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In today’s economic and social and political conditions in Ukraine reducing import dependence and production costs,
preservation of the environment, and utilization of scrap metal streams are of particular importance. The country has
practically lost its own aluminum production, while aluminum is widely applied in all the industries; additionally a significant
amount of aluminum scrap is expected as a result of military actions. Aluminum is a circular material that does not lose its
properties during processing. One of the ways for improving the economic situation in Ukraine and transition to a circular
economy is the production of aluminum alloys from secondary raw materials and products from them. Recycling requires
only nearly 5 % of the energy needed to produce the primary metal, resulting in significant decrease of greenhouse gasses
emissions, economy efficiency and conservation of natural resources. Circularity plays a leading role in achievement of goals
of sustainable development. Production of secondary aluminum alloys is considered as a sustainable activity. However, the
use of recycled aluminum alloys for the manufacturing of responsible parts, e.g. used in aviation and automotive industries, is
possible with the use of effective sorting and metallurgical processing. The literature search had shown that among the most
promising Industry 4.0 technologies in regard to aluminum recycling are the Internet of Things, Virtual Reality, Augmented
Reality and artificial intelligence. The world’s leading experience has proven the effectiveness of the use of simulated reality,
in particular simulated heat treatment, which is an integral part of the aluminum alloys production technology. Machine vision
and machine learning are important for sorting of metal scrap, acting its classification. A wide range of studies is dedicated
to the specifics of Laser Induced Breakdown Spectroscopy applications, providing smart sorting of aluminum scrap. Some
Industry 4.0 technologies are important in the context of occupational safety: digital twins can provide guidance for work
performance, cobots can eliminate physical and psycho-physiological harmful and dangerous occupation effects influencing
a human, etc. Circular economy (through recycling) and Industry 4.0 are promising solutions to mitigate the negative
consequences of manufacturing. Potential and challenges from linking these two paradigms with secondary production,

meaning adoption of Industry 4.0 in aluminum recycling, have been analyzed.
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Introduction. The resource- and energy-intensive
industries play a key role in the formation of Ukraine’s gross
domestic product (GDP) (Li et al., 2020; Ostapenko, 2021;
Sotnyk, 2015). In 2021 GDP of Ukraine exceeded the GDP
of European Union countries by nearly 4 times (WorldData,
2021) that indicates a quite low level of industrial develop-
ment and low energy efficiency of manufacturing (Bryzhan,
2016; Khalatur et al., 2019; Koval et al., 2021; Vasylieva
et al., 2021). Machines and mechanisms are often capital
goods with a long life cycle of more than 20 years (Pido-
rycheva & Antoniuk, 2022; Slobodianiuk & Klochkovskyi,
2022; Sviezhentsev, 2016). The share of overall production
in the structure of global greenhouse gasses (GHG) emis-
sions is about 6 %; in Ukraine this indicator reached 18 %
before the beginning of military actions (Petrovic et al., 2021;
Yang et al., 2022). Regarding aluminum sector it contributes
around 4 % of industrial CO, emissions (Napp et al., 2014).
This necessities the development of production manage-
ment (Skuibida, 2021), waste management (Andryeyeva et
al., 2021; Kutsevych et al., 2020; Mashchenko et al., 2017;
Morone et al., 2022), energy effective production (Mykoliuk,
2018; Smygol et al., 2021; Vasylieva et al., 2021) as key
principles of state policy of Ukraine. Minimizing the negative
impact on the environment by switching to circular business
models (Calinescu et al., 2023; Deineko et al. 2019, Shpak
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et al., 2020; Sosnovska & Shtepa, 2020; Trushkina, 2022) is
of particular importance.

