
an investment cost of 100-150 Euro/ton Al [6].

Generally, there are three generations of process control systems for
electrolysis cells [44]. Generation 1 is a reactive control system de-
signed to bring the process back to its target settings by manipulating
other variables [44]. As of 2014, almost all electrolysis cells in the
world included control systems categorised as Generation 1 [44].
Generation 2 is designed to diagnose and remove root causes by em-
ploying corrective actions and avoiding the compensatory measures
common to Generation 1 [44]. Only a few primary producers had
adopted Generation 2 as of 2014, even though it has been available
since 2007-2008 and can reduce energy use by 0.4 kWh/kg Al [44].
However, the diagnosis and abnormality removal system for Generation
2 is mainly manual and provides little to no immediate feedback for the
root causes [44]. Additionally, the alumina feeding control system does
not take into account the dissolution rate of alumina in the electrolyte
[44]. Generation 3 employs a more sophisticated control system than
Generation 2 with the aim to diagnose the underlying variation both in
each cell and in groups of cells and entire potlines [44]. Diagnosing and
addressing root causes as well as preventing the cell from going out of
control is achieved by energy and mass balancing strategies and ad-
vanced multivariate technologies [44]. Generation 3 was successfully
tested in a smelter in 2014 and showed a 0.355 kWh/kg Al reduction in
energy need compared to before the implementation of Generation 3
[44].

4.2.2. Cell voltage noise reduction

Three different types of voltage noise occur in the electrolysis cell.
Bubble noise or fluctuating noise occurs due to the production of CO,
bubbles on the anodes as a necessary and inevitable part of the elec-
trolysis process [45-48]. Short-circuiting noise or pulsating noise oc-
curs due to a temporary shortening caused by molten metal splashing
against the bottoms of the anodes [45-48]. Metal pad motion or wavy
noise occurs due to vigorous metal movement in the cathode cavity,
resulting in changes of the actual ACD [45-48].

Bubble noise is not a concern for cell operation and has little effect
on the current efficiency and power demand of the electrolysis process
[45-48]. Current efficiency is reduced and power demand is increased
by both the anode short-circuiting noise and the metal pad roll noise
[45-48]. Therefore, the control system should distinguish between the
different noise types and only suppress the noise of the anode short-
circuit and metal pad roll types as quickly as possible [45-48]. Another
way to reduce the fluctuations due to the metal pad roll is to use novel
structure cathodes (described below) [49].

4.2.3. Ensure good anode quality

Two aspects found in the literature will be mentioned here: crack-
free anodes and coke quality. Cracks in the anodes are discontinuities in
the material, which increases the electrical resistivity of the anodes and
thus the energy use in the electrolysis [50]. Amrani et al. [50] present
measures which the anode producer can use to minimise the number of
cracks. However, these measures are outside the scope of this review.
The anode overpotential may be increased by low-quality coke, which
results in increased electricity demand [51]. Improved anode quality
can help to reduce the number of anode effects [38]. The electrolysis
plant should ensure that they use anodes with a minimal number of
cracks and good coke quality.

4.2.4. Anode preheating

During the changing of the anodes, a layer of frozen electrolyte bath
is immediately quenched on the bottom surface of the new, cold anodes
[52]. Energy is required to melt the layer of frozen electrolyte, and
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productivity is reduced during the time it takes to melt it [52]. A dis-
rupted bath motion around the new anodes and an uneven anode
current distribution occurs until the layer is melted and is thought to
increase the noise and reduce the current efficiency [52].

Preheating the bottom surface of the anodes to 480-510 °C before
lowering them into the electrolyte bath can increase the current effi-
ciency by 0.5-1% and can double the electrical current pick-up rate
[52]. There is a potential energy saving of about 0.04 kWh/kg Al, which
does not take the energy for preheating the anodes into account [52].
This is due to the fact that the anodes either can be delivered directly
from the bake furnaces or can be heated by the excess heat from the
electrolysis [52].

4.2.5. Slotted or perforated anodes

A gas bubble layer is produced on the bottom of the anodes due to
the electrolysis reaction [49,53]. The discharge distance for the anode
gas can be reduced by using anodes that are both slotted and perforated
(as in Fig. 7) [49] or perforated all the way from top to bottom [53].
This will decrease the penetration depth and the residence time for the
anode gas in the molten bath as well as the thickness of the bubble layer
[49,53]. In turn, this leads to reduced back reaction between the anode
gases and the molten aluminium and thus increases the current effi-
ciency [49,53]. The reduced bubble layer thickness also results in re-
duced cell voltage [49,53,54]. Both the increased current efficiency and
the reduced voltage result in a decrease of the power demand for the
electrolysis [49,53].

The industry tests presented in Tian et al. [53] showed an average
increase in current efficiency of 0.7% points and an average decrease in
power demand of 0.781 kWh/kg.

4.2.6. Optimised anode rod assembly design

The anode rod assembly design can be optimised through, for ex-
ample, changing the rod dimensions and by improved welding tech-
nologies [55]. An energy saving in the electrolysis is achieved by a
reduced voltage drop in the modified assemblies [55]. An experiment
showed that the voltage drop reduction can be as high as 80 mV [55].
However, an increase in the voltage drop was observed during the ex-
periment, and the proven reduction was shown to be around 24 mV
[55]. The experiment did show an increase of the anode effect occur-
rence and the pot noise when using the tested assembly design [55].

4.2.7. Graphitised cathode

Changing the cathode material from anthracitic carbon to fully
graphitised carbon can provide energy savings [56,57] through a lower
cathode voltage drop [57]. Fully graphitised carbon can also provide
higher cathodic current densities [56] and larger electrical stability for
the electrolysis [57]. However, the cathode lifetime drops by two to
three years when using fully graphitised carbon, since this carbon has a
lower wear resistance than other types [56].

4.2.8. Novel structure cathodes

Novel structure cathodes (NSC), in contrast to ordinary cathodes
with plane surfaces, have surfaces with different shape arrangements
[54,58,59]. Fig. 8 shows two examples of NSC. The rectangular ridges
can have either stepped sides or sloping sides [54]. NSC can save from
0.56 [54] up to 1kWh/kg Al and increase the current efficiency
[58,59]. The lowered energy demand results from reduced ACD, which
is possible due to weakened metal pad fluctuation [54,58].

4.2.9. Optimised cathode collector bar structure

Optimising the cathode collector bar structure includes changing
the collector bar's conductive structure as well as a suitable adjustment
of the cathode carbon height and the collector bar size [60]. Ad-
ditionally, adjustment to the cathode assembly's resistance distribution
through optimisation of the assembly form of the cathode carbon and
the collector bar can also be made [60]. A more vertical current flow
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into the cathode carbon, and thus a reduced horizontal flow, is achieved
by these adjustments and yields high improvements in cell stability
[60]. Industrial tests have shown an energy reduction of 0.738 kWh/kg
Al and a 0.725 percentage points improvement in the current efficiency
[60]. Other advantages are simple implementation and low investment
cost [60].

Other technologies which reduce the horizontal current flow and
include changes in the collector bar structure are:

® The use of an electrically insulated region between the cathode and
the collector bar [54].

® The use of a cathode design with bottom exit collector bar, which
implies a change of the collector bar design and the cell exit location
[54]. This technology is in the test phase [54].

e Electrically insulating the carbon block from the steel bloom by
using heatproof concrete [61].

4.2.10. Reduced cell ventilation

The total electricity demand for the ventilation fans can be reduced
by reducing the ventilation rate in the cell [62]. However, ventilation is
important for the heat balance of the cell [62]. A reduced ventilation
rate results in lower heat losses through the top of the cell, which can
have an adverse effect on the operating conditions of the cell [62]. A
way to maintain the same heat extraction through the ventilation and at
the same time reduce the ventilation rate is to expose a larger part of
the anode stubs to the ventilation airflow [62]. However, it is important
to still have some anode cover close to the stubs to avoid oxygen from
the air burning off the anodes [62].

