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Nauéna politika ¢asopisa ECOLOGICA

Casopis ,ECOLOGICA” nalazi se u kategoriji vrhunskih nacionalnih asopisa (M51) Ministarstva nauke, tehnoloskog
razvoja i inovacija Republike Srbije.

Izdava¢ €asopisa Nauéno-struéno drustvo ,ECOLOGICA* objavilo je prvi broj asopisa 1994. godine, i od tada ¢asopis
izlazi u kontinuitetu Cetiri puta godi$nje.

Casopis ECOLOGICA opremljen je svim neophodnim elementima i oznakama, u skladu sa zakonom, kojim se ureduje
izdavacka delatnost (ISSN, CIP katalogizacija, UDK klasifikacija, Cobiss - ID).

Svakom nau¢nom radu primlienom za objavljivanje u ¢asopisu ECOLOGICA dodeljuje se DOI broj i medunarodni
standardni UDK broj a za svakog autora se navodi ORCID identifikator.

Casopis objavljuje radove koji se bave kvalitetom Zivotne sredine i zastitom i unapredenjem kvaliteta Zivotne sredine. Zbog
interdisciplinarnog i multidisciplinarnog karaktera tematike u zastiti Zivotne sredine, radovi objavljeni u ¢asopisu pripadaju
Drustveno-humanistickom, Prirodno-matemati¢kom i Tehnicko-tehnoloSkom polju i slede¢im nauénim oblastima:

Nauke o zastiti zivotne sredine, Hemijske nauke, BiotehniCke nauke,InZenjerstvo zastite zivotne sredine i zastite na radu,
Ekonomske nauke, MenadzZzment i biznis, Pravne nauke, SocioloSke nauke, a takode uzim nauc¢nim oblastima: Ekoloski
menadzment, Geohemijske osnove ekoloskog menadzmenta, Biogeohemija Zivotne sredine, Fizicka hemija, Menadzment
prirodnih resursa, Odrzivi razvoj, Indikatori odrzivog razvoja, Zelena ekonomija, Ekoturizam, Cirkularna ekonomija, Ekolo$ko
inZenjerstvo, Tehnologije primene obnoviljivih izvora energije, Biotehnologije u zastiti Zivotne sredine, Socijalna korporativna
odgovornost, Socijalni aspekti zastite zivotne sredine, Ekonomska politika, EkoloSko pravo, Finansiranje zastite Zivotne
sredine, Kvalitet i bezbednost proizvoda, Standardi zastite Zivotne sredine, Integrisani standardi zaStite kvaliteta i
bezbednosti proizvoda. Unapredenje kvaliteta vodnih i zemljiSnih resursa, Unapredenje kvaliteta vazduha, Ublazavanje
klimatskih promena itd.

Casopis ,ECOLOGICA* objavljuje radove u kojima se istrazuju razli¢iti teorijski i empirijski problemi iz navedenih oblasti.
Casopis ,ECOLOGICA* objavljuje radove zasnovane na fundamentalnim, primenjenim i razvojnim istraZivanjima koja se
odvijaju u razli¢itim zemljama sveta i u Srbiji.

Nauéna saradnja sa predstavnicima Medunarodnog uredivagkog odbora iz 15 zemalja sveta: Ruske Federacije, Spanije,
Nemacke, Austrije, Francuske, Slovenije, Hrvatske, Bosne i Hercegovine, Bugarske, Rumunije, Kirgistana, Kazahstana,
Severne Makedonije, Gréke i SAD, daje moguénost razmene iskustava u odabiru i pripremi radova za objavljivanje u
Casopisu ,ECOLOGICA".

Nasi autori crpe inspiraciju za nau¢ne radove na medunarodnim nauc¢nim konferencijam posveéenim svetskom Danu
planete Zemlje, koje Nau¢no Drustvo ,ECOLOGICA* redovno odrzava tokom 20 godina.

Teme Medunarodnih Konferencija bile su aktualna svetska zbivanja u oblasti nauka o Zivotnoj sredini: Odrzivi razvoj,
Milenijumski ciljevi razvoja, Klimatske promene, Globalno otopljavanje, Zeleni rast i Zelena ekonomija, Cirkularna
ekonomija, Zakonska regulativa u oblasti zastite Zivotne sredine, Nove tehnologije za zatitu Zivotne sredine, Finansiranje
novih projekata zastite Zivotne sredine, Zelena energetika, Ekoturizm, Organska proizvodnja, Zna€aj 4. industrijske
revolucije za zastitu Zivotne sredine, Uticaj pandemije COVID-19 na ekonomiju i zivotnu sredinu, Monitoring i digitalizacija
parametara zivotne sredine i mnoge druge.

Multidisciplinarnost i aktuelnost tematskih oblasti obuhvacenih nasim konferencijama priviace mnoge naucnike iz razlicitih
zemalja i nau€no-obrazovnih institucija (drzavnih i privatnih univerziteta, naucnih instituta, visokih Skola i akademija).

Uredivacka politika c¢asopisa ECOLOGICA

Uredivacka politika ¢asopisa ECOLOGICA uskladena je s Pravilnikom o kategorizaciji i rangiranju nauénih ¢asopisa
(Sluzbeni glasnik RS, broj 159 od 30. decembra 2020.).

Tematske, teorijske i metodoloSke smernice zbog multidisciplinarnosti tematike asopisa ECOLOGICA povezane su s
razli¢itim oblastima nauke. MetodoloSke smernice opisane su u Uputstvu, koje se obiéno nalazi na kraju svakog broja
Casopisa ECOLOGICA. Najnovije Uputstvo prilozeno prvom broju €asopisa iz 2022. godine sadrzi sve neophodne
informacije za autore u vezi pripreme radova za objavljivanje u ¢asopisu, u skladu s Pravilnikom o kategorizaciji i
rangiranju nauc¢nih ¢asopisa.

Casopis objavljuje originalne nauéne i pregledne radove, koji su prosli proveru na plagijarizam i dobili pozitivna misljenja
recenzenata. Spisak recenzenata se daje u prvom broju ¢asopisa iz svake kalendarske godine. Radovi moraju biti
napisani na srpskom ili engleskom jeziku i ulju¢uju apstrakte na engleskom i srpskom jeziku.

Recenzenti su duzni da kvalifikovano i u zadatim rokovima dostave glavnom uredniku ocenu naucne vrednosti rukopisa.
Recenzenti vode posebnu brigu o stvarnom nau¢nom doprinosu i originalnosti rukopisa.

Recenzija mora sadrzati objektivan i precizan pregled rukopisa. Sud recenzenata mora biti jasan i potkreplien
argumentima. Od recenzenata se ocCekuje da svojim sugestijama unaprede kvalitet rukopisa. Ako procene da rad
zasluzuje objavljivanje uz korekcije, duzni su da predloze nacine pomocu kojih korekcija moze da se ostvari.

Rukopis poslat recenzentu smatra se poverljivim dokumentom.

Svaki autor snosi moralnu i eticku odgovornost za podatke objavljene u radu.

UredniStvo €asopisa proverava prihvatljivost nauénog rada za objavljivanje pomocéu medunarodnih proverivata na
plagijarizam.

Konaénu odluku o prihvatanju rukopisa za objavljivanje donosi iskljucivo glavni urednik ¢asopisa.

Glavni urednik i ¢lanovi uredniStva duzni su da preduzmu sve razumne mere da recenzenti ostanu anonimni tokom i
nakon procesa evaluacije u skladu s procedurom. Recenzije se arhiviraju zbog spornih slu€ajeva, kad se autori ne slazu
s misljenjem recenzenata.
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Uputstvo za pripremu rada / Instructions for the preparation of the papers

Dragan Petrovic, Zorana Filipova
Adrese institucija gde su zaposleni autori, adrese elektronske poste (e-mail) i ORCID ID svih autora

Original rukopisa treba da bude odStampan na belom papiru formata A4 (210 x 297 mm). Rukopis je ograni¢en
na 8-10 stranica A4 formata, font 10 Arial, ukljuujuci slike, tabele, grafikone, reference i drugo.

Na stranicama rukopisa margine treba da budu: gornja i donja 3 cm, leva i desna 2.2 cm. Na sredini prve stranice
rukopisa napisati naslov rada (na srpskom i engleskom) slovima veli¢ine 14 (Arial bold). Ispod naslova ispisati slovima
veli¢ine 11 imena autora (italik) i nazive institucija (takode na srpskom i engleskom) (normal). Rad kucati s proredom
1 (single), font 10, tip slova Arial. Podnaslove pisati velikim slovima, font 10, tip slova Arial.

Rad pripremljen u MS Wordu treba poslati elektronskom postom na mail adresu: ecologica.drustvo@gmail.com

SAZETAK | ABSTRACT
Na pocCetku rada treba dati kratak sadrzaj (po pravilu do 200 reci) u Sazetku (na srpskom) i Abstract-u (na
engleskom jeziku), kao i klju¢ne reci (keywords) na srpskom i engleskom jeziku.

UVOD / INTRODUCTION

U Uvodnom delu se navode reference radova prethodnika sa kratkim komentarom. Takode u tom delu treba
pomenuti tematski povezane radove autora i koautora predmetnog rada. U Uvodu autori oznaCavaju cilj rada i
metodode naucnih istrazivanja. Osim diskriptivnih metoda treba navesti metode komparativne analize, a takode
klasic¢ne dialekticke metode. U slu€aju istrazivanja u oblasti prirodnih i tehni¢kih nauka se primenjuju specijalne
instrumentalne metode, gde je neophodna laboratorijska oprema. Statisticke metode obrade podataka sluze u svim
oblastima naucnih istrazivanja.

1. MATERIJALI | METODE / MATERIALS AND METHODS

U ovom delu se navodi opis uzoraka koji su uzeti na analizu sa naznakom lokaliteta. Neophodno je navesti
oznake opreme, kao i tehnike i metode kojima su obavljene analize. U slu€aju originalnih metoda autora treba
priloziti opis metoda i opreme.U oblasti drustvenih nauka neophodno je napomenuti, $ta je predmet istrazivanja.

2. REZULTATI | DISKUSIJA / RESULTS AND DISCUSSION
Tabele, slike, grafikoni i dr. mogu da budu u jednoj ili dve kolone. I1znad tabele treba da stoji naziv, npr.
Tabela 1 - Rezultati eksperimentalnih merenja

Ispod ilustracije treba da stoji objasnjenje, npr.: Slika 1 - Rezultati simulacije procesa

Nazive tabela i grafikona takode dati na srpskom i engleskom jeziku.

Formule numerisati rednim brojevima u malim zagradama. Pozivanje na formule u tekstu vrSi se navodenjem
odgovarajuc¢eg rednog broja u malim (okruglim) zagradama:

— u,-U_
Ru = L4 + LSFX M (1)
Upm
U ovom odeljku se takode vrsi uporedenje rezultata koje su dobili autori s podacima iz radova navedenih u
spisku referenci, Sto predstavlja osnovu diskusije.

ZAKLJUCAK /| CONCLUSION
U Zaklju€ku se sazeto navode rezultati istrazivanja autora predmetnog rada.

Zahvalnica / Acknowledgements
Navodi se naziv i broj projekta Ministarstva preko kojeg su finansirana istraZivanja prikazana u radu.
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Literatura (skorijeg datuma: 2010. i novija) se u tekstu navodi prezimenom autora i godinom publikovanja:
(Petrovi¢, 2019), (Jankovi¢, Markovi¢, 2020). U slu€aju kad postoji viSe autora u tekstu se navodi samo prezime
prvog autora: (Jovanovi¢ i dr., 2020) ili (Johnson et al., 2021). Reference u spisku literature se navode azbucnim
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Application of Al in big data analytics in the goal of energy transition:
a comparative cost-effectiveness analysis of renewable energy
sources versus fossil fuels

Primena vestacke inteligencije u analizi velikih podataka u cilju
energetske tranzicije: uporedna analiza isplativosti obnoviljivih izvora
energije u odnosu na fosilna goriva

Larisa Jovanovic¢*, Aleksandra Stojkov Pavlovic?*
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ALFA BK Univerzitet, Bulevar marsala Tolbuhina 8, 11070 Beograd, Srbija
* Corresponding author / Autor za prepisku

Received / Rad primljen: 07.04.2025, Accepted / Rad prihvaéen: 11.05.2025.

Abstract: The analytical processing of big data and Al technologies plays a key role in the energy transition, enabling
more efficient utilization of renewable energy sources and the optimization of power systems. The utilization of alternative
and renewable energy sources represents the only viable strategy that can ensure a successful energy transition,
distancing us from outdated and environmentally harmful energy supply systems based on fossil fuels and high carbon
emissions. With the support of artificial intelligence (Al) and big data technologies, this transition becomes more predictable,
measurable, and feasible, enabling the anticipation of potential energy supply scenarios. This paper explores the
application of Al and big data technologies, while a comparative analysis is employed to examine the use of alternative,
renewable, and traditional energy sources within the context of the energy transition. Through a comparative analysis, the
study examines the advantages, challenges, and production costs associated with alternative, renewable, and conventional
energy sources. The findings underscore the potential of data-driven approaches to accelerate the energy transition while
highlighting the economic and technological barriers that must be addressed to ensure a sustainable energy future.

Keywords: Carbon footprint, Sustainable energy, Energy transition, Big data, Al.

Sazetak: Analiticka obrada velikih podataka i tehnologija vestacke inteligencije igra klju¢nu ulogu u energetskoj tranziciji,
omogucavajuci efikasnije koriS¢enje obnovljivih izvora energije i optimizaciju energetskih sistema. Kori§¢éenje alternativnih
i obnovljivih izvora energije predstavlja jedinu odrzZivu strategiju koja moze osigurati uspeSnu energetsku tranziciju,
distancirajuci nas od zastarelih i ekoloski Stetnih sistema snabdevanja energijom zasnovanih na fosilnim gorivima i visokim
emisijama ugljenika. Uz podrsku vestacke inteligencije (VI) i tehnologija velikih podataka, ova tranzicija postaje
predvidljivija, merljivija i izvodljivija, omogucavajuci predvidanje potencijalnih scenarija snabdevanja energijom. Ovaj rad
istrazuje primenu tehnologija veStacke inteligencije i velikih podataka, dok se uporedna analiza koristi za ispitivanje
upotrebe alternativnih, obnovljivih i tradicionalnih izvora energije u kontekstu energetske tranzicije. Kroz uporednu analizu,
studija ispituje prednosti, izazove i tro8kove proizvodnje povezane s alternativnim, obnovljivim i konvencionalnim izvorima
energije. Rezultati naglasavaju potencijal pristupa zasnovanih na podacima za ubrzanje energetske tranzicije, istovremeno
istiCu¢i ekonomske i tehnoloske barijere koje se moraju resiti kako bi se osigurala odrziva energetska buducnost.

Kljuéne reci: Ugljeni¢ni otisak, odrziva energija, energetska tranzicija, veliki podaci, VI.
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INTRODUCTION

The protection of the natural environment and the
provision of sufficient energy will not be achievable
without the use of advanced technologies such as big
data and artificial intelligence (Al). The analytical
processing of big data and Al technologies plays a
key role in the energy transition, enabling more
efficient utilization of renewable energy sources and
the optimization of power systems. The use of big
data technology is the key to the solution of multi-
dimensional system problems, the improvement of
operational efficiency, and the reduction of production
costs. In addition, big data technology can also help
users to analyze operating conditions and detect
potential faults (Hong et al., 2023). The utilization of
alternative and renewable energy sources represents
the only viable strategy that can ensure a successful
energy transition, distancing us from outdated and
environmentally harmful energy supply systems
based on fossil fuels and high carbon emissions.

Comparative analysis
through Levelized Cost of
Energy (LCOE) and

Overnight costs

4 )

\ J

With the support of artificial intelligence (Al) and
big data technologies, this transition becomes more
predictable, measurable, and feasible, enabling the
anticipation of potential energy supply scenarios.

1. METHODOLOGY

The research was conducted through a comp-
arative analysis of energy costs from various
sources. Costs were presented using the Levelized
Cost of Energy (LCOE) and Overnight Cost metrics
for different sources - both renewable and conv-
entional - using databases from the International
Renewable Energy Agency (IRENA), Lazard, and
the International Energy Agency (IEA).

2. MATERIALS AND METHODS

The energy sources included in the analysis are
onshore wind, offshore wind, solar photovoltaics,
and geothermal energy for renewable energy
sources (RES), and natural gas, nuclear energy,
and coal for conventional energy sources.

r ™

Renewable energy
sources (RES)

Conventional
energy sources

%, "

Figure 1. Comparative analysis of energy costs
Source: Author’s figure

3. RESEARCH AND DISCUSSION

The comparative analysis of the Levelized Cost
of Energy (LCOE) and overnight costs (as provided
by Lazard, IRENA, and IEA) offers significant ins-
ights into the cost-effectiveness of both renewable
energy sources (RES) and conventional energy
sources.

Among the renewable energy sources analyzed,
onshore wind stands out as the most cost-effective
technology, with LCOE values ranging from 0.033
USD/kWh (IRENA) to 0.063 USD/kWh (Lazard).
This places onshore wind as the leading renewable
energy technology in terms of cost-effectiveness,
making it an attractive option for large-scale energy
production. In Serbia, where significant wind power
capacity is already being developed, such as the

Kovacica wind plant, onshore wind represents a crit-
ical component of the renewable energy transition.

Following closely in cost-effectiveness is solar
photovoltaics (PV), with an LCOE ranging from
0.044 USD/kWh (IRENA) to 0.075 USD/kWh
(Lazard). The declining cost of solar PV is a direct
result of technological advancements and econ-
omies of scale, making it an increasingly viable opt-
ion for sustainable energy production. With further
investment in solar PV technologies, these costs are
expected to continue decreasing, enhancing its
competitiveness with onshore wind.

Offshore wind, with an LCOE ranging from 0.075
USD/kWh (IRENA) to 0.143 USD/kWh (Lazard), is
still more expensive than onshore wind, yet remains
an important technology, especially in coastal
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regions with high offshore wind potential. Despite its
higher cost, offshore wind energy is expected to
become more cost-competitive as turbine techn-
ologies improve and large-scale offshore wind farms
continue to develop.

Among the renewable sources, geothermal
energy stands out as the most expensive, with an
LCOE ranging from 0.071 USD/kWh (IRENA) to
0.217 USD/kWh (Lazard). While geothermal provides
reliable baseload power, its higher upfront costs and
the need for specific geographical conditions make it
less competitive compared to other renewables.
Nevertheless, its long-term potential for stable energy
production remains valuable, particularly in regions
with significant geothermal resources.