As a result of military actions on the territory of Ukraine
a lot of infrastructure objects and production facilities were
already destroyed as well as a significant degradation of the
environment is observed (Racioppi et al., 2022; Rawtani
et al., 2022). The actions for the recovery of the economy
of Ukraine include the modernization of obsolete industrial
capacities on the one hand and reconstruction of destroyed
ones on the other, which should be based on sustainable
development and circular economy principles, Industry 4.0
and Industry 5.0 paradigms. Within the framework of the
Recovery Plan of Ukraine, a list of National programs for
achieving key results in economic development has been
determined. The most prioritized and those that require the
largest investments are measures for energy independence
and Green Deal, reconstruction of a clean and protected
environment, development of sectors of the economy with
the added value (development of start-up ecosystems, met-
allurgy, programs «Engineering: increasing the innovative
activity of enterprises» and «Mechanical engineering: to cre-
ate a hub of automotive components for automotive clusters
in Central Europe»), strengthening defense and security (in
particular, the State targeted scientific and technical pro-
grams for the development of the aviation industry) (Ukraine
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Recovery Plan). The necessity of energy policy transforma-
tions for sustainable implications are also of great concern
(Kuzemko et al., 2022).

Ukraine has joined the global process of sustaina-
ble development in order to ensure responsible economic
growth and solve ecological problems. Sustainable devel-
opment goals adopted by the United Nations are reflected
in the national strategic framework for Ukraine up to 2030
(United Nations Development Programme; Verkhovna Rada
of Ukraine). The concept of circular economy and circular
business models has become a priority toolkit for clean
environment (Herrero-Lunaet al., 2022; Kara et al., 2022;
Regueiro et al., 2022; Ruda & Myrka 2020). In the context
of implementation of the circular economy paradigm into
the state policy, the goal of sustainable development No. 12
“Responsible consumption and production” is of the greatest
concern. Among the areas of cooperation between Ukraine
and the European Union is the creation of production facil-
ities for waste processing (National Institute for Strategic
Studies). Recycling of aluminum corresponds to the set
goal; researchers define aluminum as a perfect metal for
circular economy (Graedel et al., 2019; Saevarsdottir et al.,
2021; Stewart et al., 2018; Yuzer et al., 2022). What is also
important, implementation of circular economy measures in
the aluminum industry positively affects the ecological con-
ditions, facilitating the Green Deal (Han et al., 2017; Haupt
& Hellweg, 2019).

Aluminum is a strategic metal consumed by practically
all the industries of Ukraine, including the aviation and
automotive industries, mechanical engineering, defense
industry, renewable energy, industrial and civil engineering.
Economical demands for aluminum in Ukraine are satisfied
mainly by its import. Today and in the perspective of the
country’s reconstruction as well, there is a need for utiliza-
tion of a large amount of aluminum scrap, which additionally
formed in the result of military actions in order to save cur-
rency funds.

One of the priority directions in this context is implemen-
tation of Industry 4.0 technologies taking into consideration
effects and indicators specific to a definite region and eco-
nomic sector (Kupalova et al., 2021). It is important to carry
out an evaluation of prospects of Industry 4.0 technologies
in aluminum manufacturing as well as risk assessment when
introducing Industry 4.0 solutions into the recycling sector.
of of possible risks when introducing Industry 4.0 technol-
ogies into the recycling of aluminum alloys in Ukraine. In
modern conditions circular economy through recycling and
Industry 4.0 are promising solutions to mitigate the adverse
consequences of production (Blomeke et al., 2020) and can
be applied to production of aluminum alloys in Ukraine.

Materials and Methods. The aim of the study is to
conduct a literature survey of Industry 4.0 technologies for
aluminum recycling in the framework of circular economy.
The main tasks of the research is to analyze possibilities of
Industry 4.0 technologies for modernization and restoration
of machine-building and metallurgical industries for alumi-
num recycling technological operations. As research meth-
ods generalization, systematization, empirical research,
systematic and logical approach were used for literature

review of the theoretical basis for Industry 4.0 technologies
in aluminum alloys recycling.

Results. Aluminum production presents the fastest
growing metal industry (Bhattacharya, 2022; Hao et al.,
2016; Saevarsdottir et al., 2020; Watari et al., 2021; Weritz
& Dudek, 2022) and its demand is expected to increase from
64 mt ($ 169.8 bn) in 2021 to 80 mt ($ 277.5 bn) by 2030
(Statista; Precedence Research). For manufacturing of alu-
minum alloys as primary as secondary raw materials are
used. About 35 % of currently produced aluminum comes
from scrap and industrial waste and up to 40 % is already
involved in the production chain (Bertram et al., 2017; Inter-
national Aluminium Institute).