There is a technology called distributed pot suction (DPS) system,
which allows for the ventilation rate to be varied within a wide area
[63]. This is achieved when the DPS system is combined with a specific
thermal design of the superstructure and an overall improved gas
capture efficiency [63]. Overall, the ventilation rate can be reduced
without increased emission levels [63]. Due to the closeness to the
point-feeder holes, the exhaust gas is delivered at higher temperatures,
which is beneficial for a heat recovery system for producing electricity
[63]. The exhaust gas concentration in general and the CO, con-
centration specifically are also increased [63,64]. This has implications
when designing new gas treatment plants [63] and can help to enable
the potential for CO, treatment [63,64]. The special thermal design
leads to reduced heat losses to the superstructure as well as to lower
exposure to heat stress and thus to a longer lifetime for the equipment
mounted on the superstructure [63]. An experiment showed a decrease
in heat losses through the ventilation by 0.4 kWh/kg Al when using the
DPS system [63]. However, higher heat losses from other parts of the
superstructure likely lead to a smaller net effect [63]. The DPS system's
suitability regarding, for example, mechanical stability, the effect of
long-term heat exposure and clogging/deposits needs to be evaluated in
long-term tests [64].

4.2.11. Addition of lithium fluoride
The most effective way to increase the conductivity of the

Anodes with both slots and holes
From above
From short-side

Holes for anode rods

Slots for anode gas release Holes for anode gas release

Fig. 7. Anodes with both slots and holes. When the slotted part is consumed,
the anodes gas escapes through the holes [49]. Based on [49].
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Fig. 8. Two examples of novel structure cathodes. Based on [58,59].

electrolysis bath is by adding lithium fluoride (LiF) [54]. The voltage
drop over the electrolysis cell can be reduced by about 3-5mV/cm of
ACD for every 1% of LiF addition [54].

4.2.12. Current switch bypass

Fig. 9 shows a schematic drawing of an electrolysis cell with and
without a current switch bypass. Parallel bypass-short circuit busbars
are used at the bottom of each pot to allow for carrying out an overhaul
of a single cell without interrupting other cells [65]. When stopping a
cell, the potline current is allowed to go to the next cell via the busbar
by pressing the short-circuit piece and the busbar riser together [65].
When the gap between the short-circuit piece and the busbar riser is
directly opened or closed under high amperage, a high-energy DC arc is
formed [65]. The current switch bypass yields energy savings, emission
reductions and production increases [65].

4.2.13. Improved electrical contact

Electrical contact resistances occur in all electrical contact inter-
faces present in an electrolysis plant, for example busbar connections,
collector bars to the busbars, risers on the electrolysis cell, breakers,
rectifiers, shunts and transformers [66]. A metallic foam has been de-
veloped to improve the electrical contact between two connected sur-
faces [66]. The purpose is to create as many electrical connections
between the two surfaces as possible and to create a gas- and liquid-
tight interface [66]. More connections between the surfaces are created
with increasing temperature, which further reduces the contact voltage

Without current switch bypass

Riser
busbar

Direct current

Insulation _
plates —

Cell-bottom Short-circuit
busbars pieces

[66]. A greater than 80% reduction in electrical resistance can be
achieved by using the foam, with energy savings as a result [66]. Other
benefits are improvements to the stability, reliability and lifetime of the
electrical contact [66].

4.3. Recycling

4.3.1. Selecting appropriate melting furnaces and feed material

Different scrap types have their own particular challenges in the
melting process [3]. The input scrap material type and its size, oxide
content and degree of contamination are major factors influencing the
selection of the most suitable melting furnace type to use [3].

In addition to increased energy efficiency, there is a possibility for
increased recovery yield [3]. Depending on the melting technology
used, the energy demand for melting and casting secondary aluminium
can vary considerably [8]. Rotary furnaces with oxy-fuel burners can
operate at 0.16 kWh/kg Al, while inefficient reverberatory furnaces
may require 1.17 kWh/kg Al [8].

4.3.2. Tilting rotary furnace

Both mixing to remove impurities and adequate cover of the melt
with less salt are accomplished with a tilting rotary furnace [3]. The salt
usage is 3.6-18 times lower in a tilting rotary furnace compared to a
rotary drum, since a smaller surface needs to be covered by salt through
an adequate tilting of the furnace [3]. The tilting rotary furnaces cannot
be retrofitted to existing and old furnaces [3]. Nor can they be applied

With current switch bypass

Riser .
Cell ! {«— Direct current
busbar
Integrated
system

Insulation 1
plates

Cell-bottom Short-circuit
busbars pieces

Switches

Mechanical
device

Fig. 9. Schematic drawing of an electrolysis cell with and without a current switch bypass. The current switch is first closed, followed by opening or closing of the

short circuit piece and finally the current switch is opened [65]. Based on [65].
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for all feedstocks, since the furnace is not large enough to fit large
items, and very small particles will be oxidised [3].

The energy usage and emissions from processes associated with
waste treatment are reduced, because the amount of waste needing
treatment is reduced [3]. There are also aluminium recovery and yield
improvements as well as a widening of the range of raw materials
which can be used [3]. The technology is economically beneficial, due
to cost savings associated with the reduced purchase and treatment of
salt [3].

4.3.3. Melting cleaned scrap

Melting cleaned scrap, i.e. scrap free from contaminants, can reduce
energy use and skimmings/dross generation [3]. In some cases, the
cleaning can also result in higher melting rates and reduced emissions
[3]. The cleaning may include, for example, de-oiling and de-coating
[3], but the cleaning processes used depend on the scrap type.

4.3.4. Internal burner system

The flue gas from the furnace may contain various organic com-
pounds, depending on the scrap type and especially its organic con-
taminants [3]. The organic compounds are required to be further
combusted due to environmental regulations, which can be done either
with afterburners or with internal burner systems [3]. The internal
burner system can be more favourable, since it reduces the energy
usage in the furnace, while the afterburner increases the energy usage

[3].

4.3.5. Proper sealing of furnace door

A proper sealing of the furnace door is important, since it will help
to maintain a positive pressure inside the furnace [3]. A very small area
for heat transfer to the outside is achieved through a high degree of
embedding of the frame into the refractory material [3].

4.3.6. Targeted fume collection

Fume sources can change over the charging, melting and tapping
cycles, and the collection fan capacity can be directed to those fume
sources which change [3]. Automatically controlled dampers, which
are linked to the furnace control, can be used to achieve the fume
collection targeting [3]. To ensure minimum gas flow when the door is
open, there is an automatic control on the burner rate during the
charging [3]. With targeted ventilation instead of forced main venti-
lation in the production hall, energy is saved.

4.3.7. Reverberatory furnace with side well, charge well and metal
pumping/stirring

A reverberatory furnace can be combined with a side well, a charge
well and a pumping/stirring system [3], as shown in Fig. 10. Heat is
transferred from the main hearth to the charge well using pumping/
stirring [3]. Reduction in oxidation losses as well as the possibility for
fine aluminium particles to be dissolved in the circulating molten metal
are achieved with the use of a side well [3]. In combination with stir-
ring systems, the use of a charge preheating chamber is highly effective
[3]. During the charge preheating, the organic contents from the scrap
are pyrolysed to form hydrocarbons, which are burned off and provide
energy for melting [3].

A reverberatory furnace with the equipment described above can
use a greater range of raw materials compared to a simple reverberatory
furnace [3]. The capture of furnace gases is also improved [3]. The
furnace efficiency is improved by using a stirring system [3]. There is a
waste amount reduction, which leads to an energy use reduction as-
sociated with the treatment of the waste as well as to a furnace emis-
sions reduction [3]. Additionally, there are metal yield and metal
quality improvements as well as energy cost and salt slag usage re-
ductions [3].
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4.3.8. Recovery of components in skimmings, dross and salt slag

Metallic aluminium in skimmings, dross and salt slag can be re-
cycled back to the aluminium industry for further treatment to finished
products [13,67]. The salts in the black dross and the salt slag can be
recycled back to the secondary aluminium industry or be used in other
applications, e.g. tanning and cleaning of roads [13,67]. Some residues
containing alumina can be used in other industries, e.g. the me-
tallurgical industry, cement industry, ceramics industry, chemical in-
dustry or agriculture [13,67].