When considering conventional energy sources,
gas and nuclear still present higher LCOE compared

to renewable sources, with values of 224 USD/kWh
(gas) and 253 USD/kWh (nuclear), according to the
IEA. However, these figures reflect the overnight
costs of conventional plants, highlighting the signif-
icant capital expenditure involved in building these
plants. Gas power plants, despite their relatively
lower overnight costs (823 USD/kWe), face chall-
enges related to fuel price volatility and carbon
emissions, which reduce their cost-competitiveness
in the long run. Nuclear power, with an overnight
cost of 3606 USD/kWe, has the highest upfront
capital requirements, making it less economically
viable compared to renewable energy technologies.
Additionally, nuclear plants face challenges related
to regulatory approval, construction timelines, and
waste disposal, further impacting their economic
competitiveness.

Levelized cost of energy comparative analysis coventional versus RES

Table 1. Levelized Cost of Energy Comparison (USD/MWh)

Source Type of source Min Max Mean
Onshore wind RES 27 73 63,5
Offshore wind RES 74 139 143,5

Solar Photovoltaics RES 29 92 75
Geothermal RES 64 106 217
Gas Conventional 110 228 224
Nuclear Conventional 142 222 253
Coal Conventional 69 168 153
Source: Author’s systematization and calculation based on Lazard (2024) data
Coal 153
Nuclear 253
Gas 224
Geothermal 217
Solar Photovoltaics 75
Offshore wind 143.5
Onshore wind 63.5
0 50 100 150 200 250 300

Figure 2. LCOE by source of energy in USD/MWh
Source: Author’s figure
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Levelized cost of energy comparative analysis RES

Table 2. Total installed costs and Levelized Cost of Energy Comparison (USD/kWh)

Source Total installed costs LCOE
Onshore wind 1160 0,033
Offshore wind 2800 0,075

Solar Photovoltaics 750 0,044
Geothermal 4589 0,071

Source: Author’s systematization based on IRENA (2023) data

Geothermal 0.071
Solar Photovoltaics 0.044
Offshore wind 0.075
Onshore wind 0.033
0 0.01 0.02 0.03 0.04 0.05 0.06 0.07 0.08
USD/KWh

Figure 3. LCOE by source of energy in USD/kWh
Source: Author’s figure

Overnight costs of energy comparative analysis coventional versus RES

Table 3. Overnight costs of Energy Comparison (USD/kWe)

Source Type of source Min Max Mean
Onshore wind RES 877 3022 1391
Offshore wind RES 1721 4039 2876

Solar Photovoltaics RES 534 2006 995
Geothermal RES 3851 10959 6647
Gas Conventional 254 1109 823
Nuclear Conventional 2157 6920 3606

Coal Conventional 800 4382 1897

Source: Author’s systematization based on IEA (2020) data
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Figure 4. Overnight costs by source of energy in USD/kWe
Source: Author’s figure

Synthesis of Comparative LCOE Results for RES

Table 4. Summary of Results from Cross-Comparison of Renewable Energy Cost Data USD/kWh

Source USD/kWh
Onshore wind 0,048
Offshore wind 0,109
Solar Photovoltaics 0,059
Geothermal 0,144
Source: Author’s calculation
Geothermal 0.144
Solar Photovoltaics 0.059
Offshore wind 0.109
Onshore wind 0.048
0 0.02 0.04 0.06 0.08 0.1 0.12 0.14 0.16
USD/KWh

Figure 5. Summary data of Cross-Comparison of Renewable Energy Cost Data USD/kWh
Source: Author’s figure

The differences between the LCOE values from
Lazard and IRENA demonstrate the variations in
assumptions and methodologies used in these
reports. While Lazard tends to provide slightly higher
LCOE values, especially for offshore wind and geo-
thermal, IRENA's figures generally reflect lower
costs, possibly due to different geographical ass-
umptions or the inclusion of additional cost-reduction
potential in emerging markets. These variations und-

ECOLOGICA, Vol. 32, No 118 (2025)

erscore the importance of using multiple sources of
data to obtain a comprehensive understanding of the
energy cost landscape.

Based on the comparative analysis of results
according to LCOE, onshore wind is confirmed as
the most cost-effective renewable energy techn-
ology among the sources analyzed, with a levelized
cost of 0.048 USD/kWh.
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Considering the high cost-effectiveness of these
energy sources, which are being developed in
Serbia (such as the significant wind power capacity
at the Kovacica plant), the application and impr-
ovement of big data and Al technologies should be
considered particularly in the context of cost-eff-
ective technologies. Following wind energy in terms
of cost-effectiveness is solar PV — 0.059 USD/kWh,
whose investment cost is significantly decreasing,
while the cost of wind energy remains high.

In conclusion, renewable energy technologies -
particularly onshore wind and solar PV - show great
promise in providing cost-competitive solutions for
global energy needs. As big data and artificial intell-
igence (Al) technologies continue to evolve, they can
further optimize the performance, maintenance, and
efficiency of renewable energy systems, potentially
lowering the LCOE even more. The shift towards
renewable energy is not only driven by environmental
concerns but also by the growing recognition of its
economic benefits, which are becoming increasingly
clear as technologies continue to advance.

CONCLUSION

The comparative analysis of the Levelized Cost
of Energy (LCOE) and overnight investment costs
for both renewable and conventional energy
sources reveals a clear economic shift in favor of
renewable technologies, particularly onshore wind
and solar photovoltaics. These sources demonstr-
ate significantly lower LCOE values compared to
conventional fossil fuels, alongside a continued
trend of decreasing investment costs due to techn-
ological advancements and increasing deployment.

Onshore wind, as the most cost-effective energy
source in the analysis, highlights the growing mat-
urity and financial viability of renewable energy
technologies. Solar photovoltaics, following closely,
benefits from continuous innovation and global
scaling, further reinforcing the competitiveness of
renewables in the global energy mix. In contrast,
conventional sources such as natural gas and
nuclear energy remain burdened with high LCOE

values and substantial upfront capital costs, which
pose considerable barriers to long-term susta-
inability and affordability.

In this context, the integration of Al and big data
analytics presents a critical opportunity to enhance
the efficiency, reliability, and cost-effectiveness of
renewable energy systems. By enabling predictive
maintenance, optimizing energy output, and impr-
oving grid integration, these technologies can
further accelerate the energy transition and support
the widespread adoption of clean energy sources.

This study underscores the importance of comb-
ining economic feasibility with technological innov-
ation to ensure a successful and sustainable energy
transition. As energy systems become more comp-
lex and data-intensive, the application of Al and big
data analytics will not only support smarter decision-
making but also unlock new potentials for cost
reduction and performance optimization. Investing
in these digital technologies, especially in the cont-
ext of already cost-competitive renewable energy
solutions, represents a strategic pathway toward
achieving global decarbonization goals and ensur-
ing long-term energy security.
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Abstract: The amount of produced waste and its inappropriate disposal is a global problem. Waste management
aims to prevent waste generation and reduce its harmful impact on the environment. In order to reduce the amount
of waste and reduce its harmful impact on the environment, the European Union has set ambitious goals for the
realization of which it has adopted a number of different documents and rules. The circular economy is a model of
production and consumption that includes sharing, renting, reusing, repairing, restoring and recycling existing
materials and products, which aims to reduce the amount of waste to a minimum. In this way, the circular economy
tackles climate change and other global environmental problems. The goal of European Union policies is to
contribute to the circular economy by extracting resources from waste. The environmental goals of the European
Union are ambitious, and their realization is necessary, and it is necessary to invest additional efforts in their
realization, and the adoption of new legal rules will certainly be necessary.

Keywords: waste, waste management, sustainability, circular economy, legal framework, European Union.

Sazetak: Koli¢ina proizvedenog otpada kao i njegovo neodgovarajuée zbrinjavanje globalni su problem. Upravljanje
otpadom usmereno je na sprecavanje nastanka otpada i smanjivanje njegovog Stetnog uticaja na zivotnu sredinu.
Kako bi se smanijila koliina otpada te smanjio njegov Stetni uticaj na Zivotnu sredinu, Evropska unija je postavila
ambiciozne ciljeve za Cije je ostvarivanje donela niz razliCitih dokumenata i pravila. Kruzna ekonomija je model
proizvodnje i potroSnje koji ukljuCuje deljenje, ponovnu upotrebu, popravku, obnavljanje i reciklazu postojecih
materijala i proizvoda ¢ime se koliina otpada Zeli smanijiti na minimum. Na taj nacin cirkularna ekonomija uti¢e i na
klimatske promene i druge globalne ekoloSke probleme. Cilj politika Evropske unije je da izdvajanjem resursa iz
otpada doprinese kruznom gospodarstvu. Ekoloski ciljevi Evropske unije su ambiciozni, a njihova realizacija je
neophodna te je potrebno uloziti dodatne napore u njihovo ostvarivanje, a donoSenje novih pravnih pravila svakako
¢e biti nuzno.

Kljuéne reci: otpad, upravljanje otpadom, odrzivost, kruzna ekonomija, pravni okvir, Evropska unija.
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INTRODUCTION

Inadequately disposed waste in the environment
(discharged into rivers, seas, at illegal landfills) is
global and one of the biggest environmental poll-
ution problems. The consequences of these pollut-
ions have a harmful effect on the health of people
and animal and plant species. As Herceg points out,
inadequately disposed waste affects the quality of
surface and underground water, changes and
affects the soil, greenhouse gases from waste
change local air quality, increase the risk of fires and
explosions (Herceg, 2013). Traditionally waste
management refers to collecting, transporting, and
disposing of waste, where waste generated is
collected and sent off to most often landfill sites or
incineration facilities (Waste Mission, 2024). Here,
the primary emphasis is on waste disposal, but it
does not deal with the problems of reducing waste
generation. Today, waste management has a
broader meaning - it is aimed at preventing waste
generation and reducing its harmful impact on the
environment. In that sense, waste management can
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Figure 1. Generation of waste per capita and by
European country (2010 and 2020)

Source: European Environment Agency (28.6.2023)

be defined as a set of activities, decisions and
measures aimed at:

1. preventing the generation of waste, reducing
the amount of waste and/or its harmful impact on the
environment,

2. performance of collection, transportation,
recovery, disposal and other activities related to
waste, and supervision over the performance of
these activities,

3. care for landfills that are closed.

The amount of produced waste and its inap-
propriate disposal is a global problem. According to
data from the European Commission, 5 tonnes of
waste is produced by the average European each
year (see Figure 1), and only 38% of waste in the
European Union is recycled. Also, over 60% of
household waste still goes to landfill in some
European Union countries (European Commission
n/a a). As stated in the Directive (EU) 2018/851,
municipal waste constitutes approximately between
7 and 10 % of the total waste generated in the Union
(Directive (EU) 2018/851, Preamble, point 6.).
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However, waste is not garbage and it can be a
valuable raw material for further production. As
described by Herceg, waste consists of discarded
things that are sorted and usable. So, those that still
have a useful value. On the other hand, litter (garb-
age) is everything that is discarded and unnecessary
but unsorted. It has very little or no use value (Herceg,
2013). Still, there are other definitions of waste
(Amasuomo et al., 2016; Dijkema et al., 2010; Van
Ewijk et al., 2020). Dijekema et al. point out that a
substance is a waste only when it is experienced as
or labelled as waste (Dijkema et al. 2010), when the
owner labels it as such. Therefore, it is necessary to
accurately define and classify waste, because the
classification of materials as waste will form the basis
for the regulations necessary to protect the
population and the environment in which the waste is
processed or disposed of (Amasuomo et al., 2016).

It is undeniable that different types of waste and
their huge amount represent a global problem of
modern times. That is why appropriate waste manag-
ement is essential for preventing waste, protecting
living beings, health and the environment.

Intending to reduce the amount of waste and
decrease its harmful impact on the environment, the
European Union has set ambitious goals, which will
be described in the paper. European Union has
adopted a number of different documents and rules.
In addition to the Waste Framework Directive, the
legal framework includes a whole series of directives
related to: waste batteries and accumulators, waste
from vehicles, landfill waste, on waste management
from extractive industries, packaging and packaging
waste, the use of sludge from wastewater treatment
plants in agriculture, waste electrical and electronic
equipment. European Union waste policy aims to
protect the environment and human health and help
the EU’s transition to a circular economy.

The circular economy is a model of production
and consumption that includes sharing, renting,
reusing, repairing, restoring and recycling existing
materials and products, which aims to reduce the
amount of waste to a minimum. In this way, the
circular economy tackles climate change and other
global environmental problems. European Union
policies aim to contribute to the circular economy by
extracting resources from waste.

The paper analyses the most important provis-
ions of the Waste Framework Directive (which sets
the basic concepts and definitions related to waste
management) and other relevant regulations. Altho-
ugh there is a legal framework for waste, the impl-
ementation of directives in the European Union
Member States differs significantly. The difference
between the set goals and the results achieved so
far is also visible.

ECOLOGICA, Vol.

1. OVERVIEW OF EUROPEAN UNION WASTE
MANAGEMENT LEGAL FRAMEWORK

Waste management is a complex task, cons-
idering that almost every type of waste requires
different treatments and regulations. Sustainable
waste management seeks solutions that do not
harm the environment or human health and aim to
reduce the consumption of natural resources. Apart
from environmental benefits, it has economic and
social benefits as well. European Union targets for
waste management are key drivers of increasing
recycling rates, and European Union waste legisl-
ation includes more than 30 binding targets for
2015-2030 (European Environment Agency, 19.12.
2023).

The regulatory concept of waste comprises
environmental principles, the legal definition, legal
requirements, and policy implementation (Van Ewijk
et al., 2020).

Waste management is based on compliance
with generally accepted principles of environmental
protection. Herceg enumerates the following princ-
iples of waste management: the principle of susta-
inable development, the principle of proximity and
regional approach to waste management, the
principle of hierarchy of waste management, the
principle of “polluter pays”, the principle of liability,
the principle of public participation in decision
making, the principle of zero waste (Herceg, 2013).

When we talk about European legislation related
to waste, the first directives, although ineffective,
were adopted in the 1970s, and legislation on waste
was fragmented for a long time (Herceg, 2013).
Waste management was emphasized as a priority in
the first European Union Environmental Action Plan,
adopted in 1972, and since then, it has continued to
be one of the priority areas (Erceg et al., 2017).

There are many regulations, and most of them
are directives. The main purpose of the directives is
the harmonization of national legislation. They are
binding on the member states regarding the results
they need to achieve. However, they are left with a
choice of methods by which they will achieve the
goals of the European Union within the framework
of their existing legal order.

Directives regulating waste can be divided into
four groups:

1. Directives related to the waste management
framework (e.g., Waste Framework Directive (2008/
98/EC);

2. Directives related to special types of waste
(Directive on packaging and packaging waste,
Directive 2000/53/EC on end-of-life vehicles, Direct-
ive on waste electrical and electronic equipment,
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Directive 2006/66/EC on batteries and accumulators
and waste batteries and accumulators...);

3. Directives related to shipments of waste and
the import and export of waste (Regulation
1013/2006 on shipments of waste);

4. Directives related to buildings for the proces-
sing and disposal of waste (Council Directive 1999/
31/EC on landfill of waste) (Cin¢urak Erceg, 2024).

Nevertheless, the different requirements that
certain types of waste require will necessarily requ-
ire the adoption of new rules for those categories of
waste, thus creating some new divisions. For
example, Amasuomo lists different classifications
and types of waste and explains that “common
characteristics used in the classification of waste
include the physical states, physical properties, re-
usable potentials, biodegradable potentials, source
of production and the degree of environmental
impact”. They are most often divided according to
their physical state (solid waste, liquid waste, gas-
eous waste), source (household/ domestic waste,
industrial waste, agricultural waste, commercial
waste, demolition and construction waste, mining
waste) and environmental impact (hazardous waste,
non-hazardous waste) (Amasuomo et al., 2016).

For the purposes of European legislation, a
European List of Waste was established by Decision
2000/532/EC, which has been amended several
times. There is also a Commission notice on
technical guidance on the classification of waste
whose purpose is to give technical guidance on
certain aspects of Waste Framework Directive and
List of Waste.

2. WASTE FRAMEWORK DIRECTIVE

The Waste Framework Directive (Directive 2008
/98/EC) was adopted in 2008. It sets the basic conc-
epts and definitions related to waste management.
According to Art. 3(1): waste “means any substance
or object which the holder discards or intends or is
required to discard”. The Waste Framework Direct-
ive explains when waste ceases to be waste and
becomes a secondary raw material, and how to
distinguish between waste and by-products. Special
conditions apply to hazardous waste, waste oils and
bio-waste. Directive 2008/98/EC confirms the prev-
ention principle, the precautionary principle, the
“polluter-pays principle”, and establishes extended
producer responsibility as a key principle in waste
management. It also sets out the waste hierarchy as
follows: waste prevention, preparing for reuse, rec-
ycling, recovery and disposal (Art. 4(1)). This waste
hierarchy shall apply as a priority order in waste
prevention and management legislation and policy.
As emphasized in the literature, waste hierarchy is

the most significant instrument of the Waste
Framework Directive as it places recycling after
waste prevention and preparing for reuse (De
Rémph et al., 2020). However, “waste hierarchy has
been contemplated in the international and national
regulations, although there is no indicators for its
implementation”, although recycling rate is the most
widespread indicator (however, recycling rate issu-
es and limitations have also been pointed out) (Pires
et al., 2019). It also sets quantity-based targets for
the preparation of reuse and recycling for specific
waste streams. It is necessary to mention Art. 13,
which states that: “Member States shall take the
necessary measures to ensure that waste man-
agement is carried out without endangering humans
health, without harming the environment and, in
particular: (a) without risk to water, air, soil, plants or
animals; (b) without causing a nuisance through
noise or odors; and (c) without adversely affecting
the countryside or places of special interest”. In
accordance with Art. 15(1) original waste producer
or other waste holder must treat it themselves or by
a dealer or an establishment or undertaking which
carries out waste treatment operations or arranged
by a private or public waste collector. Pursuant to
Art. 23(1) establishment or undertaking intending to
carry out waste treatment must obtain a permit from
the competent authority. Art. 34(1) stipulates the
obligation of periodic inspections for establishments
or undertakings which: carry out waste treatment
operations, collect or transport waste on a prof-
essional basis, produce hazardous waste. Comp-
etent national authorities must establish waste-
management plans (Art. 28) and waste-prevention
programmes (Art. 29).

