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Abstract. Directions for the technical and technological development of aluminium industry, existing and promising
projects to reduce the energy consumption and the environmental impact are analyzed. The active participation of the
state in the organization of financial instruments for the ecological reconstruction of obsolete production facilities is
discussed. In spite of the fact that the technology of aluminium pots is developed towards the increase of a single
capacity, but with limited potential of reducing energy consumption and greenhouse gases emission, the possibilities
for the increase of specific output are practically non-existent. Therefore, such projects like pots, equipped with
inert anodes and drained cathodes arise and are under development, the successful completion of which is unlikely
after multi-year researches and pilot tests. To continue the works related to inert anodes the decisive answer about the
industrial safety of local sources of the massive oxygen emissions to atmosphere is required from competent entities.
The drained cathode project, after discussing the existing problems, seems unfeasible. As opposed to the existing tech-
nology the development of the pots with vertical electrodes offers great opportunities to the designs of inert anodes and
drained cathodes. Positive results of using shaped electrodes, homogenizing their surface and developing the methods
for the synthesis of composite cathodes directly during the electrolytic process were obtained in laboratory conditions.
It is expected that the combination of these trends and the successive dimensional scaling shall allow using the vertical
electrodes at the next level for the fold increase of specific pot capacity and for the decrease of energy consumption
and greenhouse gas emissions.
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Introduction. To develop the mineral-raw material and fuel-and-energy complexes it is neces-
sary to develop new technical solutions and technologies for the production of science-intensive com-
mercial output [1-3]. It is obvious that the selection of industrial technologies and directions for the
modernization shall be guided by best parameters and conceivable mechanisms for their implemen-
tation [4-7]. In addition, for the purpose of global energy transition and in pursuit of using carbonless
energy sources the need to adapt the production to progressively more stringent environmental re-
strictions increases [8-10]. In that event the state and industrial companies propose to use the concep-
tion of best available technologies that is world-recognized and known from 1960-s [11].

In Russia the elaboration of approaches to the estimation of production efficiency related to re-
sources started up by enacting the special Federal Law N 219-FZ dated 21.07.2014.% Its provisions
introduced the concept of “best available technology” (BAT) to the regulatory environment for the
first time and they established criteria for its achievement. Powers of federal agencies of executive
authority, order and rules for BAT definition were evidenced in the Government decree N 1458 of

! Federal law “On Amendments to the Federal Law on Environmental Protection and Certain Legislative Acts of the
Russian Federation” dated 21.07.2014 N 219-FZ. URL: https://www.consultant.ru/document/cons_doc_LAW_165823/
(accessed 31.10.2023).
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December 23, 2014.2 According to this decree the exercise of powers within federal budget alloca-
tions and its supervision were assigned to the RF Ministry for Industry and Trade and to the Federal
Technical Regulation and Metrology Agency. This same decree defines participants of BAT deve-
lopment, working conditions for the Bureau for best available technologies (BAT Bureau — Federal
State Independent Institution “Research Institute Center of Environmental Industrial Policy”®) and
working groups to collect, analyze and generate data for information and technical reference books
on best available technologies. The rules underlay conditions for the actualization of these reference
books in order to renew obsolete data and to introduce new ones. In accordance with milestone sche-
dule, approved by RF Government edict N 2178-p dated 31.10.2014,* the process of BAT reference-
book development started up.

Under this work, the first information and technical reference book for aluminium industry ITS
NDT 11-2016 “Aluminium Production” was issued in 2016. Its actualization took place every three
years — in 2019 and in 2022. The conception for the definition of normative and technical documenta-
tion and rules for the compilation of reference books, adopted by the government, uses the evolutionary
development of technical facilities, technologies and materials, i.e. the reconstruction of basic produc-
tion and environmental protection technologies. From the other side, to provide the development of up-
to-date technologies of electrolytic aluminium production the scientific centers of companies work hard
on new projects. At the stage of new tendencies planning the accent is made on the reduction of energy
consumption and environmental impact, on the increase of aluminium pots capacity and service life.
The implementation of the projects, in particular, strategic ones, requires and spends considerable fi-
nancial resources. Therefore, at the stage of projects planning and during their realization it is very
important to be aware of the risks of possible unsatisfactory results and to correct them on time.

In 2014 the mechanism of ecological and technological modernization of obsolete production
facilities was started up in Russia. The internal projects of industrial companies gather speed. The
time period is rather long in order to discuss and analyze the ecological reconstruction, organized by
state entities, and promising trends of modernization, which is initiated and implemented by alu-
minium producers. Even at this stage it is possible to define perspectives of aluminium industry
development and perspectives of existing and promising projects for the decrease of energy con-
sumption and environmental impact by aluminium pots.

The purpose of analytical overview presented is to define most promising technology for the
production of aluminium by electrolytic method.