Recycling of scrap and waste permits to eliminate ecolog-
ical shortcomings, decrease energy intensity and increase
economic efficiency. Aluminum recycling can reduce GHG
emissions by nearly 93...95 % in comparison with primary
aluminum production (BIR; Hao et al., 2017; Wagiman et
al., 2020). According to the estimations (Pedneault et al.,
2021), total emissions of 1250...1590 Gt CO, eq by 2050
are expected. The authors concluded that to obtain a larger
level of carbon emissions it is essential to implement circu-
lar strategies and involve interested parts along the whole
aluminum value chain.

Secondary aluminum production requires only around
5 % of energy needed for manufacturing of the metal from
mineral raw materials (Gutowski et al., 2013; Takezawa et
al., 2015; Wei et al., 2022). Depending on the technology
aluminum recycling uses the amount of electricity in the vol-
ume of 0.56...2.5 kWh/kg Al depending on the technology
(Haraldsson & Johansson 2018). Today recycling of alu-
minum is € 3 bn market. According to expert assessment
(European Aluminium) the 1 min t of exported aluminum
scrap leads to economic losses of around € 960 min. As alu-
minum consumption in the European Union increases, the
end-of-life aluminum market may grow to a € 12 bn by 2050.

Aluminum processing is a constituent part of a circular
economy. It is well known that about 75 % of all the alumi-
num produced since the Industrial Revolution is still involved
either in use or manufacturing (Schlesinger, 2013). Aluminum
is capable of being recycled without losing its original prop-
erties (lightness, conductivity, formability, permeability etc.)
(European Aluminum; Chatterjee, 2007). One of the main
tasks for the future is to produce recycled aluminum alloys
of high quality. To achieve this goal it is essential to create
closed loop recycling (Takezawa et al., 2015; Tu & Hertwich,
2021; Zhu et al. 2021), where a waste of one type is pro-
cessed into a product of the same type; to develop up-to-
date recycling chains with efficient sorting; to implement
innovative technologies of treatment of aluminum alloys in
order to remove harmful impurities, etc. Fostering the design
and manufacturing of secondary from the low-quality scrap is
among the priorities of modern (Raabe et al., 2022).

With proper sorting (Capuzzi & Timelli, 2018; Gaustad et
al., 2012; Van den Eyndeet al., 2022), scrap and waste of
aluminum can be used to make almost any product — from
packaging or construction materials to automotive and air-
craft details. As a rule to remove impurities and unwanted
elements from the structure of secondary aluminum alloys
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physical separation (air, magnetic, sink float / heavy fraction,
eddy current separation, hot crush, color sorting, etc.) is used
(David & Kopac, 2015). One of the most promising ways to
reduce the energy intensity as well to increase mechanical
and operational properties of secondary aluminum alloys
is to remove part of the technological operations from the
working space of the furnace by using refining (Zhao et al.,
2022; Wang et al., 2022; Yu et al., 2022) and modification
(Jovi€evic-Klug et al., 2022; Kotadia et al., 2020; Shin et al.,
2012; Yamshynskyi et al., 2022). The possibilities of laser
treatment (Bielikov et al., 2015; Mitiaiev et al., 2014) and
heat treatment (Hurtalova et al., 2015; Manasijevic et al.,
2013; Rady et al., 2020) for structural transformations in the
alloys are of great concern.

As a rule recycling leads to obtaining aluminum alloys
of comparatively low quality, so adverse technologies on
different stages of the production chain should be used.
Digitalization and robotics in terms of Industry 4.0 can fos-
ter recycling and circular economy practices. For recycling
of aluminum the main focus should be on better sorting of
scrap, end-of-life products and other waste, materials iden-
tification technologies and purification technologies as well.