The recycling and utilisation of the different components in skim-
mings, dross and salt slag lead to considerable energy and economic
savings, due to the replacement of primary raw materials and reduced
disposal costs [13,68]. Environmental benefits are also achieved due to
the reduced waste disposal [13,68].

4.3.9. Recycling through hot extrusion

The remelting of scrap is traditionally used in aluminium recovery
and is particularly effective for large scrap elements, since metal oxi-
dation becomes less of a problem [69]. For small metal scraps, such as
chips and filings, with a high area to volume ratio, the oxidation results
in high metal losses during remelting [69].

Recycling through hot extrusion is based on the compaction of (small)
aluminium scrap into billets followed by conventional hot extrusion [69-72].
To ensure proper bonding between the scrap pieces, contact between pure
aluminium surfaces must be achieved through the breaking of the oxide
layers covering the scrap pieces [69,71]. This is accomplished by affecting the
scrap with plastic deformation and compressive stresses during the extrusion
process [69]. Plastic strain can be created by pressing the chips through a
special die with channels intersected at an angle after the actual extrusion
[73], as shown in Fig. 11. One example is the extrusion process called Cyclic
Extrusion Compression, which operates at 500 °C with five passes through the
die [71]. This process has been shown to provide enough plastic deformation
to consolidate the scrap particles [71]. Another issue which must be dealt
with is contaminants, which require additional processes [70-72]. The scrap
should also be separated into its respective alloy families [72].

Compared to traditional remelting of scrap, recovery through hot
extrusion has a lower energy usage as well as a higher recovery effi-
ciency [70-72]. This means that both the production costs and solid
waste generation are reduced [70]. Good material properties are also
achieved [69,70]. A nearly 90% energy saving compared to conven-
tional recycling has been reported [74].

4.4. Casting

4.4.1. Supply molten aluminium for direct moulding
When supplying aluminium semi-products to the casting site, a re-
melt is needed to allow for the moulding. There is an energy usage,

Side well Main
N I »  hearth
AN
Charge well

Fig. 10. A reverberatory furnace with a side well, a charge well and metal
pumping/stirring. Based on [3].
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Fig. 11. Schematic drawing of the special die used for creating plastic strain.
Based on [73].

metal loss and pollutant emission associated with this remelt [3]. The
aluminium can instead be supplied in molten form for direct moulding
[3] with the use of special ladles transported by truck [75]. For this
measure to be favourable, the transportation should not be longer than
four to five hours [3] or 200-250 km [75]. There is an energy saving at
the caster's site, since the aluminium does not need to be remelted [75].
Both the aluminium refiner and the caster can gain a storage cost saving
[66]. There are also several environmental benefits [3,75].

There is a reduction of the energy use of around 1 MWh per tonne of
aluminium associated with this procedure [3]. There is also a reduction
in raw material usage [3]. Additionally, for the remelting furnace, there
is a reduction of up to 300 kg CO, per tonne of aluminium [3]. Sup-
plying the aluminium in molten form has an economic benefit of
around 80 euro per tonne of aluminium [3]. A cost saving of 3-5% on
the aluminium selling price for a transportation distance of 100 km can
be achieved [75]. The cost saving depends partly on the amount of
aluminium transported per day [75].

4.4.2. Arranging orders

When the alloy material types of the previous and the next costumer
order are not similar, the material from the furnace has to be removed,
stored and sent for remelting [76]. This results in scrap metal genera-
tion and additional energy and material use [76]. A reduction of 20% in
scrap metal can be achieved by using computerised methods for re-
arranging the costumers’ orders [76]. This will have an impact on the
energy and raw material use [76].

4.4.3. Electromagnetic casting

Gulisija et al. [77] studied ingot casting with a magnetic field ap-
plied to the process. With the right frequency of the magnetic field,
increased mechanical properties and better quality ingots can be
achieved [77]. An energy saving can be achieved, since the increased
mechanical properties result in the elimination of surface machine
processing and a shortening or elimination of the homogenisation step
[77].

4.4.4. Improved practices for molten metal transfer
Metal temperature losses between furnace tapping and mould
pouring can be prevented with good practice measures such as:
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e Using distribution and pouring ladles with heat-retaining covers and
a volume which corresponds to the aluminium needed for filling the
moulds [4].

e Using clean ladles, preheated to bright red heat [4].

® Keeping covers on empty ladles [4].

e When not in use, putting ladles upside down [4].

e Minimising the metal transfer between ladles [4].

e Conveying the metal as swiftly as possible but still within safety
requirements [4].

4.5. Anodising — new sealing methods

Sealing methods using lower temperatures have been developed
[5]. There are sealing processes operating at around 60 °C [5]. These
use nickel salts rather than hydrothermal conversion of the aluminium
to close the pores [5]. Processes operating at 25-35 °C are also available
and include the advantages of shorter processing time and lower energy
usage [5].

4.6. Extrusion — isothermal extrusion

The extrudate's temperature when leaving the die is the most im-
portant factor influencing the extrudate's quality, and thus it needs to
be kept constant to achieve uniform quality [78]. However, a uniformly
heated billet usually experiences an increase in temperature before
reaching the entrance of the die, as a result of external and internal
friction as well as severe shearing deformation [78]. This yields an
increase in the extruded material temperature at the die exit [78].

An undesirable grain structure along the cross section and the
length of the extrudate is created, due to the variation in temperature
and deformation across the cross section [79]. Depending on the ap-
plication, the undesired area is in many cases machined off and dis-
carded [79]. Isothermal extrusion is the method used to achieve a
constant temperature throughout the entire extrudate [78]. Isothermal
extrusion yields significant benefits for direct extrusion when, for ex-
ample, it comes to dimensional stability, surface quality, mechanical
properties and productivity [79]. The isothermal extrusion can thus
reduce the material waste and the metal going to remelt, with energy
savings as a result.

4.7. Rolling — combined casting and rolling

Casting and rolling can be combined into one process step for
continuous production of aluminium strips directly from molten alu-
minium [7,80], e.g. through the technology of twin-roll casting (shown
in Fig. 12) [80]. Both reduced energy need and increased productivity
can be achieved [7]. The energy need for preheating, multiple passes
through rolling mills, scalping and end and side trim as well as
homogenisation can be saved [7]. Intermediate process steps, such as
preheating and hot rolling, can be omitted, resulting in a significantly
shorter process chain compared to the conventional production route
[80]. In turn, this results in reduced energy use per ton of aluminium
and reduced investment costs [80]. Reducing the transversal thermal
variations in the process can help to further reduce the energy use as
well as increase the productivity [80]. A larger than 25% energy saving
compared to conventional ingot rolling has been demonstrated [7].

Ceramic
nozzle/tip

(LN

Fig. 12. Schematic drawing of twin-roll casting. Molten aluminium is supplied
through the ceramic nozzle/tip [80]. Based on [80].

Water cooled roll shell
Aluminium strip

— Strip direction
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4.8. Heat treatment

4.8.1. Microwave heat treatment

Conventional heat treatment employs furnaces, and the heat is transferred
to the metal from its own surface [14]. In microwave heat treatment, heat is
generated within the material as the molecules interact with the electro-
magnetic field [14]. Product uniformity, machining properties and mechan-
ical properties are comparable or enhanced in microwave heat treatment
compared to conventional heat treatment [14]. Microwave heat treatment
also reduces power/energy demand and processing time compared to con-
ventional heat treatment [14].