Ecological reconstruction. BAT Information and technical reference books that contain the de-
scription of available technologies, production efficiency indices and maximum admissible levels of
harmful emissions, are prepared in BAT Bureaus with participation of industry experts, and these
reference books are the platform for the decision making on the modernization of obsolete technolo-
gies. Reference books of 2019° and 2022° are focused on ecological and environmental protection
parameters. As to technical and technological parameters, sections 4 and 5 related to best available
technologies, fix parameters of raw material consumption and current efficiency only. Such important
parameter like specific consumption of electric energy for the aluminium production is not provided

2 RF Government edict dated 23.12.2014 N 1458 “On the procedure for determining technology as the best available technology,
as well as the development, updating and publication of information and technical reference books on the best available technologies”.
URL: https://www.consultant.ru/document/cons_doc_LAW_172796/ (accessed 31.10.2023).

3 Federal State Autonomous Institution “Scientific Research Institute “Center for Environmental Industrial Policy”. From
January 1, 2017 the Government of the Russian Federation has assigned the functions of the Bureau of the Best Available Tech-
nologies to the “Scientific Research Institute “Center of Ecological Industrial Policy”.

4 RF Government edict dated 31.10.2014 N 2178-p “On approval of a phased schedule for the creation of industry reference books
of the best available technologies in 2015-2017”. URL: https://www.consultant.ru/document/cons_doc_LAW_170718/ (accessed
31.10.2023).

5 Aluminium production: information and technical reference book on best available technologies. ITS NDT 11-2019. Moscow:
NDT Bureau, 2019, p. 238.

6 Aluminium production: information and technical reference book on best available technologies. ITS NDT 11-2022. Moscow:
NDT Bureau, 2022, p. 263.
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in BAT normative and technical documentation. Upon the results of the consideration of economic
aspects of the best available technologies implementation and levels of capital expenses on the
modernization, the reference books state “...The conversion of Soderberg technology into the
technology of aluminium production using pre-bake anodes shall require at least $ 2-4 thousand of
capital investments per 1 ton of aluminium. Taking into account the current price level, production
profitability and cost of borrowing, such project shall not be cost-effective”. However, in spring of
2021 UC RUSAL announces the modernization of four Siberian Soderberg smelters. It is said that
the project is of environmental protection nature — half of the pots, operating according to the old
technology in Krasnoyarsk, Bratsk, Irkutsk, and Novokuznetsk, shall be substituted by most modern
ones — PA-550. Under this project RUSAL modernizes pots that produce more than 1.4 Mt of alu-
minium (35 % from all capacities). As the result, the production volume shall not change but the
emission of fluorides from modernized pots shall drop by 73 % and the emission of benzopyrene shall
decrease by 100 %. At the same time in April 2021, the company En+ Group (RUSAL) announced
the production of aluminium using the inert anode technology and declared the target to achieve
the zero level of greenhouse gas emissions by the year of 2050, and by 2030 to reduce reducing
them by 35 %8,

In 2021 in support of information and technical reference books the decree of RF government
approved criteria for RF sustainable development projects, including those for aluminium industry®.
First of all, it highlights the need to correlate parameters of resource and energy efficiency with pa-
rameters, fixed in the reference book of second generation ITS 11-2019 “Aluminium production”.
Criteria stipulate current technical and technological parameters of primary aluminium production. It
is proposed to use ecological parameters, already achieved:

« direct emissions of greenhouse gases — not more than 1.514 t CO2-equ/t aluminium (Scope 1);

« total emissions from electrolytic reduction process and from electric energy production — 3 t
CO2-equ/t Al (current emissions — 2.2 t CO,-equ/t Al for ALLOW brand*?, Scope 2).

Then, in March 2023 the RF Government decree made alterations to the criteria for RF sus-
tainable development projects®?. In the new edition the criterion of the necessary correlation of resource
and energy efficiency parameters with parameters, fixed in reference books related to best available
technologies, is not already mentioned. So, the need in achievement of best indices for energy saving
and for increase of the efficiency of resources use, which provide ecological parameters of the produc-
tion, is excluded from top targets of the projects. In addition, the criterion of compliance “... with lower
level of indicative parameter (IP2) of specific greenhouse gas emissions” is established for the processes
of electrolytic primary aluminium production in accordance with information and technical reference
book on best available technologies “Aluminium Production (ITS 11-2022)”. However, in accordance
with this reference book, greenhouse gases are not available in the list of pollutant matters, subjected to
the state regulation (RF Government edict N 1316-p dated 08.07.2015). Therefore, we have to
acknowledge that to modernize existing electrolytic reduction technologies it is proposed to use current
parameters of direct greenhouse gas emissions within 1.5-3.2 t CO2-equ/t Al (Scope 1). As to the
parameter of total emissions from reduction facilities and from energy production facilities (Scope 2),
it is missing in criteria for sustainable development projects. Consequently, the approval of alterations
resulted in that the criteria for sustainable development projects are not such; it means the step back
has been made relative to the first 2021 edition of criteria.

"RUSAL modernizes its smelter in Siberia. URL: https://www.interfax.ru/russia/761125 (accessed 31.10.2023).