As part of a package of measures on the circular
economy, Directive (EU) 2018/851 of the European
Parliament and of the Council of 30 May 2018
amends Directive 2008/98/EC on waste. The am-
endment of 2018 did not modify the definition of
waste, but added the definition of municipal waste
(Art. 3(2b)). The Directive (EU) 2018/851 involved
reform of the waste management policy: it changed
the subject matter and scope of “the Framework
Directive including therein the need to reduce waste
generation and the importance of transitioning tow-
ards a circular economy, which is essential for guar-
anteeing the Union’s long-term competitiveness. This
is a significant modification, as it opens the door to
including waste management systems in the global
objective of achieving a real circular economy”
(Lépez-Portillo et al., 2021). It strengthens rules on
waste prevention. The waste hierarchy was not
modified in the amended Directive (EU) 2018/851,
but as discused, the modification of the subject matter
and scope implies the need for a systematic
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reinterpretation of waste hierarchy (Lépez-Portillo et
al., 2021). Reinterpretation “should also be extended
to other precepts such as Art. 13, which refers to the
adoption of measures to ensure that resource
management does not entail a risk to the environment
or human health” (Lépez-Portillo et al., 2021). The
Directive (EU) 2018/851 introduced the obligation to
adopt economic instruments and other measures to
provide incentives for the application of the waste
hierarchy (Art. 4(3)). Examples of economic instrum-
ents and other measures are listed in Annex IVa, and
include, for example: charges and restrictions for the
landfiling and incineration of; “pay-as-you-throw”
schemes; deposit-refund schemes and other meas-
ures to encourage efficient collection of used prod-
ucts and materials; use of fiscal measures or other
means to promote the uptake of products and mat-
erials that are prepared for re-use or recycled;

support to research and innovation in advanced rec-
ycling technologies and remanufacturing; public
awareness campaigns, in particular on separate
collection, waste prevention and litter reduction, and
mainstreaming these issues in education and
training.

Directive (EU) 2018/851 set out of new object-
ives for the recycling of municipal waste: 55% of all
municipal waste by weight should be recycled or
prepared for re-use in 2025, 60% in 2030 and 65%
in 2035 (Art. 11 (2)). These goals will be challenging
to achieve, as can be seen from Figure 3: Municipal
waste recycling rates in Europe by country. It
prescribes in Art. 9 (1)(g) a target for the reduction
of food waste generation by 50 % per capita global
food waste at the retail and consumer levels and to
reduce food losses along production and supply
chains by 2030.
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R 2021
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Slovenia
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Denmark
Belgium
Luxembourg
Ttaly
Slovakia
Lithuania
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Czechia
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Sweden
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Croatia
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Estonia
Bulgana
Greece
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Romania |e—
EU-27
Switzerland
Norway
Iceland
Turkiye
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Figure 3. Municipal waste recycling rates in Europe by country
Source: European Environment Agency (19.12.2023)

Furthermore, the Directive obliges Member
States to: establish, by 1 January 2025, a separate
collection of textiles and hazardous waste gener-
ated by households (with the obligation of a
separate collection at least for paper, metal, plastic
and glass); ensure that, by 31 December 2023, bio-
waste is collected separately or recycled at source
(for example, by composting).

3. OTHER REGULATIONS REGARDING WASTE

It has already been stated that the European
legal framework consists of a large number of
special regulations for different types of waste. Their
analysis would exceed the scope of this paper.
However, some of them will be provided with basic
information. Note that they were all amended with
the aim of achieving the environmental goals of EU.
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Council Directive 1999/31/EC of 26 April 1999
on the landfill of waste (Directive (EU) 2018/850 of
the European Parliament and of the Council of 30
May 2018 amending Directive 1999/31/EC on the
landfill of waste) by introducing stringent technical
requirements it aims to prevent, or reduce negative
impact from landfill on surface water, groundwater,
soil, air or human health.

European Parliament and Council Directive
94/62/EC of 20 December 1994 on packaging and
packaging waste aims at harmonising national
measures concerning the management of packag-
ing and packaging waste and improving the quality
of the environment by preventing and reducing the
impact of packaging and packaging waste on the
environment. Directive (EU) 2018/852 (amendment
of Directive 94/62/EC) contains updated measures
aimed at preventing the production of packaging
waste, and promote the reuse, recycling and other
forms of recovering of packaging waste, instead of
its final disposal, thus contributing to the transition
towards a circular economy.

Plastic and plastic waste are particularly signif-
icant problems for the environment. Statistics show

that around 25.8 million tons of plastic waste is
generated in Europe every year, of which less than
30% is collected for recycling (COM(2018) 28 final).
Special attention is paid to the problems of micro-
plastics (Cinéurak Erceg, 2022). Directive (EU)
2019/904 of the European Parliament and of the
Council of 5 June 2019 on the reduction of the
impact of certain plastic products on the envir-
onment which aims to prevent and reduce the
impact of certain plastic products on the environm-
ent, and includes an EU-wide ban on single-use
plastic products whenever there are alternatives. It
applies to the single-use plastic products listed in the
Annex, products made from oxo-degradable plastic,
and fishing gear containing plastic. In the context of
waste management, Art. 9 should be mentioned,
which stipulates that the Member States must take
the necessary measures to ensure separate
collection for the recycling of beverage bottles with
a capacity of up to three litres, including their caps
and lids by 2025, in an amount equal to 77% of the
products placed on the market in a given year by
weight (90% by 2029). At least 25% of beverage
bottles should come from recycled plastic by 2025,
increasing to 30% by 2030.

Figure 4. European Union targets for waste management

Area

Target

Relevant EU
Directive

Municipal waste
management

Preparing for reuse and recikling rate of municipal waste:
At least 55% by 2025, 50% by 2030 and 65% by 2035 (by weight)

Mandatory separate collection of textiles and household hazardous waste (by
January 2025)

Mandatory separate collection (of recycling at source) of bio-waste

Waste Framework
Directive

Landfilling of waste

Share of municipal waste that is landfilled: maximum 10% by 2035

Ban on the landfilling of waste suitable for recycling or other materials or
energy recovery (from 2030)

Landfill Directive

Packaging waste

Recycling rate for packaging waste, all materials: 65% by 2025 (70% by 2030)
Paper and cardboard: 75% by 2025 (85% by 2030)

Ferrous metals: 70% (80%); Aluminium: 50% (60%);

Glass: 70% (75%); Plastic: 50% (55%); Wood: 25% (25%).

Mandatory producer responsibility schemes for all packaging

The revised PPWD would bring changes that include:

Reuse and refill targets to 2030 and 2040

Mandatory deposit return system (DRS) to ensure the separate collection of at
least 90% of single-use plastic botles and beverage containers, by 2029
(possibility of exemption for countries who still achieve the 90% separate
collection target)

Packaging and
Packaging Waste
Directive

End-of-life vehicles

Reuse, recovery and recycling targets
Minimum of 95% of reuse and recovery (by weight, per vehicle) by 2015
Minimum of 85% of recycling (by weight, per vehicle) by 2015

End-of-Life Vehicles
Directive

Batteries and
accumulators

Minimum rate of separate collection: 45% by 2016

Batteries Directive

Electrical and
electronic equipment
(EEE)

Minimum rate of separate collection: 65% of the awerage weight of EEE placed
on the market in the 3 preceding years in the member state, or 85% of WEEE
generated on the territory of the member state

Waste Electrical and
Electronic Equipment
Directive

Source: OECD (2024)

Directive 2006/66/EC of the European Parliam-
ent and of the Council of 6 September 2006 on
batteries and accumulators and waste batteries and

accumulators promotes a high rate of collection and
recycling of waste batteries and improvement in the
environmental performance of all involved in the life-
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cycle of batteries, including their recycling and
disposal. The Directive 2006/66/EC aims to cut the
amount of hazardous substances (mercury, cadm-
ium and lead) dumped in the environment by
reducing the use of these substances in batteries
and treating and re-using the amounts used.

Directive 2000/53/EC of the European Parliam-
ent and of the Council of 18 September 2000 on
end-of life vehicles sets out measures to prevent
and limit waste from end-of-life vehicles and their
components by ensuring their reuse, recycling and
recovery.

Directive 2006/21/EC of the European Parliam-
ent and of the Council of 15 March 2006 on the
management of waste from extractive industries and
amending introduces measures for safe managem-
ent of waste resulting from the extraction, treatment
and storage of mineral resources and the working of
guarries. Operators must draw up a waste manag-
ement plan that prevents or reduces waste gen-
eration, and encourages waste recovery and safe
waste disposal.

In addition to the target listed in this brief
overview of the directives, The European Union's
targets related to waste include the introduction of
economic instruments to reduce landfilling; “the
introduction of simplified and improved definitions
and harmonized calculation methods for recycling
rates across the EU; specific measures to promote
reuse and encourage industrial symbiosis, that is,
the use of by-products from one industry as raw
materials in another; mandatory extended producer
responsibility schemes for manufacturers to enco-
urage them to introduce more eco-friendly products
to the market and support recovery and recycling
systems (e.g. for packaging, batteries/accumulators,
electrical and electronic equipment, and end-of-life
vehicles)" (Szamek, 2024).

4. PROBLEMS OF IMPLEMENTATION OF THE
DIRECTIVES

Although there is an extensive legal framework
for environmental protection in the European Union,
the problems of applying regulations in the Member
States are still the biggest problem. Moreover,
Zorpas points out that the European Union has
released more than 1,000 legislations and directives
related to environmental protection, but the absence
of the implementation of those documents contrib-
utes to the waste production (Zorpas, 2020). In this
sense, he also points out that “whereas most
Member States already have a waste management
system in place, even the most developed systems
have to meet specific methodology and approach in
order to advance the quality of life, meets environ-

ECOLOGICA, Vol.

mental and legal standards, adopts best practices,
substantially increases public participation and
environmental education, the need for efficiency,
and quality management” (Zorpas, 2020). Waste
management strategies must comply with United
Nations’ Sustainable Development Goals., circular
economy and industrial symbiosis concept as well
as the Waste Framework Directive targets, concept
and philosophy (Zorpas, 2020). L6pez-Portillo et al.
point out that the European Commission also
recognised the implementation gap of the EU’s
environmental law as well as the European Envir-
onmental Agency indicated “the reinforcement of
policy implementation and the improvement of its
coherence as one of the main action areas to
advance in the transition towards a sustainable
society” (Lépez-Portillo et al., 2021).

Legal literature usually emphasizes the probl-
ems of implementing European directives into
national legislation. In this sense, the Waste Fram-
ework Directive is no exception. Its transposition into
national law and the subsequent policy implem-
entation differ in each Member State. As Van Ewijk
et al. point out, “the national context, including
government budgets, bureaucratic capacity, political
trends, lobbying, established practices, and the
inherited policy landscape, leads to distinct waste
management arrangements” (Van Ewijk et al.,
2020).

Member States must report to the European
Commission on the implementation of European
Union waste legislation. When European Union laws
are not adequately implemented, the Commission
can take legal action. However, to avoid reaching
that stage, the Commission first offers technical
support to Member States to guide them through
implementation. Infringements of environmental law
account for the largest number of cases dealt with
by the European Commission - about 20% of the
total. (European Commission, n/a b). According to
the European Environment Agency, the European
Union is slowly progressing towards more recycling
and less landfilling (European Environment Agency,
21.3.2023). As stated in the Communication “Envir-
onmental Implementation Review 2022 - Turning the
tide through environmental compliance” despite
some progress, compliance with the basic
obligations of the Waste Framework and the Landfill
Directive is yet to be achieved. What is certainly
worrying is the fact that the European Commission
is pursuing infringement proceedings against 12
Member States for non-compliance with the Landfill
Directive as well as there are some Member States
that are far from achieving the recycling targets and
still operate non-conform landfills. It is clear that
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there is a big difference between legislative requ-
irements and practice. Establishing a suitable waste
management system needs significant resources,
cooperation, and time, and waste management
approaches and policies are failing in many
countries (Cinéurak Erceg, 2024). So, achieving the
EU’s waste targets requires a significant effort and
achieving the goals will be neither quick nor easy.

5. CIRCULAR ECONOMY AND INDUSTRIAL
SYMBIOSIS AS A WAY TO REDUCE WASTE

It has already been mentioned that the qualif-
ication of waste may change, so what is considered
waste today can be a resource in the future. So, the
production process can be wused for the
transformation of waste, and the waste/by-products
of one industry can be the raw material of another.

De Rémph et al. mention the problem of defining
the term circular economy and state that no
commonly accepted definition exists. Nevertheless,
it can be said that the circular economy ‘is an
economy in which materials are used sustainably,
moving away from a linear (‘take—make—dispose’)
economy into a circular one” (de Rémph et al. 2020).
It is based on the idea that the value of materials is
maintained in the economy for as long as possible.
It aims at conserving resources, tries to minimise
and control the environmental as well as human
health impacts of the entire material system (de
Ro6mph et al., 2020). It also reduces the production
of waste to a bare minimum (Lopez-Portillo et al.,
2021).

The European Union has been implementing
measures in the circular economy framework since
2014 (Ofak, 2024). Commission’s Comunication of
2014 “Towards a circular economy: A zero waste
programme for Europe” pointed out the need to
evolve towards a more circular economy. In the year
2015, the first European Union Action Plan “Closing
the loop — An EU action plan for the Circular
Economy” (COM/2015/0614 final) was adopted. It is
a set of documents addressing the full material cycle
and includes several legislative proposals concern-
ing European Union waste law. In 2020, a new
Circular Economy Action Plan was adopted: “A new
Circular Economy Action Plan for a cleaner and
more competitive Europe” (COM/2020/98 final). The
new EU’s Circular Economy Action Plan “aims to
expand the circular economy to the mainstream
economic actors to achieve climate neutrality by
2050 and separate economic growth from the use of
resources, as foreseen in the European Green Plan”
(Ofak, 2024). However, it should be emphasized
that “there is currently no initiative for a ‘Framework
Directive’ on the circular economy that would bring
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all sectoral measures into alignment, and CEAP, as
an action plan, is not legally binding” (Ofak, 2024).
Critically analysing the Circular Economy Action
Plan, Ofak concludes that the new action plan
includes more legislative measures compared to the
2015 plan and that the examination of the advanc-
ement in the implementation of legislative measures
indicates that the Member States generally support
the actions outlined in it. However, Ofak also points
out that the suitability of the selected instruments for
transitioning the economy from a linear to a circular
model is uncertain. She clarifies, citing the results of
the research of other authors (Watkins, Van der
Ven and Bondi, (2023) The Missing Piece of the
EU Green Deal, The case for an EU resources law)
that the EU’s strategy for moving towards a circular
economy does not place sufficient focus on reducing
material resource usage through addressing cons-
umption habits.

The industry's negative impact on the envir-
onment worldwide is recognised as a serious
problem and environmental awareness is growing.
A significant part of this impact could be reduced by
improving resource efficiency. An important role in
the transition towards sustainable development also
has an Industrial Symbiosis. Chertow (2000) has
defined Industrial Symbiosis as traditionally separ-
ate industries engaged “in a collective approach to
competitive advantage involving physical exchange
of materials, energy, water and by-products. Industr-
ial Symbiosis involves the direct physical exchange
of materials, energy and/or by-products” (Chertow,
2000). So, Industrial Symbiosis is the bussines rel-
ationship between industrial facilities or companies
in which the waste or by-products of one become
raw materials for another. Both Circular Economy
and Industrial Symbiosis prioritize sustainability, but
they have different focuses. Circular Economy is a
broader concept, involving sustainable practices for
all materials and products. Industrial Symbiosis, on
the other hand, specifically targets industrial waste
and by-products. So, Industrial Symbiosis also
contribute to reuse of waste and by-products. With
the concept of Industrial Symbiosis, it is possible to
divert waste from landfills and reduce the negative
impact on the environment. On the one hand, from
a business perspective, Industrial Symbiosis can
reduce the need for raw materials and waste
disposal costs. From an environmental point of view,
the benefits of Industrial Symbiosis are the reduction
of consumption of natural resources and waste
disposal, as well as the reduction of emissions to air,
water and soil resulting from the production of saved
raw materials.
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CONCLUSION

Waste management was previously aimed at
protecting health and the environment from the
impact of littering, and more recently, it has been
focused on the resource value of waste. Poor waste
management is widely recognised as a source of
economic costs, health and environmental risks.
Waste management has been an essential concern
for European Union and Member States legislators.
Although numerous documents have been adopted
and the goals set are ambitious, the development
and progress of waste management and measures
for proper treatment and disposal of waste is slow.
In this sense, it is necessary to strengthen efforts in
order to achieve the set goals. It is necessary to
introduce regular activities to raise awareness about
waste, practices of prevention, reuse, recycling,
recovery of materials, etc. To significantly reduce
waste production, prevention is widely acknowl-
edged as the most important approach, taking
precedence over recycling and other waste manag-
ement strategies. In this context, ongoing education
and increased awareness about the importance of
minimizing waste generation are essential.

As shown in the paper, the European legal fram-
ework for waste management contains numerous
directives, regulations and policies. A large number
of regulations, as well as their frequent changes, are
difficult to follow. Also, although there are general
targets for waste reduction, precise mechanisms for
monitoring and measuring progress are often miss-
ing. Also, the implementation of all these different
directives can be complex and complicated. In
practice, the implementation differs greatly among
the Member States, which ultimately leads to the
failure to achieve the goals achieved.

Although the circular economy and industrial
symbiosis are mentioned as a possible way to
reduce waste and environmental pollution, it seems
that they are not used enough in practice, and the
regulations do not regulate them enough. The env-
ironmental goals of the European Union are ambiti-
ous, and their realization is necessary, and it is nec-
essary to invest additional efforts in their realization,
and the adoption of new legal rules will certainly be
necessary.
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Abstract: Through the perspective of planned green activities and modern organizations, the main subject of the paper is
(some) aspects of green finance. The idea of sustainable development is connected with all aspects of contemporary
human activity, especially in the last two decades. Climate change, which is increasingly serious and destructive to the
natural environment, has conditioned a new way of behaving. The concepts of sustainable business and sustainable
projects must be included in the organization's operations to protect the natural environment, which is necessary for every
form of life on Earth, including people. In contrast to the generation of funds in the economy of scale, sustainable initiatives
respect the social dimension, i.e., the “human” element, which is essentially the concept of not putting the environment in
greater danger, beyond the limit of self-cleaning, but to use renewable energy sources and advanced technologies. Since
people are the link between the economy and the environment, they must maintain a healthy lifestyle and engage in healthy
and quality activities. Sustainable finance includes the use of green credit lines and other financial instruments to finance
sustainability initiatives. Green projects, also known as sustainability projects, involve various investment interventions,
including Feed-in Tariffs (FiT), as well as incentives for the use of biomass, solar, hydropower, and aeolian (wind) energy.
A large number of international initiatives are being undertaken to raise capital and investments for sustainable
infrastructure at the global level. The Clean Technology Fund (CTF), the Global Environment Facility (GEF), and the Clean
Development Mechanism (CDM), established by the Kyoto Protocol, are just some of the initiatives promoting green
finance. The paper aims to highlight the importance of sustainable development and the implementation of all initiatives,
plans, and goals that derive from and support sustainability. One of the sustainable and very important directions is green
financing projects, as well as concepts of green economy instruments, to which considerable attention is paid in the paper.