4.8.2. Heating aging treatment or cooling aging treatment

Both Heating Aging Treatment (HAT) and Cooling Aging Treatment
(CAT) are non-isothermal aging treatment processes and can be con-
sidered to consist of infinitely many stages of isothermal aging treat-
ment [81,82]. Compared to the single-stage T6 aging treatment, HAT
and CAT can provide a lower energy need and improved production
efficiency through lower processing time as well as improved me-
chanical properties and corrosion resistance [81,82].

4.8.3. Heat treatment based on casting method

For components cast by processes with high cooling rates, for ex-
ample high pressure die casting and low pressure permanent mould, the
heat treatment standards are often not well optimised [83]. The long
and expensive T6 and T7 treatments should not be needed, due to the
inherently finer as-cast structures [83]. Modified versions of T4, T5 and
T6 treatments can be used instead [83]. These can provide reductions in
energy use and overall costs as well as lowering the processing time by
68-92% [83]. Additionally, the metallurgical characteristics of the
component are maintained or even improved [83].

4.9. Emerging/novel technologies

4.9.1. General measures — HTS induction furnace

Conventional induction furnaces for preheating have an efficiency
of 50-60% [84,85]. The novel induction furnace with high-temperature
superconducting (HTS) magnets has been proposed to achieve a higher
energy efficiency [84,85]. An alternating current version of the HTS
induction furnace can achieve an estimated efficiency of 68.2% [85]. A
direct current version can achieve an efficiency above 90% [84]. A
feasibility study has shown promising results for a direct current HTS
induction furnace with a power of 300 kW or above [84]. However, the
investment rate of return showed that it is not worth investing in a
capacity smaller than 60 kW at the moment [84].

4.9.2. Electrolysis

4.9.2.1. Lower temperature electrolytes. Sodium cryolite used in the
conventional electrolytic cell is a reason for the high energy use of
the electrolysis cell [86]. This is due to the high melting temperature of
the sodium cryolite (1011°C) [86]. The operating temperature for
electrolysis is reduced by the addition of AlF;, Al,O3, CaF,, MgF, and
LiF [86] to between 900°C [87] and 970°C [86]. The operating
temperature has been a barrier to further reductions of the energy
demand of electrolysis [87]. Heat losses from the high-temperature
molten cryolite-based salts account for more than 50% of the electricity
demand, which implies the need for the development of novel
electrolytes [87].

Low-melting electrolytes can effectively improve current efficiency,
reduce energy use and extend the lifespan of the electrolysis cell com-
pared to the present electrolysis process [86]. Finding a solvent for
alumina with a lower liquidus temperature® and suitable physiochem-
ical properties is one of the key problems [86]. Potassium cryolite

2 The temperature above which the solvent is completely liquidised.
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(K3AlF) is one of the few compounds which can fulfil these require-
ments as well as providing a much wider range of low-temperature li-
quid composition than electrolytes based on sodium cryolite [86]. Po-
tassium cryolite has shown a potential for lower electrolyte
temperatures [88] and energy savings in aluminium production [89].
However, the K3AlFg-based electrolytes have shown a low electrical
conductivity, which might be compensated for by adding lithium
fluoride [86,89] and sodium fluoride [86]. Low-melting electrolytes
might present a higher voltage drop, which can be compensated for by
reduced ACD or lower current density [86]. If successful, the K3AlFg-
based electrolytes can lower the electrolysis temperature to 700-750 °C
and thus provide energy savings [90]. A combination of sodium and
potassium electrolytes can also be used [88,91]. However, the elec-
trolysis temperature used for this combination may be around
800-850 °C [91]. Additionally, the alumina solubility is lower for the
potassium and sodium cryolite combination than for only potassium
cryolite, which results in lower electrolysis efficiency [88].

A new class of room-temperature molten salts is the ionic liquids,
which give excellent physicochemical properties [87]. Using ionic li-
quids in the electrolysis process will significantly lower the operating
temperature to < 150°C and the energy demand to < 11 kWh/kg
[87]. Additionally, it is expected that the current efficiency and the
aluminium quality will be improved [87]. However, a more stable
electrolyte based on ionic liquids and allowing for higher current
densities needs to be developed [56]. This is important for achieving
similar production levels as today's facilities [56] without building fa-
cilities which are much larger than today's facilities.

4.9.2.2. Wettable cathodes. Better energy efficiency for electrolysis is
achieved through the development of new cathode materials or
coatings for existing cathode materials [3]. Wettable cathodes® are
still at the development stage [3] and have been tested in research cells
[3,92] and on an industrial scale [92].

When using conventional cathodes, a significant metal pad is required
on the cathode's surface to provide a certain protection [93] against the
corrosive electrolyte [94]. However, movements and standing waves in
the aluminium as well as aluminium/electrolyte interference are created
due to electromagnetic forces [93,95,96]. This results in a large ACD to
avoid shortening between the anodes and the metal [93,95,96]. Wettable
cathodes allow the molten metal to wet the cathode, and a high alumi-
nium pad is not needed [93,96,97]. A thin, stable aluminium layer can be
formed and the ACD can be reduced [93,96,97] without an adverse effect
on the current efficiency, since the enormous magnetic field disturbance is
reduced [93]. A reduction in the energy use is achieved by reduced
cathodic voltage [90] and by reduced ACD [93,95-97] through reduced
electrolyte voltage [93,95,96].

Table 3 shows some energy saving potentials for wettable cathodes
reported in the literature.

4.9.2.3. Inert anodes. Inert, or non-consumable, anodes for aluminium
electrolysis can give potential energy [99,100], environmental and cost
benefits if the technology is successful [99-101], including the
elimination of the process-related GHG emissions [99-102]. However,
inert anodes are still at the pilot plant stage [3]. Major challenges are
the temperatures [3], the corrosive electrolyte [3100,102] and finding
conducting or semiconducting materials which do not dissolve in the
electrolyte [8100]. A material with long-term stability in conventional
electrolytic cells had not been found as of 2014 [8]. However, the main
material groups for inert anodes so far are cermets, metals [100,101]
and ceramics [101].

The lifetime of the inert anodes is expected to be much longer
compared to carbon anodes, which would lead to fewer anode changes
[99]. An inert anode with the same lifetime as the cell would be

3 Also known as drained cathodes or dimensionally stable cathodes.
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Table 3
Energy saving potentials for wettable cathodes.
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Based on Energy saving Comment Reference
potential
Replacing conventional cathodes in a cell using 14 kWh/kg Al 2.6-3.1 kWh/kg Al [92]
Replacing conventional cathodes in a cell using 13.5 kWh/kg Al 1.5kWh/kg Al Taking into account an increase of the current to 375 kA that is needed for  [97]
and 350 kA achieving a practical heat balance in the cell
Replacing conventional cathodes in a cell using 14.3 kWh/kg Al  2.3kWh/kg Al [101]
Industrial scale test 0.4 kWh/kg Al A reduction of the NayCO3' use of 1.7 t during cell start-up, was also achieved [95]
! Na,COs is added to compensate for sodium losses and to maintain optimal bath chemistry [98].
Table 4
Energy saving potentials for inert anodes.
Based on Energy saving potential Comment Reference
Electrolysis with direct retrofit in a cell — 2.85-0kWh/kg Al If new or significantly improved cell designs can be [103]
using 15 kWh/kg Al developed, the potential may possibly change
Electrolysis + anode production with 1kWh/kg Al or 7% from the 2001 level Same as above [103]
direct retrofit
Electrolysis with inert anodes and 25% This is a “best estimate” [99]
wettable cathodes
Electrolysis with inert anodes and 2.4kWh/kg Al during anode production + savings during 14 kWh/kg Al for electrolysis and 2.5-3 kWh/kg Al for [90]

wettable cathodes electrolysis from using wettable cathodes

anode production as base case

optimal, since no anode changes would be necessary once the cell was
started [101].

The oxygen gas, which evolves when using inert anodes, can be seen
as a value-added by-product [100], which can be sold, thus improving
the energy and cost balance of the process.