8 En+ Group reports and results: 2020 annual report. URL.: https://enplusgroup.com/ru/investors/results-and-disclosure/an-
nual-reports/ (accessed 31.10.2023).

9 RF Government edict dated 21.09.2021 N 1587 “On approval of criteria for sustainable (including green) development projects
in the Russian Federation and requirements for the verification system for sustainable (including green) development projects in the
Russian Federation”. URL.: http://publication.pravo.gov.ru/Document/View/0001202109240043 (accessed 31.10.2023).

10 sustainable development report: RUSAL, 2021. URL: https://rusal.ru/sustainability/report/ (accessed 31.10.2023).

1 RF Government edict dated 11.03.2023 N 373 “On Amendments to the Decree of the Government of the Russian Federation
dated September 21, 2021. N 1587”. URL: http://publication.pravo.gov.ru/Document/View/0001202303140005 (accessed 31.10.2023).
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Additional criteria for production facilities under modernization and for newly built ones that
are listed in the documents of RF government belong entirely to the ecological criteria. Enterprises
have to meet one additional criterion at least; for example, promising technologies:

+ aluminium production using inert anodes;

« use of the heat of exhaust gases from pyro-metallurgical processes for the production of thermal
and electric energy in waste-heat boilers;

« technology for (CO2) — CCS Carbon Capture & Storage.

In other words, the technology of inert oxygen-emissive anode, developed by UC RUSAL in
2004, is under consideration; but in this respect, the promising development of the technology for
carbon dioxide capture and storage is prudently offered.

Thus, the best available technologies for the aluminium production are fixed in industrial infor-
mation and technical reference books as achieved ones. Based on this, the edicts of RF government
define criteria for ecological projects in aluminium branch including electrolytic aluminium produc-
tion. Documents provide the basis for the involvement of “green financing” for the realization of
specific projects — green and adaptation projects (jointly, projects of sustainable development); they
provide the basis for national infrastructure of responsible investments'?. In fact, the mutually profit-
able deal is concluded between the government and metallurgists. An aluminium company raises the
finances for the modernization of obsolete production facilities and gets a chance for the technical
and technological development. The state regains confidence in providing ecological standards and
working places in modern production sectors.

Promising directions. Over the last 120-125 years on the aluminium production the level of
greenhouse gas emissions has been almost halved — in average to 1.4 t CO2-equ/t Al, the significant
progress in energy consumption reduction was achieved — from 40 to 13.0-135 kWh/kg Al [12, 13].
However, the volume of greenhouse gas emissions remains high, and the energy cost item in the metal
cost value —significant (30-40 %) depending on energy source. In addition, the attempts of aluminium
companies to increase the specific capacity of the pots are restricted by admissible limits of current
density increase and by horizontal configuration of electrodes. These circumstances encourage con-
tinuous investigations, developments and tests of new technologies purposing the reduction in spe-
cific electric energy consumption and in harmful matters emissions, and the increase of aluminium
pots capacity.

Energy consumption. In conditions of up-to-date pot operation under control of automated pro-
cess control system with maximum available current efficiency and optimal busbar design the reduc-
tion in energy consumption is possible by minimization of pot voltage only

U:EEMF+IiRi’

where | — pot amperage (in potline); Ri — resistance of electrolytic bath within the space between
anode and cathode, resistances of bubble layer, electrodes, contacts and connecting systems in cathode
and anode assemblies.

With standard technology management and use of high-quality pre-bake anodes it is difficult or
impossible to have in influence on the back electromotive force Eemr. In practice a certain reduction

n
in ohmic voltage loss IZRi is achieved by so called millivolts pursuit strategy that comprises the up-

I
to-dating of the design of anode yokes and stubs, contact units in the busbar system, anode risers and
cathode flexibles [14, 15]. Taking into consideration the long-term application of this strategy in prac-
tice, the potential saving amounts to approx. 120 kWh/t Al. The energy consumption is reduced by
about the same amount if use slot anode blocks (by reducing the thickness of gas film on the anode
table) ~ 240 kwWh/t Al in total. This is a substantial saving considering the annual aluminium output.

12 The Government of Russia approved the criteria of green projects. URL: https://www.economy.gov.ru/material/news/ pravi-
telstvo_rossii_utverdilo_Kkriterii_zelenyh_proektov.html (accessed 31.10.2023).
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However, it could be fully balanced by increase of micro-impurities content in raw material, mostly
in petroleum coke. The process of sulphure, sodium, titanium, vanadium and other metals recovery
taking place on the cathode can considerably decrease the current efficiency and, accordingly, in-
crease the electric energy consumption for the electrolytic process [16-18].