The researchers (Schlund & Baaij, 2018) carried out a
classification of Industry 4.0 technologies dividing them into
communication technologies (Machine-to-Machine commu-
nication, wireline high-performance network, wireless tech-
nologies), embedded systems (sensors, microcontrollers,
positioning systems), human-machine interaction (virtual
reality / augmented reality, mobile assistance systems),
software / systems engineering (cloud computing, big data,
real-time data) and smart factory ( robotics, industrial smart
grids, autonomous and decentral control, etc.). The authors
(Cao et al., 2015) presented Aluminum Industry 4.0 Archi-
tecture for production and supply chain management, based
on visual monitoring; Internet of Things; industrial cloud
platform for data management; model-driven and big data
driven analyses and decision making; standardization and
securitization driven control and management; backtracking
process; Cyber-Physical System; real-time perception and
intelligent decision making.

A comprehensive literature review on connecting Indus-
try 4.0 technologies to circular economy was carried out
(Chauhan et al., 2022). According to the results obtained,
the Internet of Things and artificial intelligence have the
greatest prospects for the development of a circular econ-
omy. Reviews on Industry 4.0 technologies with the empha-
sis of the possibility of application of the Internet of Things,
Virtual Reality and Augmented Reality in remanufacturing
was carried out (Kerin & Pham, 2019).

Studying Industry 4.0 solutions in recycling the authors
(Penumuru et al., 2020) consider a case of utilization of bat-
teries from electric vehicles. They indicate that cobots can
support workers eliminating physical and psycho-physiolog-
ical harmful and dangerous occupation effects (e.g. by han-
dling aluminum casings and battery modules, performing
monotonous unscrewing operations). According to calcula-
tions, for a yearly recycling capacity of 3500 items of spent
batteries and manual disassembly processes (2 workers),
the use of cobots integration may result in a cost reduc-
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tion of 63,700 € per year. The estimated initial investment
is 200,000 €, and it will be needed for approximately three
years for the payback.

Adigital twin for remanufacturing processes of waste elec-
trical and electronic equipment was developed (Wang & Wang,
2018). Aluminum is widely used in the electrotechnical indus-
try and this solution within a framework of Industry 4.0 may
be applied to the recycling of aluminum alloys. The simulated
reality, namely simulated annealing, for modeling the process
and determining the required parameters of aluminum manu-
facturing was adopted (Jimenez-Martin et al., 2021).

In the research (Penumuru et al., 2020) machine vision
and machine learning technologies for automated aluminum,
copper, medium density fiberboard, and mild steel identifi-
cation were used. In paper (Resti, 2015) the unification of
the Principal Discriminant Analysis and Bayes’ theorem with
images, based on the dependence between edge and color
intensity of different aluminum wastes was described. Auto-
matic sorting systems can significantly speed up the alumi-
num waste classification process.

Smart sorting of aluminum post-consumer scrap into
alloys groups is possible with the use of LIBS, Machine
Learning and Deep Learning (DL) (Diaz-Romero et al.,
2022). For the development and evaluation of DL models
for real-time aluminum classification three feature extraction
networks were pre-trained, which allowed to process the
information from > 200 spectra simultaneously. Previously
(Diaz-Romero et al., 2021) the method to classify cast and
wrought alloys using transfer learning methods, such as
fine-tuning and feature extraction, was presented. Five con-
volutional neural networks using color and depth images,
and transfer learning methods were evaluated. Thus, the
presented method can be successfully applied for aluminum
sorting and recycling. As the authors (Diaz-Romero et al.,
2021, p. 8) point out that “the use of Deep Learning for the
sorting of aluminum alloys can be a suitable strategy to elim-
inate the threat of scrap surplus and significantly increase
the value of recycled aluminum”.

The other example of linking LIBS and DL for classi-
fying aluminum alloys is a robotic sorting system consist-
ing of a SCARA robot, a vision system, a conveyor and a
pneumatic gripper (Engelen et al., 2022). The economic
and technical assessment of installation of 2 items of the
proposed system, each equipped with 6 robots, had shown
that sorting 20,000 t of aluminum with a total added revenue
up to 1.95 min € per year can be reached. Laser Induced
Breakdown Spectroscopy (LIBS) used for the manufactur-
ing of secondary aluminum alloys is able to reduce sample
preparation times as well as to increase the number of alloy-
ing steps for improving the quality of the material (Schlem-
minger, 2018).