The decomposition voltage of alumina when using inert anodes is
about 1V higher than when using carbon anodes [8100]. Cell design
changes which reduce the ACD may possibly offset this increase in
decomposition voltage [8]. In a case when inert anodes are used in
combination with conventional cathodes, the ACD reduction may not
be sufficiently large to provide for energy benefits [99]. For the com-
bination of inert anodes and wettable cathodes, energy saving poten-
tials exist [99]. The elimination of carbon anode production will also
yield energy savings [99,100]. Improved thermal efficiency should also
be present when using inert anodes, due to better insulation [99].

Table 4 shows some energy saving potentials for inert anodes re-
ported in the literature. Note that the direct retrofit of inert anodes has
a negative potential saving, or is approximately unchanged at best,
implying that the energy demand increases for the electrolysis. How-
ever, when taking the energy demand for producing the anodes into
account, there is a potential energy saving.

4.9.2.4. Gas anodes. Gas anodes are based on the use of porous anodes,
either carbon or inert anodes, together with methane being supplied
through the anode to the electrolysis cell [104]. The methane is used, in
addition to the anode, as a reducing agent in the production of
aluminium [104]. A reduction of the anode carbon consumption by
44% can be achieved with gas anodes in the best case scenario [104].
However, due to unwanted side reactions, the savings potential is lower
[104]. Gas anodes may also significantly reduce energy use and CO,
emission and potentially eliminate the PFC emissions [104]. Methane's
low price, relative abundance and high purity make it attractive [104].
However, industrial electrolysis processes have not fully implemented
the gas anode concept [104]. Major challenges include optimising
anode porosity, graphite structure and gas flow as well as minimising
the cracking of methane [104].

4.9.2.5. Vertical electrode cells. Vertical electrode cells (VEC) use
several vertical electrodes where every second electrode is a cathode
and every alternate is an anode [105], as shown in Fig. 13. This new cell
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Fig. 13. Schematic drawing of vertical electrode cell. Based on [137].

design is based on the use of inert anodes, wettable cathodes and low-
temperature electrolytes [105].

A reduction from the typical industry value (in 2007) of 15 kWh/kg
Al for the conventional Hall-Héroult process to about 11 kWh/kg has
been predicted for the VEC configuration [105]. This corresponds to a
reduction in the order of 25-30% [105]. The PFC emissions are ex-
pected to be eliminated [105].

4.9.2.6. Corrosion-resistant sidewall refractory. To prevent corrosion
attack on today's sidewall refractories, a solid ledge of cryolite needs
to be formed [106] (see Fig. 3). A large energy flux through the sidewall
is required for the ledge to form and remain stable, which can account
for up to 35% of the electricity input to the electrolysis [106]. The
cryolite ledge can be eliminated by using a corrosion-resistant sidewall
refractory, for example nickel ferrite spinel [106]. Increased energy
efficiency is achieved, since the energy flux through the sidewall can be
reduced [106]. Both productivity and capacity could be increased for
the same cell dimension, since larger anodes may be used [106].
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Table 5
Energy saving potentials for direct carbothermic reduction.
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Based on Energy saving potential Comment Reference

Comparison to an electrolysis cell using 5.33kWh/kg Al or 37% The estimate used the theoretical minimum energy use for direct carbothermic reduction  [7]
14.4 kWh/kg Al with account taken of thermal losses and inefficiencies in control system and off-gas

recovery
Comparison of reactions 33% (for onsite energy and [7]
tacit energy)

Comparison of reactions + anode 36% (onsite energy) or 22% [7]
material/reaction carbon (tacit energy)

Comparison of reactions At least 16% For a process at 2100 °C [115]

Comparison to an electrolysis cell using 13~ 2kWh/kg Al or 15.4% [101]
kWh/kg Al

Comparison to an electrolysis cell using 7.08 kWh/kg Al or 51.3% [111]
13.8kWh/kg Al and 400 kA

Comparison to an electrolysis cell using 5.405kWh/kg Al or 28.75%  Based on the concept of process fuel equivalent [111]

13.8 kWh/kg Al and 400 kA

Table 6

The different indirect carbothermic reduction routes. Adapted from Rhamdhani et al. [107].

Route Reaction Intermediate Possible extraction
components’ compounds methods®
Carbochlorination Carbon Aluminium Disproportionation
Chlorine chloride Electrolysis
sources compounds Distillation
Direct reduction with
other metals
Carbosulphidation Carbon Aluminium Disproportionation
Sulphur sulphide Electrolysis
sources compounds
Carbonitridation Carbon Aluminium Disproportionation
Nitrogen nitride Electrolysis
sources compounds

1 In addition to alumina and/or aluminium ore.

2 Extraction of metallic aluminium from the intermediate compounds. Choosing one of the methods will suffice.

4.9.2.7. Carbothermic reduction. Instead of the electrochemical reduction
in the Hall-Héroult process, the chemical reduction of aluminium can be
performed through the carbothermic process [7]. Compared to the Hall-
Héroult process, carbothermic reduction provides the potential for both
lower energy usage [107-110] and increased productivity [107-109].
Despite this, the proposed processes have not been commercialised [107].
For the direct carbothermic reduction, there have been problems with
extreme operating conditions, yield [107], the formation of aluminium
carbide, high temperatures [108-110], energy delivery for reaching the
temperatures [108,109,111], aluminium volatiles [108-111], the
formation of undesired by-products [112,113] and complicated back-
reaction [110]. More knowledge about the reaction mechanisms and
kinetics of alumina reduction is needed to overcome these problems
[108,109]. Further development is also needed in indirect carbothermic
reductions [107]. Additionally, Xia et al. [114] reported a higher
theoretical energy use for the carbochlorination route compared to the
Hall-Héroult process.

In the direct carbothermic reduction, the alumina is first converted
to aluminium carbide, which is then reduced by alumina to produce
metallic aluminium [7115]. The temperature used for the first stage can
be from about 1900 °C [7] to 2030 °C [115]. For the second stage, the
temperature can be from about 2000 °C [7] to 2130 °C [115]. This re-
action chain can provide aluminium yields as high as 67% [115]. Some
companies are still working on the development of the carbothermic
reduction process [8], increasing the yield through either the devel-
opment of specific reactors with advanced vapour management and
better thermal efficiency or alternative chemical routes, such as the
high-temperature route (2100-2400 °C) [115]. In the high-temperature
route, carbide formation is avoided, with achieved aluminium yields as
high as 90% [115].
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Table 5 shows some energy saving potentials for direct car-
bothermic reduction, as reported in the literature.

The specific GHG emissions are higher for the carbothermic process
compared to the Hall-Héroult process when just taking the carbon
consumption into account [101,111]. However, if the PFC emissions
occurring due to the anode effect in the Hall-Héroult process are ac-
counted for, the specific GHG emissions are lower for the carbothermic
process than for the Hall-Héroult process [111]. The electricity use also
has an impact on the overall GHG emissions [101,115].

The carbothermic reduction has a much lower need for physical
space and has a lower dependency on economies of scale than the Hall-
Héroult process [7]. The capital costs can be reduced [7,107-110] by
50% or more, and the production costs can be reduced by 25% [7].
There is a greater freedom to relocate the reduction plants closer to the
casting facility, which allows for additional energy, economic and en-
vironmental benefits [7].

There are three types of indirect carbothermic reduction routes,
briefly described in Table 6. In these, alumina and/or aluminium ore
are first converted to intermediate aluminium compounds, which are
then further reduced to extract metallic aluminium [107].

4.9.3. Recycling — spark plasma sintering

Spark Plasma Sintering (SPS) can be used as a recycling method for
producing fully dense/voidless billets or near-net or even final-shape
products directly from aluminium turnings or chips [74]. The scrap is
first pre-compacted at room temperature and is then sintered below the
solidus temperature at 490 °C under 200 MPa pressure [74]. Further
research is needed to identify the optimum set of parameters for the SPS
method [74]. The SPS technology can provide both energy and material
savings compared to conventional remelting of scrap [74]. The material
savings arise from the reduced problem of oxidation losses, which is a
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Hot pressing (HP) sintering

Aluminium External
) bC pulse hleatmgt
Graphite die generator clements
"""""" Aluminium

Graphite plunger —

Pressure application

Graphite plunger
Graphite die P plung

Pressure application

Fig. 14. Schematic drawing of spark plasma sintering and hot pressing sintering. Based on [116].