A lot of attention is paid to voltage losses in cathode blocks: summarized voltage drop in the pot
bottom averages about 380 mV; which corresponds to the electric energy consumption of approx.
1200 kWh/t Al. The voltage losses in this unit can be reduced to 250 mV by applying best available
coupling technology in the contact between collector bar and block and by selecting cathode blocks
with higher content of graphite; i.e. there is a possibility to save about 420 kWh/t Al. However, this
achievement could be saved during the whole service life of the pot only in case of successful selec-
tion of the cathode assembly design and adequate technological policy for erection and electrolytic
process conduction. The word “successful” is quite appropriate here because it is impossible to pre-
dict accurately the results of the movements of cathode blocks and block joints during the pot opera-
tion, during the infiltration of the melt through the carbon bottom, its accumulation within liquid and
solid phases. It is also impossible to predict the state of the collector bar/block contact and other
factors.

The main reserve for the energy consumption decrease within the aluminium pot is localized in the
narrow space between anode and cathode. VVoltage losses take place in the electrolytic bath layer having
the specific resistance of about 0.5 Ohm-cm. At the current density of 0.80 A/cm? and current efficiency
of 0.93 % the change of 1 cm in anode-cathode distance corresponds to the voltage of about 400 mV,
I.e. to the energy component of about 1300 kWh/t Al. This means that for the potline consisted of
300-600 kA pots, the reduction in the distance between anode and cathode from 4 to 3 cm allows theo-
retically to decrease the electric energy consumption from 13200 to 11900 kWh per 1t of produced
aluminium. It is obvious that even considering the potentials of Automated Process Control System,
busbar and lining materials these values shall be limit values for the standard available reduction
technology using horizontal electrodes.

The further insignificant reduction of anode-cathode distance and electric energy consumption is
only possible by involving cathode materials wettable with molten aluminium. In this case the condi-
tions shall be established to bring the metal level on the wettable bottom from 10-15 to 5-7 cm and
thereby to lower the threshold of MHD-instability (Magneto-Hydro-Dynamic). With moderate melt
circulation, equal distribution of alumina concentration within electrolytic bath and evacuation of anode
gases from the table of electrodes there is a probability for the reduction of anode-cathode distance for
another 0.5cm (to 2.5cm), i.e. there is a provision for the decrease of energy consumption to
11250 kWh/t Al. Maybe, this is a limit for standard Hall — Heroult technology with elements of inno-
vative cathode materials. Nevertheless, it is necessary to correlate this apparently attainable level of
electric energy consumption with costs on the creation of special composite materials.

Inert anode. The conception of inert anodes for the electrolysis of the melts was firstly proposed
by C.M.Hall in famous patent of 1886 [19] and extended by A.l.Belyaev and Ya.V.Studentsov in
1930-s [20-22]. C.Hall tried to use copper anodes and Russian researchers — metallic, oxide, and
ferrite anodes. Further, a huge amount of papers was related to inert anodes [23-25], which was evi-
denced in reviews [26, 27], articles [28-30] and reports*®.

Therefore, for the discussion we propose the direction that was not considered in above mentioned
publications. Let us notice right away that it is not the results of our research that are being discussed,
but the existing ideas of specialists in industrial safety. The question is about oxygen that is released
on the inert anode in amount of 0,9 t while producing 1t of aluminium; which according to En+

13 Bradford D.R. Inert Anode Metal Life in Low Temperature Reduction Process. Final Technical Report for September 17, 1998
through March 31, 2005. Award Number: DE-FC36-981D13662. 2005, p. 106. URL: https://ntrl.ntis.gov/NTRL/dashboard/
searchResults/titleDetail/DE2006841153.xhtml (accessed 31.10.2023).
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Group company is equivalent to 70 ha of forest!*. Continuing this arithmetic, the supposed operation
of an aluminium smelter with annual capacity of 500,000 t Al is equivalent to the release of about
1230 t of oxygen per day and to the plantation of 35 million ha of forest area over year. Apparent
prospects satisfy both potential oxygen producers and local authorities and population around the
smelter.

From the other side V.Marshall, a known English scientist in the field of industrial safety in-
sists that the massive release and prolong outflow of gases could result in the formation of gas-
vapor clouds [31]. The mixing of the clouds, containing the excess of oxygen, with air retains the
excess of oxygen in atmosphere. For example, while mixing 50 % of oxygen with 50 % of air the
mixture is formed that contains more than 50 % of oxygen in its composition. Main problem, related
to oxygen excess consists in the enhanced combustibility’® — the threshold of initial flash energy,
which initiates combustion, lowers; the burning speed increases; the flame extinguishment becomes
difficult [32].

The change in air composition and the concentration of atmospheric pollutants depend on the
emission amount and height, on meteorological conditions, atmospheric pressure, wind direction and
speed. It is found that in general case the maximum height of the emission source determines its
greater dispersion and lesser concentration of impurities. This is facilitated by the stability of atmos-
phere, by dense high clouds, negative temperature gradient, formation of inversion over the stack or
below the emission point.

However, in conditions of strong convective turbulence the undulating plume flame is observed,
propagating the emission to the land level where its concentration could be significant (Fig.1). The
high concentration of emission is also fixed with smoking plume when the stable air layer is at the
small distance over the emission point and the unstable layer is below the emission point. When the
unstable air layer reaches the height of the stack, big volumes of emission from the stack are trans-
ferred downwind to the land surface. This lasts not more than half an hour, but during this time the
ground-level concentration of emissions can achieve high values and keep for a long time (Fig.2)*’.