Keywords: Green finance, Sustainable Management, Modern organizations, Organized activities, Sustainable
development, Green projects.

Sazetak: Kroz perspektivu planiranih zelenih aktivnosti i savremenih organizacija, glavni predmet rada jesu neki od
aspekata zelenih finansija. Ideja odrzivog razvoja povezana je sa svim aspektima savremene ljudske aktivnosti, posebno
u poslednje dve decenije. Klimatske promene, koje su sve ozbiljnijeg i destruktivnijeg karaktera za prirodno okruzenje,
uslovile su nov nacin ponaSanja. Koncepti odrzivog poslovanja i odrzivih projekata moraju biti ukljueni u poslovanje
kompanija kako bi se zastitila prirodna sredina, koja je neophodna za postojanje svakog oblika Zivota na Zemlji, samim tim
i ljudi. Za razliku od generisanja sredstava u ekonomiji obima, odrzive inicijative poStuju drusStvenu dimenziju, odnosno
Jjudski“ element, koji je u sustini koncepta da ne dovodi Zivotnu sredinu u veéu opasnost — iznad granice samociSéenja,
vec da koristi obnovljive izvore energije i napredne tehnologije. Posto su ljudi veza izmedu ekonomije i Zivotne sredine,
vazno je da odrzavaju zdrav nacin Zivota i da se bave zdravim i kvalitetnim aktivnostima. Odrzive finansije obuhvataju
kori§¢enje zelenih kreditnih linija i drugih finansijskih instrumenata za finansiranje inicijativa odrzivosti. Zeleni projekti,
poznati i kao projekti odrzivosti, podrazumevaju razne investicione intervencije, ukljuéuju¢i Fid-in Tarife (FIT), kao i
podsticaje za koriS¢enje biomase, solarne, hidroenergije i eolske (vetro) energije. Evidentno je da se preduzima veliki broj
medunarodnih inicijativa za prikupljanje kapitala i investicija za odrzivu infrastrukturu na globalnom nivou. Fond za Ciste
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tehnologije (CTF), Globalni fond za zivotnu sredinu (GEF) i Mehanizam C¢istog razvoja (CDM), uspostavljen Kjoto
protokolom, samo su neke od inicijativa koje promoviSu zeleno finansiranje. Rad ima za cilj da istakne znacaj odrzivog
razvoja i primenu svih inicijativa, planova i ciljeva koji proizilaze iz odrzivosti i podrzavaju je. Jedan od odrzivih i veoma
vaznih pravaca su projekti zelenog finansiranja, kao i koncepti instrumenata zelene ekonomije, kojima je u radu posveéena

znacajna paznja.

Kljuéne reéi: Zeleno finansiranje, odrZivo upravljanje, moderne organizacije, organizovane aktivnosti, odrZivi razvoj, zeleni

projekti.
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INTRODUCTION

The concept of a green economy gained prom-
inence after the UN Green Economy Initiative, led by
UNEP, which was manifested in the Global Green
New Deal document of 2008. The deal was a pack-
age of public investments, complementary policies,
and price reforms aimed at transitioning to a green
economy to address global poverty and its perm-
anent eradication (UNEP, 2011).

The definition of a green economy is given in the
UNEP Report “Towards a Green Economy”, 2011:
“A green economy is an economy that leads to
improved human well-being and social equity, while
significantly reducing environmental risks and envir-
onmental scarcity, and is resource efficient, social
and inclusive, and low-carbon” (UNEP, 2011).

The concept of a green economy is based on: a)
increasing activities for climate change resilience
with low-carbon development; b) sustainable and
balanced production, exchange, and consumption;
and based on c) economic and social benefits,
which are the drivers of green economic growth (llic,
2019). The concept of a green economy and green
growth is closely linked to the idea of sustainable
development, which is manifested in the practical
application of a low-carbon economy and a radical
transition to a green economy while preserving
natural resources and protecting the environment.
The hierarchy of the concept of greening the econ-
omy according to Adamowicz ranges from a new
green deal, green growth, through a green econ-
omy, to sustainable development, as the ultimate
instance (Adamowicz, 2022). Sustainability implies
the harmonization of three pillars: Economy, Ecol-
ogy, and Social component. The paper aims to
explain the concept of green finance as an integral
part of modern organizations, through the instrum-
ents of the green economy and certain principles of
sustainable development. The research method-
ology used in the paper is based on desk research
and literature review.
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1. GREEN ECONOMY INSTRUMENTS

According to Agarwal & Jain (2024), the financial
instruments used in green financing for green
projects are:

1. Green bonds, the sale of which uses the
money raised for energy efficiency, renewable en-
ergy sources, sustainable infrastructure, and green-
house gas (GHG) reduction;

2. Green loans, which encourage borrowers to
obtain favorable loans for “environmental ventures”;

3. Green equity, which involves buying shares in
companies and creating green funds for environm-
ental sustainability;

4. Carbon markets, where companies buy
carbon offsets to reduce greenhouse gas emissions;

5. Green insurance, to reduce the risks of env-
ironmental hazards due to climate disasters through
the use of insurance policies;

6. Green funds and sustainable investment
portfolios, which are used for investments in green
projects, combining investments from different inv-
estors; the investment portfolio applies environ-
mental, social, and governance (ESG) factors, and

7. Green grants and subsidies, offered by gov-
ernments or international organizations as incent-
ives for environmentally friendly projects (Agarwal &
Jain, 2024).

Financial policy and green economy instruments
are:

1. Discounted green loans, in connection with
which it is necessary to ensure reduced interest
rates for green loans;

2. Green bonds, where it is necessary to dev-
elop the green bond market by providing incentives
to banks and companies to issue them; and

3. Green companies and policies to improve the
conditions for the green economy and environ-
mental instruments (Gongsheng et al., 2015).

Green finance instruments are green bonds,
through which stakeholders raise money for green
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business activities and banking services such as
cash, insurance, lending, and mortgage insurance.
Green bonds are financial instruments designed to
finance environmentally sustainable projects and
the transition to a low-carbon green economy. An
increase in green bond issuance and market devel-
opment can only be achieved if there is investor
confidence, which is possible with bond premiums.
To ensure that green bond issuance yields contrib-
ute to the transition, standards such as the Europ-
ean Union Green Bond Standard (EU GBS) are
important, as they provide incentives for investors
(Pietsch & Salakhova, 2022). The International
Climate Bonds Standards (ICBS) are applied by the
Green Bond Principles for the certification of green
projects (CBI - Climate Bond Initiative, 2021).

The international standards define green bonds
as having the following characteristics:

1. They are debt instruments, or loans, used to
finance projects;

2. They are aligned with the proclaimed princ-
iples;

3. They apply best practices for internal control,
monitoring, reporting, and verification when used;
and

4. The financing is provided to achieve the
climate goals of the Paris Agreement.

Green bonds are classified as follows (Inderst,
Kaminker & Stewart, 2012):

1. Asset-linked bonds, such as green and
infrastructure projects;

2. Corporate bonds issued by green companies;
and

3. Bonds issued by institutions such as dev-
elopment, international, or financial institutions to
raise funds for green projects, such as the World
Bank, the European Investment Bank (EIB), the
European Bank for Reconstruction and Developm-
ent (EBRD), and the International Finance Corp-
oration (IFC) (Inderst, Kaminker & Stewart, 2012).

Green insurance is an important pillar of green
finance and bonds, as it contributes to achieving
sustainability goals and reducing risks in financial
operations through risk management, as it is
necessary to respect financial investments and
social responsibility. In contrast to the dominant
emerging market countries, other countries with
underdeveloped financial markets and underdev-
loped financial infrastructure have had green bond
issuances below potential.

Based on the IFC & Amundi (2024) study of
emerging market green bond financing, it was found
that China, although recording weaker growth, only
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18% compared to the previous year, issued the
largest amount of bonds, amounting to USD 89.13
billion, in 2023 (Table 1) (IFC & Amundi (2024). The
United Arab Emirates had the largest primary green
bond market after China, which is about 50% more
than the previous year.

Table 1. Issuance of green bonds

Issuance of green bonds in
Country billions of dollars - billion USD
2023 2012-2023

China 89,13 292,50
Saudi Arabia 6,70 11,1
India 5,08 5,0
Brazil 4,69 18,1
Turkey 3,30 4,80
Indonesia 2,09 10,1
Poland 2,05 10,0
Mexico 1,65 5,20
Chile 1,61 16,6
Thailand 1,25 4,80
Hungary 1,09 7,80

Source: IFC & Amundi, 2024
(adapted by the author)

Saudi Arabia issued $6.7 billion in green bonds
in the emerging financial market, followed by India
with $5.1 billion, Brazil with $4.7 billion, and Turkey
with $3.3 billion. Some countries, such as Indonesia
and Hungary, although they did not have a larger
amount of issuance than the previously mentioned
countries, had a green bond market that was regul-
arly established and functioning adequately during
2023 (IFC & Amundi, 2024). Among the countries
observed, countries that did not issue green bonds
are Bangladesh, Bosnia and Herzegovina, Ghana,
Nepal, Maldives, Paraguay, Sri Lanka, Honduras,
Barbados, Dominican Republic, Cabo Verde, Tun-
isia, and Samoa. In the green transition process,
strengthening financial capital and financial markets
in low-income and developing countries requires
legal regulation, harmonization of standards with
other jurisdictions, adequate management of financ-
ial instruments, and cooperation between governm-
ents and public and private institutions with intern-
ational investors. To increase demand for green
investments for activities that reduce carbon emiss-
ions in emerging markets and developing econ-
omies (EMDES), it is important to ensure greater
availability of capital and its affordable price
(Monasterolo et al., 2022). The Green Financial
Sector Initiatives (GFSI) are of great importance for
fiscal policymaking and the low-carbon transition.
Initiatives play an important role in fostering green
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investment for EMDES, as they have positive impl-
ications for regulating social and economic equity in
society and for macroeconomic and financial stab-
ility. It has been estimated that the need for green
investment capital in EMDEs is around 90% in
countries with underdeveloped capital markets,
which indicates that they have an important role in
solving the problem of harmful greenhouse gas
emissions and sustainable green development
(Monasterolo et al., 2022). Regarding green finance
sector initiatives, the activities of the European team
“Global Green Bond Initiative” (GGBI) to promote
the development of green bond markets in develop-
ing countries are significant. GGBI was established
by the European Commission and a consortium of
European Union development finance institutions,
under the management of the European Investment
Bank (Buki¢, 2024).

The regions and countries covered by the
financial support, promotion of green investment
and initiative by GGBI are: Asia-Pacific region:
Bangladesh, Fiji, India, Indonesia, Kazakhstan,
Malaysia, Mongolia, Pakistan, Philippines, Thailand,
Uzbekistan, Vietnam; Latin America and the
Caribbean region: Bolivia, Brazil, Colombia, Costa
Rica, Dominican Republic, Ecuador, Guatemala,
Mexico, Panama, Paraguay, Peru, Uruguay; Sub-
Saharan Africa region: Benin, C6te d'lvoire, Ghana,
Kenya, Namibia, Nigeria, Rwanda, Senegal, South
Africa and Uganda (GGBI - Global Green Bond
Initiative, 2021).

The support of the GGBI expert team consists of
activities such as:

1. Mobilizing capital from institutional investors
to be used for green bonds, climate change
mitigation, and environmental projects;

2. Diversifying access to private capital to
finance an inclusive green transition;

3. Establishing credibility for green bonds;

4. Reducing investment risks;

5. Attracting investors; and

6. Providing guarantees and establishing

investor confidence (GGBI - Global Green Bond
Initiative, 2021).

2. GREEN FINANCE

Green finance is a form of lending or investment
for energy efficiency, which reduces the use of
energy sources that are harmful to the environment
and achieves a reduction in greenhouse gases
(Greenhouse Gases - GHG). Green finance has
positive implications for achieving the climate goal,
which is manifested in reducing the increase in
average temperatures on Earth below 20°C. Acc-
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ording to lli¢ et al. (2019), green finance contributes
to a sustainable green economy and sustainable
development by investing in projects that help
mitigate climate change.

The green economy is a generator of new jobs
and a driver of the strategy against poverty, accord-
ing to some authors (lli¢, Duki¢, Balaban, 2019). The
goals of environmental sustainability and economic
progress are linked, as there is increasing evidence
that greening the economy affects greater emplo-
yment opportunities. A green economy is a socially
inclusive and low-carbon economy with efficient use
of natural resources (lli¢ & Stankovi¢, 2023).
Damani & Manjrekar (2024) have pointed out that
access to green finance is particularly important, as
it creates more equitable economic and social dev-
elopment in countries that are less developed and
poor and that have problems with climate change.
Thanks to access to green finance, a financial “gre-
en” product or service is created, which gradually
reduces harmful carbon emissions.

The potential is created to transform society with
the effect of a “large green multiplier”. Green activ-
ities covered by green finance are grouped into the
following categories (Damani & Manjrekar, 2024):

e Pollution prevention and control;

e Biodiversity conservation;

e Waste treatment and recycling;

e Development of a circular economy;
¢ Climate change mitigation;

e Sustainable use of land and natural reso-

urces;

e Use of renewable sources.

Green finance is supported by financial instit-
utions, green banks, green funds, and innovative
financial instruments such as green bonds and
carbon markets (lli¢, Stojanovic & Djukic, 2019).
Investments include the development of clean and
green technologies, national regulatory frameworks,
financial incentives for the conservation of natural
resources, and the reduction of greenhouse gas
emissions. Green finance channels financial flows
towards socially and environmentally responsible
enterprises. In modern conditions, financial mobil-
ization is one of the most important factors in supp-
orting ecological transformation to mitigate the
consequences of climate change and greenhouse
gases.

Green infrastructure finance framework is pres-
ented on Figure 1. It can be seen that the central
part of the financial framework is the financing and
advisory interface, which influences financial advis-
ory for the monetization of greenhouse gas emission
benefits (regenerated carbon, specialized green
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funds, bilateral donor aid, concessional export fin-
ancing and the modified Clean Development Mech-
anism), as well as for the monetization of local ben-
efits and rebalancing of disruptions with domestic
sources (Feed-in Tariffs, specialized green funds,

fiscal and tax incentives, direct subsidies, country-
specific carbon financing). On the other hand, the
analysis of the sustainability gap of green projects is
focused on the political environment and the
regulatory and institutional framework .

Policy Environment

Assessment
of Country’s Green
Investment Climate

Regulatory & Institutional
Framework

Anchored on
Country’s PPP Framework
and MRV Component

2
g
:

Monetizing GHG Benefits
(Internationally Sourced)

Regional Carbon Markets
Specialized Green Funds
Bilateral Donor Aid

Concessional Export Financing

Modified COM

Monetizing Local Benefits &
Rebalancing Distortions
(Domestically Sourced)

FiTs
Specialized Green Funds
Direct Subsidies

Fiscal and Tax Incentives

Country Specific Carbon Finance

Figure 1. Green infrastructure finance framework
Source: Baietti (2013)

For the economy to be carbon neutral, investm-
ents in clean transport, renewable sources, and
transition industries are of great importance. Green
lending is a form of financing alternative energy
sources by banking institutions, with the investment
having a 20% savings effect according to certain
qualifying criteria. The 20% savings percentage is
applied in most banks and international green
financing funds. Green lending is characterized by
advantages compared to standard loans.

The advantages are:

1. Investments are measurable against costs of
at least 20% and energy savings;

2. The rate of late payment of installments by
clients is even three times lower compared to the
entire loan portfolio; and

3. Green loans are long-term with a term of five
years or more, based on which mutual income ben-
efits are achieved for both the client and the bank.

The mechanism of green investment and the
development of the green financial market were
discussed by Noh (2018).

He advocated the traditional CAPM model
(Capital Asset Pricing Model - CAPM) for green inv-
esting, based on the theoretical concept of econom-
ic return. He revised the traditional model with a new
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approach because, along with economic return,
investors also expect “green value”, so the expected
“Rate of Return on Green Investments” is shown in
formula (1) (Noh, 2018):

TR=R+GR (1)
Where:
TR - Total return,
R - Return (economic return),
GR - Green Return.

The rate of return on green investments is the
sum of the economic return and the green return.
Noh (2018) concluded that “green” investors who
are financially oriented will emphasize the utility of
economic returns, while other investors will emph-
asize the green value and benefits of green returns.

3. GREEN FINANCING ORGANIZATIONS

The Global Green Bond Initiative (GBI) is a coal-
ition of development finance institutions and multi-
lateral organizations, that form a consortium,
namely: the European Investment Bank (EIB), the
European Bank for Reconstruction and Develop-
ment (EBRD), the Italian Bank (Cassa Depositi e
Prestiti), the Spanish Agency for International Devel-
opment Cooperation (AECID), Germany's KfW
development bank, and PROPARCO from the AFD
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group, which are actively involved in financing under
the Green Climate Fund. The consortium has est-
ablished a strategic partnership with the Inter-
American Development Bank (IDB) and the Inter-
American Investment Corporation (IDB Invest) to
promote a green financial bond market in Latin
America and the Caribbean (EIB, 2023). The
Finance Summit was held from 4 to 6 September
2023 in Cartagena, Colombia, where the Declar-
ation “Global Green Bond Initiative: A Shared Goal”
was signed in partnership cooperation to strengthen
the green finance market, which includes internat-
ional cooperation with local and regional developm-
ent banks around the world. In this way, opport-
unities are created to provide financial support and
assistance to partner countries for the development
of green and infrastructure projects through credible
and interoperable green bonds (EIB, 2024).