Table 7
Energy saving potentials for CRIMSON casting.

Based on Energy saving Comment Reference
potential

Comparison to 64% when 42-70% improvement [117]
investment producing one filter  in casting yield
casting housing

Comparison to 1.3kWh/kg Al [119]
investment
casting

Comparison to sand 7.19 kWh/kg Al [118]
casting

larger problem for smaller scrap such as turnings and chips [74]. The
SPS technology has been shown to have a 90-95% lower energy de-
mand than conventional hot pressing (HP) sintering technology, due to
reduced sintering temperature and processing time [116]. Similar or
better material properties are achieved with SPS compared to HP [116].
Fig. 14 shows a schematic drawing of both SPS and HP sintering. The
main difference between SPS and HP sintering is the energy supply
method [116], which is shown in Fig. 14.

4.9.4. Casting — CRIMSON casting

CRIMSON casting is a novel shape-casting method, which employs
an induction furnace to melt just enough metal to fill a single mould
[117-119]. When the metal has melted, the crucible is moved to an up-
caster where a piston raises and pushes the metal into the mould [118].
The up-casting method is computer-controlled [117-119] to achieve
optimal filling and solidification [118]. The mould can be moved to a
transfer stop after cooling down and solidification, where the mould is
waiting for lifting and cleaning [118].

Table 7 shows energy saving potentials for CRIMSON casting re-
ported in the literature. These estimations are based on different as-
sumptions.

4.9.5. Rolling — Al-Cu-Mn-Zr sheet alloys

There is a possibility of obtaining cold rolled sheets directly from
cast billets without homogenisation in furnaces by using alloys of the
Al-Cu-Mn-Zr system [120]. High ductility and production of thin defect-
free sheets is achieved with the near single phase structure provided in
the as-cast state [120]. This type of sheet alloy can be produced using
conventional facilities for melting, casting, rolling and so on [120].
However, these alloys are still at the research stage [120].

Compared to commercial alloys of the 2xxx series, economic, op-
erational and environmental benefits could be accompanied by the use
of the above given sheet alloys [120,121]. By elimination of the
homogenisation, solution treatment and quenching, a more energy
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efficient production line with lower electricity usage is achieved
[120,121]. Due to the elimination of the quenching step, the product
rejection is decreased [120,121]. This might result in a reduction of the
amount of process scrap.

5. Discussion
5.1. Number of measures

In this review, the largest number of energy efficiency measures has
been found for the electrolysis. One reason for this may be that elec-
trolysis is the most energy-intensive process in aluminium production
and that it has therefore gained the most focus in RD&D [122]. For
electrolysis, there is also a higher number of emerging/novel measures
compared to the other production processes. This can be explained by
the fact that the high energy intensity implies a greater need for novel
technologies to reduce the energy demand. General energy efficiency
measures and recycling ended up in a shared second place in the
number of measures found. For the general measures, this might be
explained partially by their relatively wide applicability. Improved
energy efficiency in recycling is important with respect to several as-
pects such as environmental and economic concerns and strengthened
competitiveness in a future with an increased demand for aluminium
and where the increased demand advantageously could be met through
recycling rather than through primary production. For the other pro-
duction processes, the number of measures found was generally quite
low. One reason might be that to some extent, these processes do not
demand as much energy compared, for example, to electrolysis, and
that therefore, they do not gain as much interest in research.

5.2. Comparison between energy efficiency measures

This part will provide summaries of the energy saving potentials
that were found in the literature and will discuss possible combinations
of the presented energy efficiency measures. For the emerging/novel
technologies, the discussion assumes that they will become commer-
cially available in the future. In this discussion, a possible combination
means that there is no technical obstacle to combining the measures,
that is, the measures can be implemented either separately or together.
However, the total energy savings potential for the combination may be
lower than the sum of the potentials for the individual measures.

5.2.1. General measures

Table 8 shows which of the general measures can possibly be
combined. The reduction of process scrap relates to all processes where
scrap occurs, while the other measures relate to furnaces or heated
processes. Since the reduction of process scrap generally does not
hinder energy efficiency improvements in furnaces and heated
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Table 8

Possible combination of general measures. X means that a combination is possible. - means that the measures are mutually exclusive. ? means that a possible combination unknown.

Oxy-fuel Non-stationary Furnace operation Gas purging  Increased aluminium  Reduction of HTS induction

Immersed

Stirring system or

Heat recovery and

[

9

[+

=]

g

= e

(=%

]

=

Q

2

n

2

[

153

2

B = X X

>

E

>

‘7

=

g

()

[

9

&

s

2| % X <

=]

[

g

7

=< = X

s

=

()

=]

[

>

=]

2

=%

Bl = x xx

-

[

=]

g

=1

=)

(]

=]

<

=

=]

.S

5=

7

=1

=)

g

S| = X< X

”

j2)

g

I+

(]

=

(]

Q

[+

g

E | X X >

o0

g

=9

g

=2

o

=

g

17}

E | = >

=}

=}

g

Q

=1

=

[

-

"

2

=}

2

=

g

= S
@
2
2 =

- Q

s £ £
o} Q 3 o
= g < §
= S
< 8 87
T g g2
E‘gooo"‘E
ﬂ)..d‘ic:nao
2B 22 g
o v ras
o = £ 93
O T w 2
=90 g R3g&
-] Q
5] =] EQ
(3] E=] g
T 7} a0

Non-stationary flame

burner
Furnace operation

improvements
Gas purging system

Increased aluminium

surface emissivity
Reduction of process scrap
HTS induction furnace

X

541

Renewable and Sustainable Energy Reviews 93 (2018) 525-548

Table 9
Compilation of the energy saving potentials for the general measures. - means
that no energy saving potential was found.

Measure Energy saving References
potential

Heat recovery and heat loss reduction

— Regenerative burners Up to 40% [21,24]

— Heat exchanger on exhaust gas, large 23% [21]
furnace

— Better insulation material 2-5% [6]

— Preheat combustion air with heat from 10-30% [6]
exhaust gases

— Preheat hearth 15% [21]

Metal pumping system, reverberatory 10-20% [27]
furnace

Immersed furnace heater Up to 66.7% [29]

Oxy-fuel combustion 50-60% [4,30]

Non-stationary flame burner -

Furnace operation improvements

— The use of air-fuel control system 5-15% [6]

— The use of furnace pressure system 5-10% [6]

— Adjustment of burners for efficient 5-10% [6]
operation

— Improved control systems 5-10% [6]

Gas purging system 15% [34]

Increased aluminium surface emissivity 18% or 0.3 kWh/kg [35]

Al
Reduction of process scrap 6% [2]

HTS induction furnace -

processes, measures to reduce process scrap can be implemented
without affecting the potential of other general measures. Some of the
other measures can possibly be combined, since they affect different
parts of the furnace or affect the same type of furnace. Oxy-fuel com-
bustion and a non-stationary flame burner cannot be implemented in an
HTS induction furnace, since they are based on a furnace technology
utilising burners. It is uncertain whether an immersed furnace heater
and a non-stationary flame burner can be combined, since it is unknown
whether the immersed heater can be moved.

Table 9 shows a compilation of energy saving potentials for general
measures. Note that not all sub-measures are presented for heat re-
covery and heat loss reduction and furnace improvements. As seen in
Table 8, many of the measures can be combined, which implies that the
highest savings potential can be achieved by combining the measures.
However, the sub-measures of regenerative burners, heat exchanger on
exhaust gases, preheating of combustion air with heat from exhaust
gases and preheat hearth all use heat from the furnace exhaust gases.
This means that these sub-measures may not be possible to combine,
since the exhaust gas temperature may be too low when leaving the
heat recovery utilising one of the sub-measures. The sub-measure with
the highest savings potential should be used. However, this may vary
from case to case, and not all sub-measures may be applicable in all
cases, so an investigation for every case is needed.