When with increase of the height the temperature goes up, the temperature gradient is negative
and atmospheric conditions are defined as an inversion. The presence of inversion reduces the vertical
mixing of emission (oxygen masses); which results in the increase of its concentration in the surface
atmospheric air. The repeatability of surface inversions and gentle breeze at continental areas deter-
mines the possibility of air blanketing at these areas, the concentration of emissions and their accu-
mulation in the surface layer of the atmosphere.

Fig.1. Drifting emission in Novotroitsk Fig.2. Smoke spread in the main square in Bratsk

14 En+ Group ESG-Report: Pathway to net zero 2021. URL.: https://enplusgroup.com/upload/iblock/fe0/EN_Pathway-to-net-
zero.pdf (accessed 31.10.2023).

15 Baratov A.N. Combustion — fire — explosion — safety. Moscow: Publishing House of FBGU VNIIPO Emercom of Russia,
Russia, 2003, p. 363.

16 |s there a limit to the number of factories in Novotroitsk? URL: https://orenburzhie.ru/news/est-li-predel-kolichestvu-za-
vodov-v-novotroicke/ (accessed 31.10.2023).

1715 most polluted cities in Russia according to ecologists. URL: https://bigpicture.ru/15-samyx-gryaznyx-gorodov-rossii-po-
ocenkam-ekologov/?ysclid=1jr5ivnrf0966035699 (accessed 31.10.2023).
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Maximum capacities and intensity of inversions are observed in winter. A kind of barrier is
formed that prevents the rise of polluted air to upper atmosphere. The degree of atmospheric air
contamination is influenced by nebulosity, fogs, radiation regime, and precipitations. Therefore,
low nebulosity prevents the turbulent interaction in atmosphere and promotes the emergence of
long inversion, under which the concentration of emissions and the quantity of impurities in air
increases from 10 to 60 %.

Thus, we attract the attention to the serious problem — presence of local source of massive oxygen
emissions to atmosphere. Before to begin the design work on such sources this problem has to be
thoroughly examined and analyzed by competent entities, specializing in industrial safety.

Pot with drained cathode. It is supposed that big economic dividends could be received at the
startup of the potline consisting of the pots equipped with drained cathodes, i.e. pots having the thin
layer of aluminium distributed on the bottom and the anode-cathode distance reduced to 1.5-2 cm.
For this purpose, it is necessary to solve a problem of creating the cathode surface wettable with
aluminium by involving special materials based on carbides and borides of refractory metals — tita-
nium, zirconium, vanadium, tantalum, columbium, and hafnium.

The conception of applying refractory compounds was developed by British Aluminum Company
Ltd (BACO) and Kaiser Aluminum in 1960s [33, 34]. At the same time Kaiser Aluminum developed
the technology of drained cathode having an inclined bottom and a thin layer of aluminium formed on
the cathode surface [35]. The following products were developed and tested in laboratory and semi-
industrial conditions by scientific centers of aluminium and refractory companies:

 compact products from carbides and borides of refractory metals in form of plates, cylinders
and T-shaped elements [36, 37];

* composite coatings on the surface of carbon bottom [38];

« titanium diboride-based emulsion coatings [39].

In subsequent years the conception of the pots with drained cathodes allowing to reduce the electric
energy consumption and to cut the costs on busbar, was under development in many scientific centers
[40-42], but until now the commercial materials for wettable cathodes do not exist. Until now, the task
put in the middle of 20th century did not find any solution on the industrial level. However, this idea is so
attractive that even now scientific centers of aluminium companies continue to deal with designs of the
pots equipped with drained cathode. That is why, it is necessary to consider problems faced by researchers
when they tested wettable cathode materials.

Compact products from borides and carbides of refractory metals having a satisfactory corrosion
resistance in molten salts and aluminium, are liable to thermal cracking and scaling from current
conducting base'®. Attempts to create products by combining individual compounds, like TiB2-TiC,
did not eliminate these defects of pressed materials. The serious obstacle for the development of the
technology of wettable cathodes was their value. For example, in 70-80s of last century the price of
titanium diboride powder made approx. 55 dol./kg in comparison with traditional carbon compounds,
about 1.32 $/kg. At present, the cost of TiB> makes 500-3000 $/kg depending on the purity and pro-
duction method [43], while the cost of carbon materials practically did not change. Therefore, for the
most part of tests titanium diborid TiB2 combined with carbon [44, 45] or with colloidal solution of
aluminium oxide (Tinor and Thicknor [46, 47]) was used as wetting agent. The mixture of TiB,
carbon material and other components was applied as paste with a thick centimeter layer onto the
carbon bottom, as it was done in Martin Marietta Aluminum and Comalco, or with a thin millimeter
layer of colloidal material — in Moltech. However, in both cases the coatings cracked and degraded.
The thick paste layer dissolved forming Al/TiB: suspension layer on the bottom surface [48]; the thin
colloidal layer cracked and scaled further rising to the surface of the melts.