Multilateral Development Banks (MDBs) have
great importance in the financial market for green,
social, and sustainability bonds, which they issue
with their high credit ratings. The first green bonds
were issued by MDBs, which were the only ones to
issue them until 2012, while the first issuers of social
bonds on the market were multilateral organizations
and non-sovereign financial institutions. The EBRD
is a financial institution, in other words, the Europ-
ean Bank for Reconstruction and Development,
which improves the conditions of the Serbian capital
market by issuing dinar bonds, and the first issue in
Serbia. The main goal is to enable lending to the
Serbian economy in the national currency, thereby
contributing to a higher value of the currency, i.e.,
better dinarization. The focus of the EBRD institution
in Serbia is multidimensional (Ostoji¢, 2022). The
EBRD leads to a faster turnover of green energy,
emphasizing renewable energy sources, such as
solar or wind energy, thereby improving their impl-
ementation in district heating systems with its
financial instruments. The EBRD provides financial
support to sustainable infrastructure, which conn-
ects and strengthens regions in the country. Supp-
orting Serbian investment in the environment and
ecological infrastructure leads to more efficient
management of both pollutants, i.e., waste, and
better wastewater management (Dimi¢ et al., 2023).
Projects that do not affect air pollution are also
financed, as well as irrigation projects, which affect
the development of the circular economy. The
possibility of attracting private investors is opened,
while at the same time promoting sustainable
transport, i.e., investment in rail transport, connect-
ing the WBs region with the main corridors of
Europe.
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The project called “European Union for a Green
Agenda in Serbia®’, in cooperation with UNDP
projects and plans, encourages green innovations,
but also the energy transition in the WBs, i.e., in
Serbia. The regional office of the French Devel-
opment Agency (FDA), in charge of the WBs,
invested more than half a million euros in Serbia
over three years (2020-2023), while in other WB
countries, it invested twice as much (AfDB, 2024).
Through the action of the state and foreign partners
committed to sustainable development, it is possible
to attract new workers to newly created jobs, in jobs
enabled by the green financing program. Every
green action, from landfill remediation, air protect-
ion, to circular economy and recycling technology
using renewable energy sources, requires human
resources as the main carriers of the work (Nikoli¢,
2016). The German Development Bank (KfW) is
present as a green financing institution in Serbia, as
it allocates significant funds to decarbonization
projects and the circular economy. The projects
financed by KfW are: a) wind farms using wind
energy near Kostolac and within the Trans-Balkan
Corridor; b) Serbian municipalities in the treatment
of healthy and clean water; and c) wastewater
treatment (Djukic & llic, 2024). According to certain
estimates, for Serbia, it has been determined that in
2022 alone, around two hundred million dollars have
been allocated for green investments. The EU
initiative “European Union for the Green Agenda in
Serbia” has generated around two million dollars in
direct co-financing. Within the framework of the
Program, more than 20,000,000 USD has been
secured through the total investments made in
green projects (UNDP Serbia, 2023).

CONCLUSION

A properly designed green finance policy can
only lead to the expected results. Conversely, if the
policy is inadequate, negative effects and problems
occur: insufficient incentives for green investments
affect environmental pollution; if an adequate financ-
ial assessment of capital investments in green
industries is not carried out, there is a “waste of
financial resources” and the allocation of investm-
ents to industries with polluting emissions; and due
to unassessed risks, there is non-payment or
bankruptcy.

Three key factors are important for maximizing
the social welfare contributed by green projects with
green economy instruments: increasing returns from
green projects, reducing returns from polluting
projects, and increasing awareness among invest-
ors, consumers, and businesses, all of which
contribute to the most effective green economy
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policy and its implementation. To achieve the
expected benefits of green finance, recommendat-
ions were made with a review of the economic
mechanisms of green finance and for limiting
investments that negatively affect environmental
pollution, i.e., increasing carbon emissions. Promot-
ing green financial innovations, with the aim of a
more open, liquid, and efficient financial system by
taking measures such as: deepening the financial
capital market, diversifying financial products and
instruments, supporting the participation of institut-
ional investors, promoting competition, financial
inclusion for small and medium-sized enterprises
and low-income households, establishing financial
regulation, and developing financial innovations,
thereby improving the business environment.
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Abstract: Green hydrogen has been globally recognized as the fuel of the future, primarily aimed at reducing the footprint
of fossil fuels. The concept envisions hydrogen being utilized both as an energy source and as a means of energy storage.
Plans include its application in transportation, heating, and various industrial sectors such as the production of copper, iron,
aluminum, fertilizers, and cement. Due to its dual role and versatility across different applications, hydrogen energy is
gaining prominence and is increasingly acknowledged in the pursuit of a sustainable energy future. To bridge the gap
between its high potential and practical implementation. Artificial intelligence (Al) and its applications such as machine
learning (ML) are emerging as an indispensable tool in bridging this gap in prediction based on pre-generated variables,
and digital twin (DT) as a tool (Al) that provides the possibility of a virtual modeling platform. The Republic of Serbia is
facing challenges of a technical, financial and regulatory nature on the hydrogen map, and in order to connect to global
development directions in this area, the application of tools (Al) can be a good option related to strategic development. This
paper points to the possibility of applying tools (Al) in hydrogen energy at all stages of the life cycle, with a special focus
on the optimal design of hydrogen-based (PV) generation systems. As well as the integration of hydrogen systems with
wider energy networks and systems. The paper further clarifies the optimal-cost design of a Power-to-hydrogen (PtH)
system for hydrogen production. It points to the possibility of application (Al) in this model, and thus gives a recommendation
for the application of (Al) and its applications in the strategic development of hydrogen energy in the Republic of Serbia.

Keywords: green hydrogen, artificial intelligence, digital twin, power-to-hydrogen.

Sazetak: Zeleni vodonik je u globalnom smislu proglasen gorivom buducnosti, sa primarnim zadatkom da smaniji otisak
fosilnih goriva. Ideja je da se vodonik u buducnosti koristi kao energent, ali i kao baterija za skladiStenje energije. U planu
je da se vodonik upotrebljava za transport, grejanje, industrijske grane kao $to su proizvodnja bakra, gvozda, aluminijuma,
vestackog dubriva i cementa. Zbog dvojne uloge i primene u razli€itim aplikacijama vodoni¢na energija zauzima primat i
postaje sve viSe priznata u odrzivoj energetskoj buduénosti. Iz navedenih razloga potrebno je premostiti jaz izmedu visokog
potencijala i prakti¢ne primene. Vestacka inteligencija (Al) i njene aplikacije kao $to su masinsko u¢enje (ML) se namecu
kao nezaobilazan alat u prevazilazenju ovog jaza u predvidanju na temelju unapred generisnih varijabli, a digital twin (DT)
kao alat (Al) koji pruza mogucnost virtuelne platforme za modeliranje. Republiku Srbiju na vodoni€noj mapi o€ekuju izazovi
tehnicke, finansijske i regulatorne prirode, a da bi se konektovala na globalne pravce razvoja u ovoj oblasti primjena alata
(Al) moze biti dobra opcija vezana za strateski razvoj. Ovaj rad ukazuje na moguénost primene alata (Al) u vodoni¢noj
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energiji u svim fazama zivotnog ciklusa, sa posebnim fokusom na optimalno projektovanje sistema za proizvodnju vodonika
na bazi (PV-a, kao i integraciju vodoni¢nih sistema sa Sirim energetskim mrezama i sistemima. Rad dalje pojasnjava
optimalan-troskovni dizajn sistema Power-to-hydrogen (PtH) za proizvodnju vodonika. Ukazuje na moguénost primjene
(Al) u ovom modelu, te na taj nacin daje preporuku za primenu (Al) i njenih aplikacija u strateSkom razvoju vodoni¢ne

energije u Republici Srhiji.

Kljuéne reci: zeleni vodonik, vestacka inteligencija, digitalni blizanac, vodoni¢na energija.

INTRODUCTION

Green hydrogen production is a key factor for
decarbonizing the atmosphere and reducing the
carbon footprint, and all future climate change mit-
igation scenarios emphasize the need for hydrogen
to account for about 12% of global energy
consumption by 2050 (IEA, 2022, 2023; EC, 2020;
Department of Energy, 2020). Meeting such energy
demand requires an increase in hydrogen prod-
uction from the current 90 million metric tons (Mt)
per year to about 600 (Mt) by 2050 (IEA, 2022;
IRENA, 2022). Hydrogen is an energy source, but
also an energy carrier that should play a key role in
the decarbonization of industry and transport as the
branch with the highest carbon emissions (Rissman
et al., 2020; IRENA, 2020). Hydrogen is used to
store energy from renewable sources of electricity
(Terlouw et al., 2022), then as a chemical raw
material and precursor of synthetic hydrocarbons for
the production of e-fuels (Van der Spek et al, 2022;
Ueckerdt et al., 2021). Due to its high calorific value
compared to fossil fuels, hydrogen acts as an
energy vector, and hydrogen projects and devel-
opment policies around the world are experiencing
great momentum. Hydrogen and fuels derived from
it cover a wide range of applications in transp-
ortation, heating and industrial production such as
production of copper, iron, aluminium, artificial
fertilizers and cement. Despite the great potential,
green hydrogen production faces the challenges of
high capital investments (CAPEX) and operational
costs (OPEX). In order to ensure the economic viab-
ility of hydrogen production, in addition to finding the
optimal combination of renewable energy sources,
geographical location, suitable climatic conditions
and water electrolysis technologies, it is necessary
to find adequate sources of financing, and to adapt
the entity government's fiscal policy to development
projects. Renewable sources such as wind, water,
sun are potential and promising sources of green
energy (Terlouw et al.,, 2022; VanderSpek et al,
2022; Ueckerdt et al., 2021). However, there are still
significant limitations to their full development
because they are highly variable resources and dep-
end on weather conditions (EU, 2023a), which
prevents the optimal use of energy generated by
these methods (EU, 2023b). In this context, the
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need to develop methodologies and strategies to
solve these complex challenges becomes imper-
ative. Therefore, it is necessary to optimally design
the system for the production of hydrogen from
renewable sources, which includes the analysis of
the unit costs of hydrogen production (LCOH) as
well as the analysis of the costs of energy production
(LCOE) (Oliva, Garcia, 2023). This analysis must
carefully consider the technology used, the electr-
icity generation environment with meteorology,
(CAPEX), (OPEX), the financing rate, the efficiency
of renewable and electrolysis systems, as well as
the lifetime of these systems (depreciation).These
challenges have been addressed by several rese-
archers in the world with a focus on different issues;
Hassan et al. (2023) made a detailed review and
study on the production of green hydrogen from a
techno-economic, ecological and social perspective.
Scheepers et al. (2023) determined that the optimal
design and operation of the electrolyzer strongly
depends on the framework conditions under which
the operation takes place, such as the investment
costs in the electrolyzer and the price of electricity.
A strong dependence (LCOH) on the price of
electricity was also found by Superchi et al. (2023)
who conducted a techno-economic analysis of
green hydrogen production for the decarbonization
of steel production. Shams et al. (2021) use a
machine learning (ML) algorithm to predict wind and
(PV) energy constraints. Based on this, an original
planning model was developed to reduce the waste
of wind and (PV) energy using battery and hydrogen
storage systems. Al-Othman et al. (2022) have
comprehensively reviewed the application of (Al)
techniques in hybrid renewable energy systems
(HRES), especially solar (PV) and wind energy int-
egrated with fuel cells. This study further clarified
that the main strengths of the (Al) solution revolved
around predicting shortfalls (HRES) during peak
load periods as well as intermittent power gener-
ation. Al-falahi et al. (2017) conducted a compreh-
ensive review and critical comparison on optim-
ization approaches based on stand-alone solar and
wind hybrid energy systems. This study revealed a
growing interest in the development of stand-alone
optimization algorithms (HRES). To date, reported
optimization methods can be roughly classified into
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classical algorithms, modern techniques, and softw-
are tools. Modern techniques, based on some (Al)
algorithm, gain an advantage over classical
algorithms due to their ability to solve some complex
problems. Applications (Al) are powerful tools that
could solve the complexity of the energy transition,
improve system efficiency, reduce costs, and acc-
elerate the speed of the decarbonization transition
(Zhou et al., 2020; Zhou, Zheng, 2020). They are
primarily applied to the production of renewable
energy sources, demand forecasting, optimization
of network operation and energy demand manag-
ement (Hannan et al., 2021; Abdalla et al., 2021).
"The Republic of Serbia is constantly investing in its
energy potential, and therefore in renewable sourc-
es of sun and wind, so in 2025 it should get new wind
power plants with a capacity of 76 megawatts and
solar power plants with a power of about 62 MW,
which means that it will have wind parks with a
power of 684.2 MW on the network, of which the
installed capacity of new wind power plants will be
76 MW. The market premium will be used for 94.4
MW, and feed-in tariffs 60.3 MW of electricity will be
produced by solar power plants, of which 18.7 MW
are new capacities. The projected capacity of the
producers is 123.6 MW, of which the new capacity
is 61.7 MW. Solar and wind should produce 4.6
percent of the total production. The stated situation
is stated in the Energy Balance of the Republic of
Serbia for the year 2025, Official Gazette of RS No.
12/2025-28 of February 7, 2025.

The Republic of Serbia currently has two
conceptual projects in the field of green hydrogen
with the idea of developing experimental facilities on
them. The first one is called "Pancevo Hydrogen
Valley". It is about a project that would be located on
the Danube Corridor 7, one of the most important
European roads, which is actually a waterway along
the Danube from Germany to the Black Sea. The
idea of this project is to use solar and wind energy
to produce electricity, in order to further obtain green
hydrogen through electrolysis. Floating plants for the
production of electricity and hydrogen will be built on
the Danube or the Sava, on which mobile wooden
platforms would be placed, on which, on the first
level, there would be hydrogen tanks, and solar
panels or wind generators, or a mix of both, would
be placed above the tanks. The Port of Pancevo
represents a good technical opportunity to build a
pilot plant for the start of hydrogen production from
solar panels. The second project is the integration of
hydrogen into the existing gas pipeline infrastructure
of the pilot project in Sombor. What is important is
the percentage of hydrogen that will be released
through gas pipeline systems, due to its technical
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and safety nature. Since hydrogen is technically a
different type of gas than natural gas, the existing
infrastructure therefore requires certain changes
and adaptations. Therefore, it is important to see
what those changes are so that hydrogen can be
used and transported. In terms of investment, a
smaller plant would be developed that would
produce hydrogen from solar panels and then inject
it into the gas pipeline system. Experiences from
Greece, their preliminary tests, showed that hydro-
gen from 10 to 12% can be mixed with natural gas
in certain situations and up to 15% and that it can be
used as such in the existing gas system without
significant interventions on the system. This is the
reason that determines to develop this kind of
project, but also to use all the benefits and exper-
iences of this development project”. Source, official
announcement of the representative of the Ministry
of Mining and Energy of the Republic of Serbia in
Bloomberg Adria magazine.

The development of such experimental projects
requires the use of new technologies and the
application of powerful tools for the digitization of
engineering systems such as (Al) and its applic-
ations such as (ML) and (DT). Artificial intelligence
(Al) tools provide the opportunity to model new
systems through digitization, work on improving their
performance and reducing costs (Tai et al., 2023;
Leng et al., 2021). (Al) methods are mainly used to
predict variables generated at different stages of the
supply chain: renewable sources (wind speed, solar
radiation and ambient temperature), system output
power, user load and terminal price of electricity.
Industry 4.0 marks the transition to interconnected,
automated manufacturing, integrating technologies
such as the Internet of Things (loT) and cloud
computing. Industry 4.0 represents a significant
upgrade in the manufacturing sector, introducing the
concepts of a new generation of intelligent manuf-
acturing (Wang et al., 2021). Manufacturing systems
have the ability to observe physical processes and
generate the corresponding (DT) in the physical
domain. These systems are designed to acquire
real-time data from the physical environment, facil-
itating simulation analysis. This strategy aims to
improve efficiency and productivity while offering
greater flexibility in manufacturing processes, mak-
ing a step towards more agile and responsive
manufacturing systems (Semeraro et al., 2023; He,
Bai, 2020). A very important element of this era is
(DT) technology, which connects physical and digital
entities. In this way, production efficiency and
innovation are increased by creating digital versions
of physical systems for detailed analysis and
optimization. The emergence of (DT) technology
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has opened new avenues to address this challenge
in which production systems possess the ability to
observe physical processes and generate the corr-
esponding (DT) in the physical domain. These syst-
ems are designed to acquire real-time data from the
physical environment, facilitating simulation analys-
is. This enables the execution of decisions, supp-
orted by real-time communication and in coop-
eration with human operators (Leng et al., 2021).

This paper indicates the importance of hydrogen
energy in the context of energy transition globally
and in a certain way gives recommendations and
achievements for the development of hydrogen
energy in the Republic of Serbia. There are many
challenges facing hydrogen energy in the Republic
of Serbia and they range from producers to
regulators to customers, and they are burdened with
technical, technological, financial and safety chall-
enges. All these challenges create an opportunity for
development in the mentioned areas, these opp-
ortunities must be recognized and supported by
investors, users, the scientific community, research
centers and ultimately the State. Another dimension
consists of benefits through the possibility of inter-
national financing, access to funds from EU funds, a
significant part of which are grants.

The paper aims to identify and propose the best
solutions for overcoming the challenges that the
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green hydrogen sector in the Republic of Serbia
should face with the help of (Al) and its applications.
In chapter number 2, the system approach is pres-
ented and the methodology of design and devel-
opment (PtH) of the system supported by tools (Al)
in order to optimize the process is presented.
Chapter 3 provides a brief overview of global chall-
enges in the field of (Al) and green energy to under-
stand the importance of these areas. It further
focuses on the regulatory framework and the current
situation in the Republic of Serbia in order to identify
the entity's potential in future research and devel-
opment projects..

1. SYSTEM DESIGN METHODOLOGY (PtH) AND
THE ROLE OF TOOLS (Al) IN PROCESS
OPTIMIZATION

Power-to-hydrogen (PtH) system is shown in
Fig.1 (Marocco et al., 2023). The electrolyser is
powered by electricity that comes from an on-site
solar (PV) system or from the grid. Hydrogen
storage is included to reliably cover the end user's
hydrogen demand. Battery storage can also be
integrated to improve the exploitation of the local
solar resource. Finally, excess renewable energy, if
not stored, can be fed into the electricity grid to
improve the profitability of this business model.