It is always good practice to minimise the amount of process scrap
which occurs in the production. However, there is an upper limit to how
much the process scrap can be reduced, due to, for example, technical
reasons.

Oxy-fuel combustion will provide an energy saving in the furnaces
in the aluminium industry. However, there is an energy need in the
production of the oxygen, which from a system perspective will lower
the energy saving.

5.2.2. Electrolysis

Table 10 shows which of the measures for electrolysis can possibly
be combined. One reason that so many measures can be combined is
that in many cases, they affect different parts of the cell or have been
described as actually working together. However, cells with vertical
electrodes may eliminate the need for slotted or perforated anodes,
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Compilation of the energy saving potentials for the measures for electrolysis. - means that no energy saving potential was found.

Measure Energy saving potential References
Process performance improvements
— Fuzzy controller with mathematical model for process 0.6 kWh/kg Al [41]
temperature
- Improved cell control point-feeding systems of existing PFPB 0.2kWh/kg Al [6]
cells
— Generation 2 control system 0.4 kWh/kg Al [44]
- Generation 3 control system 0.355 kWh/kg Al [44]
Cell voltage noise reduction -
Ensure good anode quality -
Anode preheating 0.04 kWh/kg Al [52]
Slotted or perforated anodes 0.781 kWh/kg Al [53]
Optimised anode rod assembly design -
Graphitised cathode -
Novel structure cathodes 0.56-1 kWh/kg Al [54,58,59]
Optimised cathode collector bar structure 0.738 kWh/kg Al [60]
Reduced cell ventilation -
- Distributed pot suction system 0.4kWh/kg Al [63]

Addition of lithium fluoride (LiF)
Current switch bypass

Improved electrical contact
Lower temperature electrolytes
Wettable cathodes

Inert anodes

Electrolysis with direct retrofit

Electrolysis + anode production with direct retrofit
Electrolysis with inert anodes and wettable cathodes
Electrolysis with inert anodes and wettable cathodes

Gas anodes
Vertical electrode cells

0.4-3.1 kWh/kg Al

[92,95,97,101]

— 2.85-0kWh/kg Al [103]
1 kWh/kg Al or 7% [103]
25% [991]
2.4kWh/kg Al during anode production + a saving during electrolysis from using [90]
wettable cathodes

[105]

Corrosion-resistant sidewall refractory

Carbothermic reduction
15.4-51.3%

Direct carbothermic reduction
Indirect carbothermic reduction

4 kWh/kg Al or 25-30%

[7101,111,115]

since the anode gas can dissipate between the electrodes. Both novel
structure cathodes and wettable cathodes achieve a reduction in the
ACD by weakening the fluctuations in the molten metal layer. Since
they achieve the same positive effect, it may be that using only one will
suffice. Novel structure cathodes may be easier to implement in the
near term, while wettable cathodes may be a longer-term solution.
Graphitised cathodes and wettable cathodes can be combined, since
wettable cathodes can imply coating for existing cathode materials.
Carbothermic reduction is supposed to replace the Hall-Héroult process
and has other characteristics than the Hall-Héroult process. Car-
bothermic reduction thus excludes all measures designed for the Hall-
Héroult process.

Table 11 shows a compilation of the energy saving potentials for the
measures for electrolysis. Note that the direct retrofit of inert anodes
has a negative potential saving, implying that the energy need increases
for electrolysis. However, when taking into account the energy demand
for producing the anodes, there is a potential energy saving. As can be
seen in Table 10, all measures for the Hall-Héroult process can be
combined, which implies that the highest savings potential for the Hall-
Héroult process can be achieved by combining the measures. It is un-
known how this combination compares to the carbothermic reduction,
since the savings potential is lower than the sum of the potentials for
the individual measures, and no savings potential for the combination
was found in the literature.

Inert anodes are considered in combination with wettable cathodes
or low-temperature electrolytes. This is due to the fact that inert anodes
are expected to increase cell energy use over conventional technology
[105] or that, at best, they remain approximately unchanged [103].

As mentioned above, the development of inert anodes experiences
problems due to the high temperatures and corrosivity of the conven-
tional electrolytes. Both Tian et al. [123] and Tkacheva et al. [124]
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raise low-temperature electrolytes for aluminium electrolysis as one
possible way to substantially decrease the corrosion rate of and increase
the use of inert anodes. Their articles focus on electrolytes based on
potassium cryolite, but the argument should hold for the electrolytes
based on ionic liquids as well. Sadoway [125] highlights the potential
benefit of the lower chemical attack rate which a lower operating
temperature entails. According to Zheng et al. [87], aluminium elec-
trolysis with ionic liquids and inert anodes has not yet been a subject of
systematic research. There are a few articles studying inert anodes with
potassium cryolite-based electrolytes (see [126,127]) as well as sodium
and potassium cryolite-based electrolytes (see [123,128-131]).

A disadvantage of the (direct) carbothermic reduction is the large
amount of bio-coke required to replace today's aluminium production
[56] in order to discontinue the dependence on fossil coal. Biomass can
be seen as a limited resource, and aluminium production has to com-
pete with a wide range of other applications. In the worst case, the
continued dependence on fossil coal can have financial risks in a future
where the global demand for fossil coal increases while the global re-
serves decline.

Using an electrolysis cell with inert anodes, wettable cathodes, low-
temperature electrolytes and vertical electrodes will eliminate the
process-related GHG emissions and reduce energy use. Further energy
reductions can be achieved by implementing the other measures pre-
sented in Table 11. Combining this with electricity with low or no GHG
emissions can result in an almost carbon-neutral electrolysis. At the
same time, the reduced energy use can strengthen the competitiveness
of the aluminium industry. There will also be a lowered dependence on
coal, since the anodes will no longer be consumed in the process. The
coal dependence may be eliminated depending on what materials that
will be used for inert anodes, wettable cathodes and corrosion-resistant
sidewall refractory. However, all these benefits will require further
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Table 13