18 Bruggeman J.N., Alcorn T.R., Jeltsch R. et al. Wettable Ceramic-Based Drained Cathode Technology for Aluminum Elec-
trolysis Cell. Final Technical Progress Report for the Period 1997 October to 2002 December. DOE/ID/13567. 2002, p. 46. URL:
https://digital.library.unt.edu/ark:/67531/metadc740532/ (accessed 31.10.2023).
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Without denying the prospects of drained cathode development, J.Keniry expresses his critical
considerations concerning their feasibility [24]: “Drained cathode exposes the carbon component of
the coating to the aggressive impact of the electrolytic bath; which results in its destruction. The
degree of wear has to be rather uniform throughout the pot, and any local coating damage caused by
particularities of the design, startup or operation methods can have a negative effect on the life circle
of the whole pot. Though the pots with drained cathodes proved their feasibility, their industrial ap-
plication would raise doubt, until the economic profit would be increased to compensate the opera-
tional risk”. J.Keniry, employee of private Australian company Alumination Consulting Pty Ltd, was
well informed about results of drained cathode testing in Comalco. The key argument in his critical
attitude to wettable coating is non-uniform wear degree of the composite coating surface. This disad-
vantage is difficult to eliminate as it is practically impossible to create a composite layer having the
uniform adhesion to the matrix, the density, porosity, electric conductivity, strength, and other opera-
tional properties within the whole cathode surface. This is impossible to do both at the stage of erection
and layer compaction and during its baking and pot startup. Moreover, the design of the pot with drained
cathode is not ecological; it is oriented to the possibility of reducing the energy consumption and in-
creasing the capacity. To provide the energy balance and insufficient heat generation within reduced
anode-cathode space the pot design has to be based on the higher current density. This will further
exacerbate the negative consequences.

It is recognized that no one of scientific research centers of aluminium producers solved completely
and finally these problems. This explains the absence of commercial pots with drained cathode in spite
of more than 70-year attempts to develop them. Therefore, most likely the engineering of the pot with
drained cathode is unpromising (of little promise) direction due to following reasons:

« There are no any technologies for the creation of coatings wettable with aluminium and having
uniform operational properties within their whole areas and volumes. Moreover, there is no any tech-
nical and technological possibility to synchronize the movement of cathode block with processes of
surface layer shrinkage and expansion.

« There are no any cost-efficient technologies for the creation of massive compact products wet-
table with aluminium (cathode blocks) with uniform operational properties within their whole areas
and volumes.

* The thin layer of aluminium on the cathode surface does not allow to uniformly distributing
the current density within the large bottom area, which creates conditions for the uneven distribution
of current and potential, for the cathode passivation and for the instability of the process.

* The existing technology of electrolytic reduction with prebake anodes came close to supposed
energy consumption of the pots with drained cathode.

* Objectively, there are no prospects for the changes (increase) of specific capacity compared
with existing technology.

Pots with vertical electrodes. The history of electrolytic aluminum production began with this
direction. In 1854 R.Bunsen and A.Deville first, then such famous scientists of 19th century as F.Lon-
tin, C.Bradley and finally P.Heroult and C.Hall started laboratory experiments in the cells with verti-
cal electrodes [49, 50]. Moreover, first pilot pots of Pittsburgh Reduction Co followed this operation
procedure in the beginning, but then they spontaneously switched over to the electrolytic reduction
process using horizontal anode and cathode.

Since then attempts to develop the electrolysis of alumina-cryolite melts using solid electrodes
continued [51, 52] and are currently ongoing [53, 54]*°. This persistence, on the one hand, is explained

19 Hryn J.N., Tkacheva O.Y., Spangenberger J.S. Ultrahigh-Efficiency Aluminum Production Cell // Report of Energy Systems
Division, Argonne National Laboratory. Award Number: DE-AC02-06CH11357. URL: https://www.energy.gov/eere/amo/down-
loads/ultrahigh-efficiency-aluminum-production-cells (accessed 31.10.2023).
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by the desire to minimize the electric energy consumption and by the approach to theoretically pos-
sible 6.3 and 9.2 kWh/kg Al when using carbon and inert electrodes accordingly. Such possibility
appears if use vertical electrodes with anode-cathode distance of ~ 1.5-2 cm. On the other hand,
this layout of the electrodes allows the multi-fold growing of specific capacity in the limited area
of the pot.

Specific capacity. The standard capacity depends on the power of aluminium pots, i.e. amper-
age and on the amount of metal losses caused by low-productive processes and current leakage. In
order to increase the capacity, the pot is designed for high amperage, the design provides for the
application of structural components and technology allowing the maximum increase of current effi-
ciency. Thus, the single capacity of any pot or enterprise in the whole, expressed in Al kilograms per
day or in Al tons per year, can be increased by aluminium companies that accumulated high scientific
and engineering potential and gained big experience in operating several generations of the pots.