Hydrogen storage

Pyis.cn Pys.ac
e
Py ! 9 A QO
=l Pgrout \4 Pio i, - —
B e o
Hydrogen
Electrolyser demand

Figure 1. Scheme of the (PtH) system

Here, three different power balances must be
satisfied for the simulation time periods. The first
power balance (electricity, in kW) is expressed as
follows:

Ppv(t)+Pgs,dc(t)=Pss,ch(t)+Pprv,ss(t) Q)
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Where PPV(t) is the power generated by the (PV)
plant, Pss.dc is the battery discharge power, Pgesch is
the battery charge power and Pev ss is the net power
output of the solar/battery subsystem. The battery in
the (PV) system is designed as a support for maxim-
izing the exploitation of renewable energy sources
on site.

ECOLOGICA, Vol. 32, No 118 (2025)
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The second power balance (electrical energy, in
kW) defines the interaction (PtH) of the system with
the electrical network. The electricity required for the
electrolyser can be taken from a solar (PV) plant or
from the grid. That is, excess renewable energy can
be delivered to the grid:

Ppv, Bs(t)+PcRr buy(t)=PEL,in(t)+Pcr sei(t) (2)

Where Pcr,pay is the power purchased from the grid,
Pcrsell is the power sold to the grid, and PeL,in is the
input power of the electrolyzer.

The third power balance (hydrogen, in kW)
refers to the production of hydrogen in the
subsystem. It determines the output power of the
electrolyser and the power exchange with the
hydrogen storage to cover the hydrogen demand of
the end user. This can be expressed as follows:

PeLout(t)+Phs,dc(t)=PHs,ch(t)+PLp,H2(t) 3)

Where eLout iS the output power from the electrol-
yzer, Puspc is the hydrogen storage discharge
power, Pusch is the hydrogen storage charging
power and PipHz is the hydrogen demand that must
be covered (which is set as input to the problem).

The modulation range of the electrolyzer is
defined according to the following expressions:

PPL,in(t) 2 YEL min* PEL rated,aux (t) (4)
PPL,in(t) < YEL max- PEL rated, aux (t) (5)

Where yeLmin and YeLmax represent the lower and
upper limits of the modulation range of the
electrolyzer (they are defined as a percentage of the
nominal power of the electrolyzer). PeL rated,aux IS an
auxiliary variable introduced to describe the product
of the design variable PeLraed, rated (continuous)
and the variable variable deL (binary);

PeL, rated,aux(t)=PEL,rated'éEL(t) (6)

Where &eL is a binary variable that is in state “1” if
the electrolyzer is on and in state “0” if the elect-
rolyzer is off. The partial load performance curve is
used to model the operation of the electrolyzer
(Marocco et al., 2023). For each point of the mod-
ulation range, the curve relates the output power of
the electrolyzer (for hydrogen) to the input power of
the electrolyzer (for electricity). One of the most
striking aspects of the application of (Al) is related to
electrolysis for hydrogen production, i.e. (Al)-based
electrolyzer performance optimization. They are
used in the development of new catalysts for hydr-
ogen production, enabling inventions in energy
production techniques (Le et al., 2021). In the field
of hydrogen fuel cells, Al enables real-time operat-
ional optimization by predicting the performance of
solid oxide fuel cells while taking into account other
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important parameters such as CO2 hydrogenation
and hydrogen power density (Peksen, 2023).

Energy storage technologies, at any time step,
the amount of energy in the battery storage can be
calculated based on the energy stored in the
previous time step and the working power of the
battery:

Egs(t+1) = (1-0ss)-Ess(t) + Nes.ch-Pss.cn(t)-At
- (PBS,dc(t)'At)/r]BS,dc (7)

Where Ess (in kWh) is the energy stored in the batt-
ery storage, and oss (in %/h) is the self-discharge
coefficient for storage batteries (that is, energy
losses expressed as a percentage of the nominal
energy in each time step), nes.ch (expressed in %) is
the battery charging efficiency, nss,ac (expressed in
%) is the battery discharging efficiency and At (in
hours) is the duration of the time step. Analogously,
the behavior of hydrogen storage technology is
described by the following linear function:

Ens(t+1) = Ens(t) +Puscn(t)-At - Phs,ac(t)-At - (8)

Where Ews (in kWh) is the energy stored in the hydr-
ogen storage. It should be noted that, unlike battery
storage, the self-discharge coefficient does not
appear in the energy balance of Eq. (8) because
self-discharge losses for hydrogen storage are
negligible. Inequalities (9) and (10) are introduced to
limit the amount of energy that can be stored (with |
= BS, HS):

E](t) 2 Ej,rated'yj,min (9)
E](t) < Ej,rated'Yj,max (10)

Where yjmin and yjmax are min and max state of
charge (SOC) values of the jth storage technology
(Marocco et al., 2023).

Artificial Intelligence (Al) is becoming an ess-
ential factor in optimizing hydrogen storage systems
to provide balancing for seasonal electricity needs,
reduce energy insecurity for vulnerable communities
and lower seasonal price spikes (Izadi et al, 2022).
Figure 2. shows multiple approaches to store hydr-
ogen, such as liquid, gaseous and solid fuel, and
then using fuel cells can be converted into energy
(Yun et al., 2024). One of the obstacles to hydrogen
storage is the storage conditions as it requires low
temperatures, high pressures and chemical proc-
esses. Applications (Al) and (ML) optimize hydrogen
storage systems as they can analyze vast amounts
of material data and improve the stored density and
material properties. By integrating storage monit-
oring and data collection systems, they enable pred-
ictive maintenance as it can track wear and potential
failure events to increase safety. Hydrogen can also
be separated from natural gas and drawn from the
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pipeline network for end uses that require pure hydr-
ogen. (Al) can play a constructive role in enabling
the use of hydrogen in two ways namely; the first
way is to set the appropriate concentration of the
mixture considering the real-time data on pipeline

characteristics and natural gas composition and the
second way is to optimize the locations for injection
and withdrawal of pure hydrogen from the natural
gas pipeline (Melaina et al., 2013).

H, Storage

4

v v
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I Underground storagel { Metal Hybrid
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Figure 2. Conductor storage technologies, (Yun et al., 2024)

The function of optimizing the hydrogen supply
system during its life cycle includes total net costs
(NPC)O. Total NPC (Cnpctot) includes capital
(CAPEX) and operating (OPEX) costs:

(11)

Cnpe,tot =CnpPc,capex.tot + CNPC,opex,tot

The term Cnpc capex tot IS the investment in the project
which is the sum of all the capital investments in the
(PtH) system, including the (PV) generator, storage
batteries (PV), electrolyser, hydrogen storage and
infrastructure network equipment for (PV) and
conductor.

CNPC,capex,tot = Ccapex,PV + Ccapex,BS

(12)

The Cnrc,opex.tot term is instead calculated according
to the following expression (with j = PV, BS, EL, HS):

+ CecapexEL + Ccapex,Hs

N Zj Copex,j+CGR,bay

n=1 (1+d)" (13)

CNPC,opex,t =
Where N (expressed in years) is the lifetime of the
project, Copex, is the annual operating cost of the jth
component, Cerbuy is the annual cost due to electr-
icity purchased from the grid and d is the discount
rate (expressed in %). Copex; is calculated as part
(CAPEX) of the jth component. It also includes repl-
acement costs in case the jth component has to be
replaced during the nth year. It is important to point
out that the target is the function of Cnpec o, it does
not include revenues from the sale of surplus (PV)
energy. This exclusion aims to prevent the (PtH)
system from being oversized for the purpose of
selling electricity to the grid, which is not even its
primary goal (Marocco et al., 2023).
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Artificial intelligence (Al) and its algorithms are
key in enhancing the accuracy and efficiency in the
performance of various power generation systems.
By integrating historical data with meteorological
forecasts, Al systems can develop highly accurate
predictive models for energy output parameters
(Sarma, Parmar, 2024).

In order to provide general criteria for the design
(PtH) of the system and to describe its techno-
economic and environmental performance, it is
necessary to introduce different indicators, namely;
System design indicators, energy indicators, econ-
omic indicators and environmental indicators and
indicators.

Power ratio (PV) ratio (Rev is defined as the ratio
between (PV) rated power and electrolyzer rated
power:

(14)

Electrolyzer ratio (ReL) is defined as the ratio of
electrolyzer power to the average hydrogen load:

(15)

Where neLrated (€Xpressed in %) is the efficiency of
the electrolyzer under nominal conditions, and
PLp,H2,avg (in KW) is the average hydrogen load that
should cover the power.

Autonomy of hydrogen storage (Ans, in h) me-
ans the time period during which the hydrogen
storage is able to cover the average hydrogen
demand. It can be defined as the ratio of HS size to
average hydrogen demand:

Rpv = PPV,rateo/PEL,rated

ReL = (PEL rated* NEL rated)/PLD H2,avg

Ans = Ens rated/PLb H2,avg (16)
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Battery storage autonomy (Ass, in h) shows how
long battery storage is able to cover the electr-
olyzer's energy needs under nominal conditions. It
is determined by the ratio of the storage size of the
battery to the nominal power of the electrolyzer;

(17)

It is important to note that battery storage auton-
omy is defined in relation to the load that the battery
(rated capacity) should meet, especially the rated
power of the electrolyzer.

Energy indicators, Utilization (Upv, in %) indic-
ates the share (PV) of energy used by the electr-
olyser for hydrogen production, the remaining share
(PV) of energy can be limited or delivered to the grid.
This indicator is thus defined from the perspective of
the (PtH) business case:

Ass = EBS,rated/PEL. rated

U _ 2le1(PELin(DAt—PGR puy (£)AL)
PV Zz=1(PPV,BS(t)At)

(18)

Electrolyzer utilization (UeL, in %) measures the
energy utilization of the electrolyzer compared to the

maximum amount it can use without any
interruption:
Up, = Y1 (PELin(t)AL) (19)

Z{=1(PEL,rotedAt)

The share of the grid (yer, in %) represents the
part of the electricity consumed by the electrolyser
that comes from the grid, and the rest is produced
locally by the (PV) plant:

_ Zia(Parbuy(DA0)
Yer 211 (PELin(D)AL)

(20)

The Share (PV) expressed as (yev, in %)
represents the part of the electricity consumed by
the electrolyser that comes from the (PV) plant on
site. It can be calculated based on network
participation as follows:

Ypv=100%-YyGR (21)

Economic factors, the levelized cost of hydrogen
(Chz2, price per kg) indicates the average net present
cost of hydrogen production for a (PtH) system over
its lifetime. It can be expressed by the following
expression:

_ Cnpctot—CGRsell
Cor =—Z 7,
ZN H2

n=1(1+d)n

Where Cnpctot is the NPC of the (PtH) system
during its lifetime, calculated by formula (11), and
Ccr is the annual revenue from the sale of excess
electricity to the grid, and M2 (kg in y) is the amount
of hydrogen produced annually by the (PtH) system.

(22)

ECOLOGICA, Vol. 32, No 118 (2025)

Environmental indicators, carbon footprint of
hydrogen (gnz, in kgcoze/kgHz) indicates kilograms of
CO:2 equivalents (CO2,e) emitted per kilogram of
hydrogen produced:

e _ZZ:l(PGR,buy(t)AtSGR10_3)
H2 = ST (PELout(DAtAREE)

Where €cr (in gcoz,e/kWh) is the carbon intensity of
electricity (ECI), i.e. how many grams of CO: are
released per kilowatt-hour of electricity drawn from
the grid (refers to the country mix) and Ahn2 (in KWh/
kgr2) because the heating value (LHV) of hydrogen
is lower (Marocco et al., 2023).

Levelized cost of energy production (LCOE) per
megawatt is the sum of investment in electricity
production assets and operating costs during the life
of the project, divided by production capacity in the
same period, discounted at a financing rate that
recognizes the time value of money (Burdack et al.,
2023). To determine levelized energy costs:

(23)

At(1,15)

n )

lo+2e=17
n My
t=11+pt

LCOE = (24)

Where different variables are considered: (lo) repr-
esents the initial investment of the project, which
includes mainly (CAPEX), i.e. investment in fixed
assets, (A indicates (OPEX) operating costs of the
project, among which maintenance costs and profit
tax (in the Republic of Serbia at a rate of 15%) are
distinguished. The financing rate is denoted as (i),
and (t) corresponds to the analysis period, usually
set at 25 years, (Mt) represents the electricity
generated in megawatt hours (MWh). The LCOE
decreases over the years because the initial inv-
estment is reduced due to the fact that the techn-
ology has come down in price as it progresses and
becomes more widely used, making it feasible to
undertake projects involving this type of energy.

The levelized cost of hydrogen production
(LCOH) represents the total cost of producing one
kilogram of green hydrogen, taking into account both
the initial investment and the operating and asset-
related costs involved in the production process
(Burdack et al., 2023):

I+ S AL

P
n—-1_70¢t
L=y a+pt

LCOH = (25)

Where (Py) represents the production of hydrogen
per year in kilograms (kg). This cost is an encour-
aging prospect, as it is predicted to decrease sign-
ificantly over the years, which will allow a compet-
itive price to be achieved compared to fossil fuels.
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It is applications (Al) such as machine learning
(ML) architectures integrating technologies such as
the Internet of Things (loT) and cloud computing that
can connect complex interdependencies in large
data sets, but also simulate human cognitive proc-
esses to improve system efficiency. In parallel, (ML)
algorithms autonomously continue to improve their
predictive accuracy in a self-learning algorithm by
importing new data into the models, which helps to
model the complex physical and operational prop-
erties of energy systems (Sarma, Parmar, 2024;
Burdack et al., 2023). Thus improving production
performance with decreasing costs at the same
time. These multi-domain applications (Al) are ess-
entially illustrative of the revolutionary capabilities of
(Al) in redefining hydrogen-based energy systems to
support sustainable energy technologies (Kalinci et
al., 2015). These technologies enable condition-
based monitoring for fault removal, condition-based
maintenance, and control of other variables to
achieve optimal hydrogen production with the least
amount of energy consumed, while offering real-
time monitoring of the electrolysis process (Oladosu
et al.,, 2024; Lv et al., 2024; Abdelkareem et al.,
2022; Shoaei et al., 2024).

2. GLOBAL CHALLENGES AND REGULATORY
FRAMEWORK IN THE FIELD (Al) and (OIE) in the
REPUBLIC OF SERBIA

2.1. Global perspectives on artificial intelligence
(Al) and green energy

The hydrogen-based economy has attracted the
attention of more than 75 countries around the world
to address the challenges of energy security, climate
change and carbon emissions. The economies of
these 75 countries account for more than half of the
world's GDP, and their governments are investing
billions of dollars in green hydrogen projects. Total
hydrogen investment globally is likely to reach $300
billion by 2030, accounting for 1.4% of the global
energy stock. In order to achieve net zero emissions
by 2050, CO2 emissions must be reduced by 45%
by 2030 (Raman et al., 2022). Tools (Al) are recogn-
ized as being able to contribute to change, providing
new ways to maximize the utility of energy systems
operation, automation and control. A competitive
policy framework related to the circular economy
should be developed, adapting to new trends, form-
ing sustainable development, which will improve the
circular economy (Danish, Senjyu, 2023).

2.2. Regulatory framework in the field of Artificial
Intelligence (Al)

The current projection shows that the value of
the artificial intelligence market at the world level is
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more than 184 billion dollars, and that by the end of
2030 this market will reach the value of 826 billion
dollars. According to the report of the European
Commission: artificial intelligence will significantly
contribute to the automation of 14% of jobs, while
another 32% of occupations will experience major
transformations. The Government of the Republic of
Serbia has adopted the Strategy for the Devel-
opment of Artificial Intelligence for the period from
2025 to 2030. This strategy will continue the accel-
erated development of artificial intelligence in
Serbia, as a continuation of the strategy adopted in
2019. Serbia, as the first in the region of Southeast
Europe, made a step forward in the management of
the development of artificial intelligence and
positioned itself as a leader in the region, which was
also recognized through the chairmanship of the
Global Partnership for Artificial Intelligence. The
strategy includes further development in the areas
of the legislative framework, investments in educ-
ation, innovation and infrastructure, as well as incre-
ased application in the public sector. By adopting
this strategy, the plans are aligned with the latest
developments in the field of artificial intelligence,
while the further development and application of this
technology traces the path to the modernization of
the state and society as a whole, following the goals
of the "Leap into the Future 2027" program. The
strategy was created as a result of a wide range of
consultations of the professional community with the
expert opinion of the Government Council for
Artificial Intelligence.

2.3. Integrated energy and climate plan as a basis
for development (OIE)

It is important to note that in the Republic of
Serbia, progress has been made in the field of the
legal and political framework for the implementation
of projects to reduce emissions and decarbonize the
atmosphere, because on March 23, 2021, the Law
on Climate Change (Official Gazette of RS No.
26/2021) was adopted, which more closely defines
the area of decarbonization, reduction of carbon
dioxide emissions and fulfilment of obligations
under the Paris Agreement and other acts of intern-
ational law (EU regulations). Also, in the Republic of
Serbia, there is a noticeable increase in collective
awareness of environmental protection and pollution
reduction, which primarily relates to air quality,
which is threatened by the emission of carbon
dioxide and other harmful substances.

In addition to the above, the following strategic
documents were also adopted: Decision on determ-
ining the Energy Balance of the Republic of Serbia
for the year 2025 (Official Gazette of RS No.
12/2025-28 of 07.02.2025); Energy Development
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Strategy of the Republic of Serbia until 2040 with
projections until 2050; Initial basis of the energy
infrastructure development plan until 2028 with
projections until 2030; Integrated national energy
and climate plan of the Republic of Serbia for the
period up to 2030 with a vision up to 2050. "By
adopting the Integrated National Energy and
Climate Plan for the period up to 2030 with
projections up to 2050, we have defined a "road
map" in the process of energy transition. In acc-
ordance with the imperative of decarbonization, the
most significant changes are foreseen in the way of
electricity production, where the determination is to
significantly increase the capacities that use RES
(Andrejevi¢ Pani¢ et al., 2024).

Our goal is to provide 3.5 GW of new green
energy from solar and wind power plants by the end
of the decade, which means that almost every other
megawatt-hour of electricity produced must be from
RES". This was announced by the Ministry of Mining
and Energy of the Republic of Serbia and published
on the official website.