Implementation of Industry 4.0 technologies does not
mean the total change of production process and equipment
used (Jensen & Remmen, 2017). Data management, the
Internet of Things and extended product service systems
are linked with the traditional technologies, machines and
mechanisms.

New and disruptive business models riven by the use
of smart data are emerging around Industry 4.0. Sustaina-
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ble business models significantly and continuously enhance
positive and reduce negative impacts for the environment,
that is quite essential for Ukraine. Basic models for circular
economy were analyzed by Ruda & Myrka (Ruda & Myrka,
2020). They are 3 R, 10 R, circular suppliers, resources
recovery, sharing platforms, product life extension, product
as a service etc. The authors (Schumacher et al., 2016) con-
sider Industry 4.0 Maturity Model in dimensions of “Strat-
egy’, “Leadership”, “Customers”, “Products”, “Operations”,
“Culture”, “People”, “Governance”, “Technology”. However,
the issue of business-models requires more detailed study
in the context of aluminum recycling using Industry 4.0
achievements.

Discussion. The literature review and the analysis of
the results of the advanced research managed to formulate
the following hypotheses that can be applied for metallurgy
and machine-building production in Ukraine:

— Industry 4.0 has a favorable effect on circular econ-
omy practices.

— Recycling of aluminum has a positive effect on a tran-
sition from the linear to the circular economy.

— Circular economy is an instrument for up-to-date oper-
ational, environmental and organizational performances of
Ukrainian industries.

— Recycling of aluminum has a great potential for imple-
mentation of Industry 4.0 technologies.

— Industry 4.0 can be a driving force for innovations in
industrially backward and partly destroyed machine-building
and metallurgy sectors in Ukraine and for Ukraine recovery
as well.

The author did not find the relevant research / publica-
tions that incorporate a general evaluation of Industry 4.0
and circular economy in combination with each other and
in relation to recycling of aluminum alloys that determines
directions for further research.

Conclusions. Linking Industry 4.0 with circular econ-
omy paradigm indicates a positive effect on sustaina-
ble development. Aluminum is a perfect circular metal,
which can lead to low-carbon manufacturing and zero
waste production. Recycling is a promising direction due
to expected lower costs and decreased environmental
effects. It is expected that the introduction of innova-
tions based on Industry 4.0 in the process of aluminum
recycling will reduce Ukraine’s dependence on imports,
increase the competitiveness of the economy and level
of the industrial development, facilitate disposal of large
streams of scrap and, in general, will contribute to the
recovery of Ukraine.
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Ckyt6ioa O. Jl., kaHOuOam mexHi4HUX Hayk, doueHm, HauioHanbHul yHieepcumem «3aropisbka nonimexHikay,
M. Sarnopixks, YkpaiHa

BnpoeadxeHHsi cmpamezit IHdycmpii 4.0 ma yupkynspHoi ekoHOMiKu e nepepobyi anoMiHieeo2o 6pyxmy