It is not the case of specific capacity P, which is expressed by mass production of aluminium in
24 h per square meter of occupied area or area of anode/cathode block in the horizontal plane, —
kg Al/m?-day. The specific capacity does not practically vary with increase of the pot power as with
the increase of amperage the dimensions of the pot increase proportionally in terms of to accommo-
date electrodes and busbar that provide the design current density and current efficiency. Therefore,
the specific capacity is a suitable parameter for the characterization of applied technology and for its
comparison with new technologies of aluminium production by electrolytic method or with such
technologies being under design.

If associate the standard capacity of any pots with area of anode block in horizontal plane, i.e.
with area occupied by production premises (potroom), the specific capacity would have following
parameters:

« for pots with horizontal electrodes ~ 60 kg Al/m?-day;

« for pots with vertical electrodes ~ 450 kg Al/m?-day.

The calculation of the capacity is done for vertical electrodes embedded into the electrolytic bath
onlm.

This difference in specific capacity (almost 8-fold) is exactly what determines sustained efforts to
develop pots with solid vertical electrodes. The unique feature of vertical position of anodes and cath-
odes consists in multiple reduction of capital expenses on the construction of new smelters. This implies
the reduction in expenses not only on building structures, but on the aluminium busbar as well, as there
are no any strict requirements to the provision of MHD-stability of the melts in the pot.

However, there are serious constraining factors, limiting the development of solid vertical elec-
trodes; these are absence of commercial wettable cathodes and uneven current distribution on the
polycrystalline surface of electrodes.

Cathodes wettable with aluminium. The direction of creating wettable cathode surface as pastes
and adhesion coatings is not developing now as experiments proved the rather quick destruction of
continuous layer of any thickness on the surface of the block. The point is not just the absence of
practical technologies for the creation of coatings (being created on the cathode surface before it is
put into operation) with uniform operational properties within the whole area and volume of the block.
Uncontrolled movement of cathode block could not be completely synchronized with processes of
surface layer shrinkage and expansion. Besides, the cost of mechanically mixed carbon-based com-
positions with TiB2 powder for coatings and, particularly for cathode blocks is unacceptably high per
one pot. Therefore, the direction to synthesize composite cathode products of any configurations and
dimensions just during the process of electrolytic aluminium production looks attractive [55, 56].
It is clear that in quoted patents there is no any information about know-how technology.
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The Scientific Center “Mineral and anthropo-
genic resource processing problems” of Empress
Catherine 1l Saint Petersburg Mining University
examined the possibility to synthesize composite
cathode material carbon — titanium diboride/carbide
(C-TiC/TiB2) during the electrolytic process in la-
boratory conditions. Petroleum coke, titanium and
boron oxides and carbon-bearing binding agent were
used as initial components for the preparation of elec-
trodes. After pressing and baking at the temperature
of 1050 °C the electrodes were installed into the
graphite electrolytic cell, containing molten bath of
NaF/AIFs =~ 2.5 at the temperature of 960 +5 °C.
Composite electrodes with titanium and boron oxides Fig.3. Specimens of composite after electrolysis:
were subject to the cathode polarization during 24 h. a—C-TiC; b - C-TiBz

After taking electrodes out of the cell and clean-
ing them against bath the layer of aluminium was discovered on the surface; which evidenced the
wettability of cathodes with metal (Fig.3). X-ray phase analysis shown that the composition of elec-
trodes contains titanium carbide TiC (Fig.4, a), only titanium oxide was dosed at the preparation.
During the creation of initial C-TiO2/B203 composite the X-ray phase analysis of final product after
electrolysis shown the presence of TiC and titanium borate TiBO3s (Fig.4, b), product of titanium
diboride oxidation at the moment of electrode removal from the electrolytic cell. Hereby, the possi-
bility of creating cathode composite material with wetting properties just during the electrolytic pro-
cess was confirmed. Considering roughly the same range of prices on carbon materials, titanium and
boron oxides, the production of composites of any dimensions shall change slightly.

Uneven current distribution. This problem is not obvious at the visual observation over the elec-
trolytic process when using solid electrodes, but it is expressed by voltage instability in the system,
higher consumption of anodes and passivation of cathode by bath components. It is precisely these
consequences, but not the causes of the instability of the process, that researchers have tried and are
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trying to cope with [54, 57]. The destabilization of electrolysis in laboratory conditions occurs when
the current density becomes higher than 0.5 A/cm? [58-60]. Recommendations, proposed for the de-
crease of electrolytic reduction temperature, corrections in electrolytic bath and electrode compositions
do not solve the problem and do not allow starting the development on the commercial basis.

Based on experimental data [61, 62] and numerical investigations [63, 64] it is proposed to con-
sider the physical and chemical heterogeneity of surface structure of polycrystalline electrodes as the
cause of these problems and restrictions. During the operation the chemical heterogeneity transforms
gradually into physical one. That is right both for coatings and for compact electrode products of any
composition — based on carbon, borides/carbides of refractory metals or their compounds.