CONCLUSION

Artificial intelligence (Al) is the fastest growing
branch of computer science and engineering, and
hydrogen energy is the most important area in
achieving energy security with a positive impact on
climate change. Hydrogen energy acquires a special
importance and role in the decarbonization of
industry and transport as the branch with the highest
carbon emissions, then in balancing the power and
capacity of electric power networks, scientific and
technological development, the development of
innovative financing models, the influence on the
creation of the profile of the optimal price of
electricity and ultimately the development of the
entity's economy. On the other hand, artificial
intelligence (Al) plays a key role in modeling differ-
ent energy systems, with a special focus on (OEI).
(Al) methods enable more intelligent planning,
management, forecasting of variables in supply
chains, more convenient configuration, optimization,
control and prognostic maintenance of both indiv-
idual and integrated energy systems.

The paper provides a methodological approach
to the development of hydrogen energy through
development (PtH) model and brings examples of
good practice of application (Al) globally in all
phases of development, implementation, product-
ion, transport and storage. It further focuses on the
energy market, the price movement of energy
equipment and the analysis of the economic justif-
ication of hydrogen energy production with examp-
les from the environment. The Republic of Serbia is
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constantly investing in the energy sector, with a
focus on renewable energy sources, but also in the
field of (Al) where significant progress has been
achieved. This paper points to good practices and in
a certain sense recommends the synergistic action
of the energy sector and (Al) which should jointly
generate benefits and give strong momentum to the
development of hydrogen energy. Only the synerg-
istic action of these sectors, the transfer of knowl-
edge and scientific and technological achievements
can contribute to the development of hydrogen
energy. The development of hydrogen energy in the
Republic of Serbia should certainly be adapted to
the existing electricity and gas development plans in
order to avoid multiplying resources and costs. This
approach would create a well-founded scientific
platform for adopting a hydrogen strategy as a key
document for the future development of hydrogen
energy. Global trends and scientific research show
that challenges in the hydrogen energy sector exist
with goals up to half a century, and the development
chance should be based on such a platform. While
the challenges in the sector (Al) and green energy
there are opportunities for growth and development
is based on realistic assumptions for the realization
of multiple benefits, which is ultimately reflected in
GDP growth. The recommendation for future rese-
arch can be directed to the analysis of the state of
the existing power and gas infrastructure, the techn-
ical and economic justification of the establishment
of new production capacities, the possibility of
integrating hydrogen energy into existing energy
capacities, prognostic maintenance, security and
resilience of energy networks and capacities.
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Abstract: The paper contains information on the features of phytogeochemical profiles for industrial sites in
Donbass — coal mine dumps. The studies were conducted using a multi-stage system of using statistical techniques
in mathematics and elements of artificial intelligence in making decisions on the selection of priority pollutants and
reference chemical elements to restore missing data. Intelligent visualization of analytical control data of
biogeochemical processes is a unique profile of information reflecting similar series for the nature of technogenic
pollution of the environment. For the first time, gradients of accumulation of individual elements in the tissues of an
indicator plant were established, which is considered in the future as a remediant in the restoration of disturbed
ecotopes of Donbass.

Keywords: technogenesis, intelligent data visualization, statistical methods, phytogeochemistry, phytoindication,
environmental monitoring, Donbass.

Sazetak: Rad sadrzi informacije o karakteristikama fitogeohemijskih profila za industrijske lokacije u Donbasu -
odlagalista rudnika uglja. Studije su sprovedene koriS¢enjem viSestepenog sistema koriSéenja statistiCkih tehnika u
matematici i elemenata vestacke inteligencije u donoSenju odluka o izboru prioritetnih zagadivaca i referentnih
hemijskih elemenata za obnavljanje nedostajucih podataka. Inteligentna vizuelizacija analitiCkih kontrolnih podataka
biogeohemijskih procesa je jedinstven profil informacija koji odrazava sli¢ne serije za prirodu tehnogenog zagadenja
Zivotne sredine. Po prvi put su utvrdeni gradijenti akumulacije pojedinacnih elemenata u tkivima biljke indikatora, sto
se u buduénosti smatra remedijantom u restauraciji poremecenih ekotopa Donbasa.

Kljuéne reci: tehnogeneza, inteligentna vizuelizacija podataka, statistiCcke metode, fitogeohemija, fitoindikacija,
monitoring zZivotne sredine, Donbas..
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INTRODUCTION

The system of quantification of natural envir-
onment objects under technogenesis conditions
involves the use of certain analytical procedures and
methods of secondary synthesis if the set of inform-
ation on the state of a local ecosystem represents
large arrays of quantitative results (Ermakov, Jov-
anovic, 2012; Korniyenko, Kalaev, 2022; Rouhani,
Skousen, 2023). For most of the territory of Donb-
ass, the introduction of methods for restoring dist-
urbed ecotopes is a priority environmental task due
to significant transformations as a result of incre-
asing anthropogenic activity (Dogadkin et al., 2024;
Nespirnyi, Safonov, 2024; Safonov et al., 2024).

The purpose of the work is to visualize a model
of several phytogeochemical profiles characteristic
of the waste heaps of Donbass using methods of
mathematical statistics based on elemental analyt-
ical control data. At the same time, an important
stage in the advancement of scientific research is
the approach of using the capabilities of artificial
intelligence for: 1) restoring missing data, 2) rec-
onstructing historical processes of nature manag-
ement in the region, 3) modeling those patterns that
are characteristic of the industrial environment, 4)
making decisions about the belonging of a specific
sample of the phytogeochemical environment to a
specific system of the geochemical province in a
technogenically disturbed region.

Previously conducted studies (Safonov et al.,
2023, Safonov et al., 2024; Zinicovscaia et al., 2024)
obtained some patterns of migration and accum-
ulation of chemical elements (including toxic and
man-made) for the Donbass ecosystems under con-
ditions of intensive economic activity.

Professor V.V. Ermakov (1939-2025 years of
life) contributed greatly to the development of such
research; he is the author of the experimental ide-
ology and the beginning of work on collecting plant
materials at man-made sites in the modern cond-
itions of Donbass. The Vernadsky Institute of Geo-
chemistry and Analytical Chemistry greatly helps
scientists in Donbass, taking into account the
difficult material conditions that arose during the
military events.

The task has been completed within the frame-
work of the youth laboratory “Diagnostics and mech-
anisms of adaptation of natural and anthropo-
genically transformed ecosystems of Donbass”,
Azov-Black Sea Mathematical Center. Part of this
work performed at the Vernadsky Institute of Geo-
chemistry and Analytical Chemistry was supported
by the Ministry of Science and Higher Education of
the Russian Federation, within the budget theme of
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the Vernadsky Institute of Geochemistry and Anal-
ytical Chemistry, Russian Academy of Sciences.

1. MATERIALS AND METHODS

The work uses analytical control metdods:
atomic absorption, mass spectrometry with induct-
ively coupled plasma, and the neutron activation
analysis method. The importance of such studies is
due to the fact that there is no data on modern
pollution in the region, and military events are also
underway, which also adversely affects the sustain-
ability of ecosystems. At the same time, it becomes
possible to conduct an examination in a partially
remote format using a database and artificial intell-
igence programs to restore a holistic environmental
picture in dynamics and modern development.

For cases when the results of analytical control
and structural-botanical examination represent frag-
mentary information, a special method of restoration
(imputation) of missing information in a specific
series (sequence) of features has been developed.

The presented work functionally combines
methodological techniques for assessing the ingr-
edient composition of plants (using the established
remediant Phleum pratense L. as an example) as
part of the programs for phytochemical assessment
of raw materials, and takes into account cenotic
patterns using the example of successional process-
es of vegetation formation under the impact of
accumulated damage objects. The main objective of
the study was to visualize the data, the correct
interpretation of which is possible with a more det-
ailed examination and accumulation of information.

Geophysical and geochemical parameters in
industrially developed regions are characterized by
a certain dynamism of variability if specific interv-
entions are observed (Jovanovic¢ et al., 2023; Koles-
nikov et al., 2022; Yeprintsev et al., 2023), which is
relevant for the territory of Donbass during military
events (Dogadkin at al., 2024; Safonov et al., 2024).
Some phytogeochemical features of coal mine
dumps in Donetsk and Makeyevka were determ-
ined. The results obtained are in the stage of const-
ant supplementation with new information, which
determines the need for their ordering. Phytogeo-
chemical series of contrasting conditions of Donb-
ass were formed for different taxa and zones of
ectopic confinement, for example, using indicator
species of bryophytes (Zinicovscaia et al., 2024).
The work uses methods of geochemical control and
the possibility of using data for remediation of
disturbed soils, ecotopes in an industrially tense
region (Fernandez-Brafa, Salgado, 2023), which is
typical for places and areas of mineral extraction,
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construction of coal mines, landscape disturbance
and high levels of environmental pollution (KFibek et
al., 2028; Massante, 2015; Zheng et al., 2024).

2. RESULTS AND DISCUSSION

The classical approach to the analysis of data
on geochemical provinces and migration flows in
geosystems is the pair correlation analysis of a set
of digital data, which is an array of information and

highlights the pattern of joint entry into the envir-
onment. Figure 1 shows the results of the general
diagram of the ratio of concentrations and the spec-
ificity of accumulation of elements in plant tissues of
the indicator species, which is the primary link in the
food chain and plays the role of a remediant in the
formation of a stable striking cover. This approach
ensures success in the processes of greening and
preventing erosion of the soil horizon.
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Figure 1. Correlation links between elements in the composition of an indicator plant that forms a stable
population during remediation processes in the dumps of coal mines in Donbass

The obtained results confirm that the plant has
a high level of accumulation of chemical elements
entering the environment precisely with technogenic
intervention — during the extraction of minerals and
the construction of a waste heap as a place for the
accumulation of hazardous waste and requiring
optimization of the environment. By means of such
analysis, we have established toxic and mobile
elements that are of the greatest importance in the
migration flows of matter as a result of techno-
genesis. In general, 2 large groups of elements are
separated, antagonizing each other (left and right
parts of grouped values, see Figure 1 - dendro-
gram). Within each group of accompanying elem-
ents, there are also groupings of elements that
reflect the joint entry into the plant organism. This
was proven with the help of the mathematical
apparatus used - statistical data on arrays of values
for seven waste heaps of Donbass.
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The significance of such data proves that
technogenic elements are not only in the geological
environment (the dead part of nature), but also enter
into biogeochemical cycles, which leads to their
entry into the cycle of active components of living
nature. In response to such pollution, a plant can
form various structural modifications and even
change its life strategy, for example, to reproduce
more by seeds under stress conditions or to form
additional shoots in order to survive and occupy
more free space to capture territory.

The specificity of studying accumulation in a
plant organism is important, since the fate of each
pollutant element of technogenic nature can differ
significantly: some elements can have high conc-
entrations in the soil horizon or parent rock, but do
not pose a danger to biological objects, i.e. are not
involved in biogeochemical cycles. Nevertheless, as
practice shows, most new geochemical provinces in
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a contrasting environment of disturbances, explos-
ions, quarrying or mining have an active character-
istic of penetrating into the plant organism and furth-
er moving along the food chain, ultimately getting
into the human body, which is desirable to prevent.

Figure 2 contains information from a more

advanced intellectual approach — using the principal
component method to analyze patterns obtained in

field studies and using analytical control methods.
That is, here (Fig. 2) in the projection of the first two
principal components, the entire set of established
elements is distributed both in relation to each other
and in relation to seven geographic points (test
sites) that represent different geochemical sources
of environmental pollution as a result of the storage
of coal production waste in Donbass.
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Figure 2. Results of using the principal component method in relation to elements of specific waste heaps
in Donbass (decoding of a denser data sector), X1-X7 — localization of waste heaps relative to each other
in the projection of the first components

For a more convenient examination of the patt-
erns and results of the analysis, Figure 2 (on the
right) contains a detailed diagram of an enlarged
section of the primary analysis between the accomp-
anying elements that have a close correlation rel-
ationship, which is also proven by the method of
paired correlation comparison (Fig. 1) and verified
by a secondary intelligent program using the
principal components.

Such information has additional characteristics
in the analysis of the specificity of pollution and the
mechanisms of pollutant entry into the environment.
However, the main thing is that the analysis of the
principal component method proves the individual
geochemical characteristic for the plant collected on
individual waste heaps. This allows us to establish a
geochemical profile for each waste heap and identify
the dominant processes of contamination of harmful
substances in the plant organism.

ECOLOGICA, Vol. 32, No 118 (2025)

It has been established that the historical proc-
esses of the formation of an industrial region are
also reflected in the nature of the economic use of
the area. Each individual waste heap was built at
different times and was created because of mining
in a specific layer of underground rock, so it has its
own specifics. Since many archival data have been
lost because of military actions, scientists of modern
research are faced with the task of reconstructing
some processes to restore information about the
environment. At the same time, only observational
methods are not suitable, the system needs to
process a large amount of experimental data and
methods of intellectual capabilities of calculation
systems can solve such a problem.

In the next series of experiments, an attempt
was made to specifically develop a program and
calculation algorithm for restoring (imputing) missing
data that may arise when it is necessary to save

125



A. 1. SAFONOQV et al.

INTELLIGENT VISUALIZATION AND MODELING ...

reagents during chemical analysis or when restoring
the complete profile of each sample of plant material
according to the biogeochemical profile in order to
have a complete picture of pollution or compliance
with normal living conditions.

From the data set it has been established that
for particularly toxic elements their concentrations
can be of significant importance in the life of plants
even in a small range of variation of their values.
Whereas macroelements with a large range of conc-
entrations usually constitute a general background
value, ensuring the functioning of the basic physi-
ological needs of the plant, but not radically chang-
ing the process of survival in unstable environmental
conditions. In most cases, those plant populations
were analyzed that have a high adaptation to stress
conditions of industrial pollution and military imp-
acts. However, even for such adapted forms of
plants, modifications constantly arise that can block

o=xoFoYEFCrowaFaz

X5 X2 X3 X6 X7 X4 X1

X5

the process of development and life of a separate
phytocenosis.

We tested the method of an intelligent approach
to identifying paired values of conjugate char-
acteristics (Fig. 3). It was necessary to answer the
guestion: are there samples of plant material similar
to the seven previously established profiles for
waste heaps? Based on the data of the experimental
block of industrial botany, it was suggested that the
waste heaps of the Kalininsky district of the city of
Donetsk and the Krasnogvardeisky district of the city
of Makeyevka have a single source of mineral
extraction and a common coal seam mined at a
depth of 600-800 meters in the 50-70s of the 20th
century, can these characteristics of geochemical
profiles coincide and how many values are sufficient
to reconstruct a geochemical profile based on the
absorption capacity of an indicator plant under
stressful growing conditions at man-made sites.
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Figure 3. Solution of the problem of determining the associated geochemical profiles in plants using the
principal component method and amputation of missing data (as an analogue of the intelligent system for
calculating the results of field experiments),

X1-X7 - profiles of the waste heaps of Donetsk and Makeyevka, the profile of waste heap A is
characteristic of X2, for waste heap B - X4

In the sequence of conjugated characteristics of
individual chemical elements, when new series of
the sequence are added (for example, A and B, see
Fig. 3), the sequence of the entire series of elements
also changes (right part of the figure). However, this
does not change the tendency of the mutual relat-
ionship between the basic technophilic elements in
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their interaction and joint entry into the plant
organism. Whether such a pattern will be observed
for other indicator species must be established exp-
erimentally.

The used samples of plant materials of the same
species were analyzed for 5, 10, 20, 30, 40 and 50
data available from 60 chemical elements previously
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established for seven waste heaps of Donbass. In
this case, it is fundamentally important to include in
such a list (even with 10 values of their available 60),
so that different categories of elements reflecting a
large information space within the cluster group are
involved in the statistics. That is, with the help of an
intelligent system, it was obtained that the minimum
sufficient values for reconstructing the entire profile
are sufficient if there is information about at least
eight chemical elements, provided that each value
belongs to a separate cluster group of the most
conjugated features established by previously cond-
ucted studies in the pair correlation of values. Of
course, the number of available samples and anal-
yzed elements increases the accuracy of the exper-
iment.

However, if we are talking about identifying the
ecological profile of the territory or the phyto-
geochemical profile for the obtained sample in the
diagnostics of wildlife, then it is enough to use the
values (indices) of contrasting cluster groups.

Examples of such cluster representations can
be the following combinations of values (depending
on the specifics of the applied methods of analytical
control and chemical analysis): 1) Mn-Rb-P-Mo-Ce-
Na-Cd-Cr, 2) Cs-S-Ca-La-Fe-Zn-Cu-Ni. For field
diagnostics and identification of the kinship of the
geochemical profile, such combinations of inform-
ation on the concentration of the specified elements
are complementary in order to conduct an exam-
ination, assess the impact on the environment,
diagnostics and even use the data in forensics if a
sample of plant material is obtained in the area that
needs to be established as a result of the invest-
igation. If less than 8 individual concentration values
are used, the system does not show the relationship
between the profiles and it is not possible to carry
out diagnostics and examination in this case.

The 12-component series of data availability on
the concentration of elements in a plant (for
example, TI-Ba-P-Mo-Sm-Dy-Eu-Al-Zn-Na-Pb-Hf)
provides the possibility of 95-98% accuracy in
reconstructing the existing phyto-geochemical prof-
ile if the sample was taken under the conditions that
were previously studied - from microclimatic feat-
ures to the specifics of pollution as a result of
industrial activity of individual enterprises, for ex-
ample, metallurgical or metal processing signific-
ance.

Therefore, using the capabilities of artificial int-
elligence application elements, it is possible to
optimize the model of geochemical and spatial data
visualization and obtain a visual example for full use
in the practice of environmental research.

ECOLOGICA, Vol. 32, No 118 (2025)

CONCLUSION

Of particular interest is the diagnostics of eco-
systems by the specifics of the impact factor of
military events, while it has been proven that the
concentration of zinc, chromium and lead increases.
These three elements are under the close attention
of geochemists conducting examinations in places
of military disturbances of ecosystems.

In the future, it is important to obtain data not
only on the geochemical profile, but also on struct-
ural and physiological transformations in plants
depending on the specific nature of pollution. The
evolutionary biological process allows us to form
adaptive mechanisms for the survival of species in
contrasting stressful conditions. The accumulated
information on plant structures at the present stage
undergoes the procedure of quantification and digit-
alization of data that have qualitative characteristics
and recalculated indices in environmental monit-
oring. For cereal species, data on the microstruct-
ures of the periosteal apparatus, terate forms of
inflorescences, embryonic modifications during fruit
formation, pubescence of leaf parts adjacent to the
stem, and the work of the intercalary meristem are
promising.