B cyyacHUX eKOHOMIYHUX | couiarbHO-MOMIMUYHUX yMoeax 8 YKpaiHi ocobnueoeo 3HayeHHs Habysarmb 3HUXEHHS
iMnopmo3anex+Hocmi ma cobieapmocmi 8upobHuUYmMea, 36epexeHHs1 HaBKONMUWHBL020 cepedosulla, a Makox ymunisauis
rnomokie memanobpyxmy. KpaiHa npakmuyHO empamurna enacHe 8UPObHUUMEO amoMiHito, modi SK anroMiHil WUPOKO
8UKOPUCMOBYEMBCS 8 YCiX 2any3sx npomuciosocmi; do0amKoeo O4iKyembCs 3Ha4yHa KiflbKicmb anoMiHiegoao bpyxmy
8 pesynbmami gilicbkogux 0ili. AnOMIHIl — YUpKynsapHUl mamepian, Skuli He empadyae enacmusocmel npu nepepobu).
OO0HUM i3 wrisixie NOKpaleHHs1 eKOHOMIYHOI cumyauii 8 YkpaiHi ma nepexody 00 YUpKymnsipHOI eKOHOMIKU € 8UPOBHUYMEO
anmoMiHieguX criniasie i3 8mMOPUHHOI cuposUHU ma eupobie 3 Hux. PeyukniHe mompebye minbku 6nusbko 5 % eHepeil,
HeobxiOHoI st sUPObHULMea MepeUHHO20 Memarty, Wo npueodume A0 3HAYHO20 3HUXKEHHSI 8uKUdi8 napHUKOBUX 2asie,
E€KOHOMIYHOI eghekmuHOCMi ma 36epexxeHHsI NpupodHUX pecypcis. LiupkynsapHicms sidizpae npogiOHy posib y A0CS2HEHHI
yineti cmanozo po3sumky. BupobHuymeo emopuHHUX anoMiHiegux criniagie egaxaembcs cmanum eudom BisribHoCM.
OO0Hak eUKOpUCMaHHS arloMiHIE8UX Criylagie 8MOPUHHUX, OMPUMaHUX peyukniHeom, Ana eu2omoerieHHs 8idnogidanbHUX
Oemaned, Hanpuknad makux, Wo eUKOpUCMOBYemMbCS 8 asiauiliHiti ma asmoMobirnbHIl MpoMucogocmi, Moxinuea npu
3acmocysaHHi eheKmueHUX copmyeaHHs ma MemarnypeiliHoi nepepobku. flimepamypHull MOWyK Moka3as, wo cepeo
Halbinbw nepcrnekmueHUx mexHosnoeiti IHdycmpii 4.0 wodo peuukniHay anwMiHilo € IHmepHem peyel, sipmyasbHa
pearnbHicmb, G0Mo8HEHa pearnbHicmb ma wmydHul iHmenekm. [lepedosull cgimosuli docei0 pPeyuKsiHay anroMiHi
dogig echekmusHiCMb BUKOPUCMaHHSI CUMYNAUii peanibHOCMI, 30Kpema iMimauyitiHoi mepmMoobpobKu, ska € Hegi0’eMHO0
4acmuHoO MmexHonoeaii supobHuUUMea anoMiHiesux crinasie. MawuHHe bayeHHs ma MawuHHE Hag4YaHHSI eaxnuei Ons
copmyeaHHs1 Memanobpyxmy, 30ilicHeHHs lio2o knacudbikayii. LLlupokuli cnekmp docnidxeHb npucesdeHuti ocobnusocmsam
3acmocysaHHsi nia3epHo-iHOyKoeaHoOi criekmpockonii npoboro, wo 3abesneyye ‘PO3yMHE” COpMySaHHs aoMiHIE8020
6pyxmy. Lesiki mexHonoeii IHdycmpii 4.0 gaxnusi 8 KoHmMeKkcmi 6esneku npaui: Uughposi bIU3HIOKU MOXymb Hadasamu
pekomeHdauii wodo eUKOHaHHS pobomu, kobomamu MOXHa nikeidyeamu hiduyHi ma rcuxogpisionoaiyHi wkidnuei ma
HebesrneyHi 8upobHuUYi chakmopu, SKi ennuearomb Ha ModUHy mouwlo. LiupkynsipHa eKOHOMIKa (WsIXOM pPeyuKiHay)
ma IHOycmpis 4.0 € nepcrekmueHUMU pilueHHsMU 071l NOM’SKWEHHSI He2amueHUX Hacniokie eupobHuymea. bymno
npoaHarni3oeaHo nometuiar i npobnemu, nog’asaHi 3 06’edHaHHAM LuUX 080X napaduam i3 MOPUHHUM 8UPOBHULMEOM, WO
o03Ha4ae 8rposadxeHHs IHOycmpii 4.0 8 peyuKiHe armoMiHito.

Knrovoei cnoea: antomiit, peuukniHe, IHdycmpisi 4.0, UUPKysipHa eKoOHOMIKa, cmaiull pO38UMOK.

BicHuk CyMmcbKoro HauioHanbHOro arpapHoro yHiBepcureTty

126

Cepist «MexaHisaLjis Ta aBTomaTi3aL|is BUpobHUumMx npoviecisy, Bunyck 4 (50), 2022