Current lines at the micro-level would be concentrated on asperities of the rough surface, pores,
cracks, scratches. The same effects take place at the macro-level for peripheral areas of electrodes — ribs
or sharp edges. At the areas where the current density and potential are higher, the speed of electrode
processes increases with the development of concentration polarization and uncontrollable formation
of critical electrode potentials for simple and complex ions present. This would result to greater or lesser
extent in the release of gas fluorocarbons on the carbon anode and the release of fluorine on the inert
anode with corresponding negative consequences, i.e. increase in electrode consumption.

On the wettable cathode the charge of electrically negative impurities and the decomposition of
electrolytic bath components take place with subsequent passivation of the surface and progressing
destabilization of electrolytic process (these negative consequences are typical for the drained cathode
as well). By this means we can distinguish the micro-heterogeneity, related to the rough surface in the
entire area, and the macro-heterogeneity of current distribution on the peripheral areas of electrodes
(edge effect). This approach determines the development of different technologies for flattering current
distribution throughout electrodes.

Elliptical shape of electrodes with adequate increase of anode-cathode distance and electrolytic
bath resistance from the center to the periphery allows compensating the edge effect and reducing
significantly the macro-heterogeneous current distribution. As opposed to the application of rectan-
gular electrodes, during the whole experiment the proceeding of electrolytic process was stable in the
electrolytic cell with metallic anode and cathode of elliptical shape; the passivation of cathode was
not observed, the rate of anode corrosion was approx. three times reduced [62].

However, the special shape is not sufficient for the stability of the process using solid electrodes,
polycrystalline and cast, one-phase and multi-phase, which a priori have physical and chemical het-
erogeneities in their volume and surface structures. Therefore, one of feasible methods of surface
homogenization directly within the electrolytic process was proposed and realized — electrochemical
micro-boriding of cathodes which composition included refractory metals and their oxides [61]. The
method is based on the significant, almost twice, difference between standard potentials of the charges
of aluminium (E°, = —1.18 V) and boron (E°%, = —0.63 V). When they are jointly present in the melt,
the conditions for the charges in the cavities are favorable for more electrically positive ions. If after
the reduction in the cavity boron meets, for example, titanium or its oxide on the surface, the synthesis
of titanium diboride shall smooth any heterogeneous surface. This method could be applied to any
reactive or inert cathodes, which heterogeneous surface is smoothed by chemical interaction of boron
with impurities present, and thereby, the physical state of the surface homogenates.

Thereby it is possible to deduce a simple formula of the electrolytic process procedure in the pot
with vertical solid electrodes: complex application of elliptical electrodes and electro-chemical micro-
boriding of composite cathodes. This formula in general terms can be used for the prospective
development of aluminium industry according to the following roadmap of scaling up technologies:

« technology of electrolytic reduction as per flowchart of vertical elliptical electrodes;

« technology of synthesis of composite cathodes wettable with aluminium directly during the
electrolytic process;

« technology of electrochemical micro-boriding of cathode surface.
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Combining these technologies into one shall allow taking unique advantages of electrolytic re-
duction technology using vertical solid electrodes (see Table).

Comparative characteristics of electrolytic reduction technologies

Position of electrodes
Parameters
Horizontal Vertical
Electric energy consumption, kWh/kg Al ~13.5 ~11.0
CO2 emissions™ kg CO2-equ/kg Al ~14 | —>1.0" -0
Specific capacity, kg Al/m?-day ~ 60 ~ 450

* Direct emissions (Scope 1).
** Composite electrodes.
™ Inert electrodes.

Conclusion. Following conclusions were made based on above-mentioned overview:

* In Russia the process of ecological reconstruction of obsolete production facilities was orga-
nized on the governmental level. It supposes the self-financing of the tightening state environmental
regulation. At the same time, private companies satisfy their challenging technological and environ-
mental ambitions.

« For existing technology of electrolytic reduction using horizontal electrodes and up-to-date
automated process control system, busbar and lining materials, there is a real possibility of energy
consumption in amount of ' ~12000 kWh per 1 t of aluminium produced. The further decrease of spe-
cific consumption of electric energy to 11250-11500 kWh/t Al is possible with the use of cathode
materials wetted with molten aluminium. These values of energy efficiency are limiting values for
existing technology.

 The development of the technology of inert (oxygen evolving) anode requires the thorough
examination by competent entities of industrial safety. Under certain climate and meteorological con-
ditions at the area of intensive oxygen emission source the situation with increased fire hazard can
emerge.

* The design of the pot with drained cathode is of little promise.

» The most promising technology of alumina-cryolite melt electrolysis is the technology of the
pots with vertical electrodes. The use of composite anodes and cathodes with reduced carbon activity
can decrease considerably emissions of greenhouse gases. The specific capacity of such pots can be
7-8-fold higher; which means the multiple reduction of capital expenses on the construction of new
smelters in comparison with the existing technology using horizontal electrodes.
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