o g Compilation of the energy saving potentials for the measures for recycling. -
E ?0 means that no energy saving potential was found.
=
g El FE’ Measure Energy saving potential References
g | &3 > [ T I I
§ P Selecting appropriate melting and Up to 1 kWh/kg Al [8]
g ¥ feed material
E=1 - Tilting rotary furnace -
< = o .
R o g Melting cleaned scrap -
’E £ B Internal burner system -
s| 88 Proper sealing of furnace door -
2 z 2 > [ N T | | Targeted fume collection -
@, o Metal pumping and stirring system -
é - = Recovery of components in -
© s @ skimmings, dross and salt slag
[
= § & Recycling through hot extrusion 90% [74]
g E‘ @ Spark plasma sintering (SPS) 90-95% compared to hot [116]
g E S pressing sintering
i) o »
g > 0
& e
o o =
g g E 0 research and development for the measures designated as novel or
g EET | X oo X I I emerging.
s}
»
Lo
b0
2| £
ERREE 5.2.3. Recycling
= 3B “ .
é A g £ The best energy efficiency measure would probably be to replace
- @
© B 9 é primary with secondary aluminium production, which provides a sav-
SESF N - bt ings potential of at least 95%. However, this requires enough post-
o . . .
5 g consumer scrap to be available, which might not be the case today.
S| E B Another way to increase the amount of secondary aluminium produced
E B is through increased recovery yields.
v 9
§ 2 % Table 12 shows which of the measures for recycling can possibly be
sF° ol aRalolalNa e root combined. Some of the presented measures concern recycling in fur-
2| b naces, and the combination of these measures depends mainly on the
< =] .
g3 b furnace type used and which part of the furnace the measure affects.
Q . . .
' c g Recycling through hot extrusion or SPS would replace conventional
] Y = . . . . . .
= g recycling through remelting in furnaces. This implies that these two
e < . . .
g|~° MMM M X b technologies are mutually exclusive both with respect to each other and
= g to most of the measures associated with remelting in furnaces. Melting
é g, cleaned scrap and an internal burner system may not be possible to
EREERs combine, since cleaned scrap eliminates the organic compounds in the
~_§ g _g o om M \ \ gas that the internal burner system is designed to burn off. Mixing the
E furnace content in a tilting rotary furnace is achieved by rotating the
o (=9 . . . . .
] g entire furnace chamber, which eliminates the need for a metal pumping
§ %0,: or stirring system. There are different methods which could be used to
é Z5 recover components from skimming, dross and salt slag, and therefore,
§| =7 [T o T B o o B T “oox combinations with other energy efficiency measures are hard to specify.
5 However, recycling through hot extrusion and SPS will not be applic-
& ° able, since there are other components than metallic aluminium in
5 5’ ol skimmings, dross and salt slag. Selecting appropriate melting furnaces
? EeE| = P | I and feed material and melting cleaned scrap are based on recycling in
= furnaces, but the principles are relevant to recycling through hot ex-
& T . . .
2 & trusion and SPS as well. Recycling of small scrap, such as chips and
5 % E filings, is better done through hot extrusion and SPS than with con-
g & 8 ventional remelting, due to the reduced material loss.
= . . . . 3
o | B g Table 13 shows a compilation of energy saving potentials for effi-
2| wE ciency measures for recycling. As seen in Table 12, many of the mea-
S| E»s ) o . ) .
& 95 8§ sures can be combined, which implies that the highest savings potential
| ZEE IS = XX can be achieved by combining the measures. However, it is worth re-
? o F 5 - membering that recycling through hot extrusion and SPS are better
g £% S ¥ g _5 a suited for smaller scrap and may not be applicable to larger scrap. This
S S ef o 1z . . - .
8 g E g & §E 28 _ % may make the savings potential for recycling through hot extrusion and
= o o F5ER7] < 5] =} . .
S £ &g g i E8w § % < SPS irrelevant for the recycling of larger scrap. To a large extent, the
= 3 =3 2 . . . Do
g &2 8 % o8 g i g = %" £ chosen recycling technique is based on the scrap type which is recycled
g e
E & 2 B8 E EO E 4 < £ E5¢ on each site, and the chosen technique may be less suitable for other
~ O ] § g ?0:; Qg 55 g E 0 & é Tﬁ scrap types. This may affect the energy saving potential which is
o g 8 2 o« = . .
PR gEZEE ‘Zﬁ. £ 559920 % achievable in each case.
— '3 - =0 s 9]
2 g & EsSEAS:sS 2 £ &
A
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Table 14
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Possible combination of measures for casting. X means that a combination is possible. ? means that a possible combination unknown.

Supplying molten aluminium for
direct moulding

Arranging orders

Electromagnetic casting Improved practices for molten

metal transfer

CRIMSON casting

Supplying molten aluminium for direct X X X ?
moulding
Arranging orders X X X X
Electromagnetic casting X X X X
Improved practices for molten metal X X X ?
transfer
CRIMSON casting ? X X ?
Table 15 can be explained by the high energy intensity of electrolysis, the rela-

Compilation of the energy saving potentials for energy efficiency measures for
casting. - means that no energy saving potential was found.

Measure Energy saving potential References
Supplying molten aluminium for 1 kWh/kg Al [3]
direct moulding
Arranging orders -
Electromagnetic casting -
Improved practices for molten -
metal transfer
CRIMSON casting 64% when producing filter [117]
housing 1.3-7.19 kWh/kg Al [118,119]

5.2.4. Casting, rolling, extrusion, heat treatment and anodising

Table 14 shows which of the measures for casting can possibly be
combined. CRIMSON casting is a shape-casting method, while electro-
magnetic casting, as mentioned above, has been used for the casting of
ingots and billets. However, electromagnetic casting can be used for die
casting as well (see e.g. [132] and [133]), so CRIMSON casting and
electromagnetic casting can possibly complement each other. Some of
the other measures can be combined, since they affect different parts of
the casting operations. It is uncertain whether CRIMSON casting can be
combined with supplying molten aluminium for direct moulding or
with improved practices for molten metal transfer, because it is un-
known which methods can be utilised to supply the metal to the
CRIMSON casting system.

Table 15 shows a compilation of the energy saving potentials for
energy efficiency measures for casting. As seen in Table 14, many of the
measures can be combined, which implies that the highest saving po-
tential can be achieved by combining the measures. The saving po-
tential may depend on the casting technique used.

Since alloys of the Al-Cu-Mn-Zr system still need hot rolling [120], it
may be possible to roll these alloys with the combined casting and
rolling method. Combined casting and rolling has an energy saving
potential of 25% [7]. The combination of the two measures can achieve
a higher savings potential.

No energy saving potentials for extrusion, heat treatment and ano-
dising were found in the literature. Only one energy efficiency measure
was found for extrusion, namely isothermal extrusion. Heat treatment
based on the casting method and HAT and CAT technologies are mu-
tually exclusive, since these measures are based on specific heat treat-
ment technologies and only one of them is chosen when conducting the
heat treatment. Microwave heat treatment employs microwave heating
instead of conventional furnaces, and the combination of microwave
heating with the technology in the other measures is hard to specify.
The new sealing methods for anodising can readily be combined with
the general measure of reducing heat losses, which can provide higher
energy savings.

6. Conclusions

In total, 52 energy efficiency measures were identified, whereof the
majority addressed electrolysis, recycling and general measures. This
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tively wide applicability of the general measures and the fact that all
aluminium passes through either electrolysis or recycling. Electrolysis
shows a higher number of emerging/novel measures compared to the
other processes, a fact which can also be explained by the high energy
intensity. In many cases, the presented measures can be combined,
which implies that the best solution should be to combine the measures
in order to achieve the greatest energy efficiency improvement.
However, for recycling, the energy saving potential may depend on the
scrap type recycled and on the recycling technique used.

Primary aluminium production is today characterised by high en-
ergy demand and GHG emissions, where the electrolysis is one of the
most energy- and GHG-intensive processes. It is possible to lower the
energy intensity by implementing both currently available and novel
energy efficiency measures. There may also be a future prospect for
achieving carbon-neutral and coal-independent electrolysis. However,
this will require further research into and development of the measures
designated as novel or emerging. Additionally, a combination of several
of the novel/emerging measures is needed to ensure reduced energy
use. Low-temperature electrolytes can be a helping factor in the im-
plementation of inert anodes. Challenges may occur with respect to
carbothermic reduction, in that bio-coke may be insufficient to supply
the carbon for the reaction, while at the same time, the global fossil coal
reserves are declining. It is also uncertain how the energy use for a Hall-
Héroult cell incorporating all measures presented in this article com-
pares to the energy use for the carbothermic reduction.

Secondary aluminium production will be increasingly important to
meet the increasing demand for aluminium. Producing secondary alu-
minium requires only 5% of the energy compared to primary alumi-
nium. This will be important in respects to environmental and eco-
nomic concerns and strengthened competitiveness. Focusing on
increased secondary production and recovery yields as well as on re-
duced energy use in secondary production will be pivotal. Further re-
search and development will be needed regarding, for example, novel
recycling methods to recover smaller scrap. Recycling through hot ex-
trusion and spark plasma sintering are methods better suited to smaller
scrap, such as chips and filings.

Processing of aluminium with extrusion, rolling, casting (shape-
casting and casting of ingots, slabs and billets), heat treatment and
anodising will also benefit from energy efficiency. These processes
showed a fewer number of measures, which might be explained by the
fact that to some extent, these processes do not demand as much energy
compared, for example, to electrolysis. It is worth remembering the
general measures presented in the paper, which have a wide applic-
ability for most production processes.
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