Based on the obtained primary data, a close
correlation was found between the elements, which
means that a hypothesis can be formulated and
further investigated about their joint entry into the
plant organism in the following groups: 1) La-Ce-
Sm-Th-Pr-Nd-Gd; 2) Ho-Y-Dy; 3) Lu-Tm-Er-Yb; 4)
Co-Eu; 5) Zr-Hf; 6) Rb-TI; 7) Ca-Mo; 8) Cr-Ni.
Technophile elements migrate according to indiv-
idual scenarios: Mn, Zn, Cu, Cd, Al. Coincidences of
the profiles of waste heaps A and X2, B and X4 are
noted in addition to the previous descriptions. In new
works, cumulative antagonism of pollutants with Ba,
Si, Sr and Sn was revealed. In targeted programs
for the remediation of damaged systems, it is fund-
amentally important to operate with the obtained
data on the involvement of toxic elements in biogeo-
chemical processes, which allows freely migrating
pollutants to be converted into a bound state in the
environment.
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Abstract: Microplastic pollution has emerged as a critical environmental challenge, posing significant risks to
ecosystems, human health, and biodiversity. Regulatory frameworks for microplastic pollution prevention are
evolving globally, addressing sources, distribution, and impacts of microplastics in marine and terrestrial envir-
onments. These regulations focus on controlling the production, use, and disposal of plastic products that break
down into microplastics. key strategies include implementing restrictions on single-use plastics, promoting circular
economy principles, and enhancing waste management practices. Moreover, the regulation of microplastics in
industrial applications, such as cosmetics, cleaning products, and textiles, is becoming increasingly stringent.
International bodies, including the United Nations and the European Union, have initiated collaborative efforts to
harmonize regulations, improve scientific understanding, and establish monitoring standards for microplastic
contamination. This paper explores the current regulatory framework, particullary in republic of serbia, identifies gaps
in enforcement, and proposes strategies for a more effective response to microplastic pollution, emphasizing the
need for cross-sectoral coordination and comprehensive public engagement.

Keywords: waste, plastic, microplastic, pollution.

Sazetak: Zagadenje mikroplastikom se pojavilo kao kriti¢an ekoloSki izazov, koji predstavlja znacajan rizik za
ekosisteme, zdravlje ljudi i biodiverzitet. Regulatorni okviri za prevenciju zagadenja mikroplastikom se globalno
razvijaju, bavedi se sa izvorima, distribucijom i uticajima mikroplastike u morskom i kopnenom okruzenju. Ovi propisi
se fokusiraju na kontrolu proizvodnje, upotrebe i odlaganja plasti¢nih proizvoda koji se raspadaju u mikroplastiku.
Kljucne strategije ukljuCuju primenu ograni¢enja na plastiku za jednokratnu upotrebu, promovisanje principa
cirkularne ekonomije i unapredenje praksi upravljanja otpadom. Stavise, regulisanje mikroplastike u industrijskoj
primeni, kao Sto su kozmetika, proizvodi za CiS¢enje i tekstil, postaje sve stroza. Medunarodna tela, ukljuCujuci
Ujedinjene Nacije i Evropsku Uniju, pokrenula su zajedniCke napore na harmonizaciji propisa, poboljSanju nau¢nog
razumevanja i uspostavljanju standarda za pracenje kontaminacije mikroplastikom. Ovaj rad istrazuje trenutni
regulatorni okvir, posebno u Republici Srbiji, identifikuje nedostatke u primeni i predlaze strategije za efikasniji
odgovor na zagadenje mikroplastikom, naglaSavajuci potrebu za medusektorskom koordinacijom i sveobuhvatnim
angazovanjem javnosti.

Kljuéne reci: otpad, plastika, mikroplastika, zagadenje.
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INTRODUCTION

According to the United Nations Environment
Programme (UNEP), microplastics are defined as
solid plastic particles measuring less than 5 millim-
eters in diameter. These particles are characterized
by their persistence in the environment, as they are
neither biodegradable nor soluble in water.

Microplastics can be generally classified into
two categories based on their origin: primary and
secondary microplastics. Primary microplastics are
intentionally manufactured for use in a variety of
products, including cosmetic formulations and cle-
aning agents, where they serve specific functional
purposes. In contrast, secondary microplastics are
formed unintentionally as a result of the degradation
and mechanical breakdown of larger plastic mat-
erials. These particles typically arise as by-products
during waste management processes such as the
separation, storage, washing, grinding, and extrus-
ion of plastic waste.

This paper examines the development of polic-
ies addressing microplastics derived from waste,
with the aim of identifying effective legislative and
regulatory strategies to mitigate plastic pollution.

The first section provides an overview of EU
policies and trends in microplastic pollution, the
second section focuses on existing policies in the
Republic of Serbia, while the third section offers
recommendations for policy reforms in Serbia aimed
at enhancing the prevention of microplastic gener-
ation.

In the course of writing the paper, comparative
method was employed, with observation serving as
the primary research tool.

1. EU WASTE POLICIES IN MICROPLASTIC
PREVENTION AND REDUCTION

Policies aimed at the prevention of secondary
microplastic pollution are increasingly recognized as
essential components of comprehensive plastic
governance frameworks. Unlike primary micro-
plastics, which can be regulated at the point of
production, secondary microplastics present a gre-
ater regulatory challenge due to their diffuse and
often unintentional formation during the degradation
of plastic products. Current policy approaches
typically address secondary microplastics through
broader waste management and environmental
protection legislation, with particular emphasis on
improving plastic collection systems, encouraging
material recovery, and minimizing plastic leakage
into terrestrial and aquatic environments. Measures
such as mandatory extended producer responsibility
(EPR) schemes, the development of product design
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standards that reduce fragmentation, and invest-
ment in advanced waste treatment technologies
have shown potential in mitigating secondary micro-
plastic release. However, despite these advancem-
ents, significant gaps remain - particularly in the
areas of enforcement, monitoring, and the integr-
ation of microplastic-specific criteria into existing
permitting and environmental impact assessment
procedures. As such, a more targeted policy fram-
ework is required, one that includes specific prov-
isions for identifying high-risk plastic applications,
regulating key industrial processes (e.g., mechan-
ical recycling), and promoting innovation in altern-
ative materials and closed-loop systems.

The European Union has been at the forefront
of addressing microplastic pollution through a series
of directives and regulations aimed at reducing
plastic waste and controlling the release of micro-
plastics into the environment.

The EU’s European Strategy for Plastics in a
Circular Economy (2018) is a comprehensive policy
initiative designed to address the entire lifecycle of
plastics. Itincludes a commitment to reducing plastic
waste, promoting recycling, and curbing micro-
plastic pollution. The strategy is framed within a
broader push toward a circular economy, where
materials are reused, recycled, and kept in use for
as long as possible.

The Directive on Single-Use Plastics (SUP
Directive) aims to reduce the environmental impact
of plastic waste, particularly single-use plastic
products. It includes measures to reduce plastic
waste in aquatic environments, addressing second-
ary microplastic pollution caused by, for example,
plastic litter.

Waste Framework Directive (2008/98/EC) lays
out the EU’s waste management policies and
encourages waste prevention, the reuse of mater-
ials, and recycling. While not specifically focused on
microplastics, it establishes a foundation for addr-
essing waste management more broadly and can
indirectly help reduce microplastic pollution by prom-
oting better waste handling practices and recycling
methods.

Also, the UNEP has been actively involved in
raising awareness and guiding global actions to
tackle microplastic pollution. The UNEP's work
focuses on promoting international cooperation and
policy harmonization, as well as improving scientific
understanding of the issue.

In 2016, UNEP released a comprehensive glob-
al report on marine litter and microplastics, which
offered scientific evidence on the extent of micro-
plastic contamination and its environmental and
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health impacts. The report provides guidelines for
the prevention and reduction of microplastic pollut-
ion in the marine environment, recommending pol-
icies and strategies such as banning microplastics
in cosmetics, personal care products, and house-
hold cleaners and strengthening public awareness
and education on the dangers of microplastics and
plastic waste.

Both the EU and UNEP frameworks address
secondary microplastic pollution through a combin-
ation of preventative measures (e.g., reducing
plastic waste generation and promoting circular
economy models) and mitigation strategies (e.g.,
improving waste treatment infrastructure, recycling
technologies, and product design). Key policy comp-
onents relevant to secondary microplastic pollution
include stronger waste management policies aimed
at preventing plastic fragmentation during collection
and treatment.

2. WASTE POLICIES IN REPUBLIC OF SERBIA

Serbia’'s waste management system is gov-
erned by a comprehensive set of national laws,
regulations, and policies designed to improve waste
disposal practices, promote recycling, and mitigate
environmental harm. These policies are part of a
broader framework aligned with the country’s amb-
itions for European Union (EU) integration. Serbia's
efforts to harmonize its legal and regulatory struct-
ures with EU standards, particularly in the context of
the EU acquis communautaire - a body of EU
legislation that is binding on member states - reflect
the country’s commitment to adopting internationally
recognized environmental practices. This alignment
process has gained momentum following Serbia’s
signing of the Stabilization and Association Agre-
ement (SAA) with the EU in 2008, which laid the
foundation for cooperation in environmental protect-
ion and waste management. Serbia's commitment
to EU integration underscores its ongoing legal and
institutional reforms, particularly in the management
of plastic waste and the broader goal of achieving
sustainable environmental practices.

One of the cornerstone pieces of legislation in
Serbia’s waste management framework is the Law
on Waste Management (2023). This law serves as
the primary national legislation governing waste
disposal, recovery, and recycling processes. The
law stipulates procedures for the reduction, reuse,
and recycling of waste materials, aligning Serbia’s
practices with EU directives aimed at minimizing
waste generation and promoting the circular econ-
omy. Moreover, the law emphasizes compliance
with EU standards on waste management, such as
the Waste Framework Directive and the Packaging

ECOLOGICA, Vol. 32, No 118 (2025)

and Packaging Waste Directive, which establish
common goals for waste reduction and recycling
across EU member states.

In tandem with this legislative framework, Serbia
adopted the Waste management program of the
Republic of Serbia for the period 2022-2031, a
strategic document that sets national objectives for
waste reduction, recycling, and overall environm-
ental protection. The program establishes a clear
roadmap for achieving higher recycling rates, incl-
uding specific measures to reduce plastic waste,
with a strong emphasis on promoting the circularity
of materials. The national plan aligns with the EU’s
overarching objectives of reducing single-use
plastics, increasing recycling rates, and minimizing
environmental harm caused by plastic waste.
Notably, Serbia's recycling targets for plastic waste
are modeled after those set by the EU, aiming for
substantial increases in recycling rates and reducti-
ons in the volume of plastic waste sent to landfills.

Another significant piece of legislation in
Serbia’s efforts to address plastic waste is the Law
on Packaging and Packaging Waste, which introd-
uces the principle of Extended Producer Resp-
onsibility (EPR). Under this law, producers are held
accountable for the entire lifecycle of their products,
from design to post-consumer waste. This includes
the management of plastic packaging waste, which
constitutes a major portion of plastic pollution in
Serbia. The law mandates that producers take resp-
onsibility for the recycling or disposal of packaging
waste, either by joining collective recycling schemes
or by paying fees that contribute to the proper
management of plastic waste. These initiatives align
Serbia with the EU’s directives, which require
member states to enforce producer responsibility for
plastic packaging.

Additionally, Serbia has made strides in red-
ucing the consumption of single-use plastic bags, a
significant source of plastic waste. Through regul-
atory measures, including a ban on free distribution
of plastic bags in retail environments, Serbia has
begun to curb the widespread use of plastic bags,
which are a notorious contributor to plastic pollution.
These efforts are in line with the EU’s Single-Use
Plastics Directive (2019), which seeks to reduce the
environmental impact of single-use plastic products
across member states.

Despite these advancements, plastic waste
remains a considerable challenge in Serbia. The
country continues to face significant barriers in
waste management, primarily due to an under-
developed waste collection and sorting infra-
structure. Although waste separation at the source
is encouraged, it is not consistently practiced,
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particularly in rural areas, where the infrastructure
for separate collection is often inadequate. This lack
of comprehensive waste segregation hampers the
effectiveness of recycling programs and contributes
to the inefficient management of plastic waste.

Furthermore, a substantial portion of Serbia’s
waste is managed informally, often by waste pickers
and through illegal dumpsites, particularly in rural
and underserved regions. This informal sector
complicates waste management efforts by circ-
umventing official waste disposal channels, thus
preventing the proper recycling of plastic materials.
The lack of proper waste treatment facilities in these
areas exacerbates environmental degradation and
poses significant public health risks.

While Serbia has made notable progress in
increasing its recycling efforts, the country still
heavily relies on landfills for the disposal of waste,
including plastic materials. Although landfill divers-
ion strategies are part of the country’s long-term
waste management plans, the infrastructure for
such diversion remains underdeveloped. Modern
landfill diversion technologies, such as waste-to-
energy systems and composting facilities, have not
been widely implemented, which impedes the red-
uction of waste volumes directed to landfills. The
slow adoption of circular economy principles - which
emphasize reducing waste, reusing products, and
recycling materials - further limits the potential for
sustainable waste management practices.

In addition to infrastructure challenges, public
awareness and participation in waste management
programs remain critical issues. While urban areas
have seen some success in promoting recycling
practices, rural communities are less engaged in
waste segregation efforts, primarily due to limited
access to recycling bins and lack of educational
campaigns. Consequently, significant volumes of
recyclable plastic waste continue to end up in land-
fills, contributing to the ongoing environmental and
ecological challenges posed by plastic pollution.

Serbia also faces challenges in monitoring and
enforcement, particularly in relation to the proper
implementation of waste management policies. The
lack of effective monitoring mechanisms, coupled
with inconsistent enforcement of regulations, allows
for loopholes in compliance, especially in relation to
producer responsibility schemes and the managem-
ent of packaging waste. Strengthening the oversight
of waste management systems and improving the
capacity of environmental agencies to monitor
plastic waste disposal are essential to achieving the
country's long-term waste reduction goals.
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To address these challenges, it is imperative
that Serbia continues to invest in waste manag-
ement infrastructure, particularly in rural areas, to
ensure that plastic waste is effectively segregated,
collected, and recycled. Expanding EPR schemes,
improving the coordination of waste management
systems, and increasing public education on the
environmental impacts of plastic waste are critical to
reducing the burden of plastic pollution. Moreover,
Serbia must prioritize the implementation of waste
diversion technologies and circular economy pract-
ices to reduce its reliance on landfills and increase
the sustainability of its waste management systems.

3. LEGAL REFORMS FOR PLASTIC WASTE
MANAGEMENT IN SERBIA

The primary recommendation concerns the
adoption of amendments to the Law on Waste Man-
agement. It is essential that plastic waste be
recognized as a distinct waste stream within the leg-
al framework. The amended law should establish a
comprehensive legal foundation for the developm-
ent of a by-law that will provide specific regulations
on the management of plastic waste, ensuring cons-
istency and clarity in implementation. Recognizing
plastic waste as a separate waste stream will enable
more targeted regulations, tailored to the specific
challenges posed by different types of plastics, thus
optimizing waste management efforts. Additionally,
such a designation will facilitate the tracking of
plastic waste generation and disposal, enabling
policymakers to measure progress in the reduction
and recycling of plastic materials.

One of the key provisions in this legal framework
should address the collection, transportation, and
storage of plastic waste. The methods for collecting
plastic waste must be designed in such a manner
that they prevent the dispersion of microplastics into
the environment during transit or storage. Micro-
plastics are highly mobile and can easily become
part of the broader environmental system if not
carefully contained. Therefore, the legislative frame-
work must mandate the adoption of best practices
for the safe and controlled management of plastic
waste, especially considering the risk of microplastic
contamination. This would include guidelines for the
secure sealing of plastic waste containers, regular
monitoring of collection routes, and the estab-
lishment of dedicated storage facilities equipped to
prevent leakage of microplastic particles.

The treatment of plastic waste is one of the
primary contributors to microplastic formation.
During the treatment process, plastic waste is init-
ially sorted based on material type (e.g., poly-
ethylene terephthalate (PET), polypropylene (PP),
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polyethylene (PE), polystyrene (PS), etc.), after
which it is washed to remove contaminants. It is at
this stage that microplastics can be generated,
particularly in the form of fine plastic particles that
may be released into wastewater. Given the pot-
ential environmental impact, it is of critical import-
ance that each facility engaged in plastic waste
treatment possess modern wastewater treatment
plants capable of separating and managing micro-
plastic particles. The failure to implement these
technologies can result in the uncontrolled release
of microplastics into water systems, contributing to
the growing pollution of rivers, lakes, and oceans.
Moreover, companies operating such treatment
plants should be legally required to ensure that
technological wastewater - which results from the
washing and processing of plastic materials -
undergoes appropriate treatment. This treatment
process must focus on the separation of microplastic
particles from the effluent. Facilities should be
mandated to adopt advanced filtration systems or
other technologies capable of removing these
minute particles before they are discharged into the
environment. Technologies such as membrane filtr-
ation, advanced oxidation processes, or sediment-
ation tanks could be implemented to capture
microplastics before the water is released. Further-
more, a legal requirement should be established to
ensure that no treatment plant operates without a
dedicated technological wastewater treatment syst-
em, and that these systems are subject to regulatory
oversight through the issuance of a water permit that
guarantees compliance with environmental stand-
ards. This oversight should be performed by an
independent body to ensure transparency and
accountability in the wastewater treatment process.

In addition to the treatment of wastewater, the
proposed by-law should introduce provisions requ-
iring facilities to manage the residuals that emerge
from the waste treatment process. These residuals,
often in the form of plastic fines or contaminated
sludge, must be handled in accordance with the
principles of environmental protection and resource
recovery. The by-law should outline clear and enf-
orceable guidelines for the disposal, recycling, or
repurposing of these residual materials, ensuring
that they do not contribute to further environmental
degradation. In particular, plastic fines should be
treated as a potential resource rather than waste,
encouraging the development of processes for their
safe incorporation into new products or their
transformation into alternative materials, such as
building aggregates or energy sources.

Furthermore, the amended law and the accomp-
anying by-law should mandate regular reporting and
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transparency from facilities that handle plastic
waste. This would ensure that both governmental
agencies and the public are informed about the
types and quantities of plastic waste being treated,
as well as the effectiveness of the waste treatment
and recycling processes. Such transparency will
facilitate the identification of bottlenecks or ineffic-
iencies in the waste management system and help
optimize the allocation of resources for waste man-
agement operations.

In addition to facilitating better waste manag-
ement practices, the legal framework should also
emphasize public engagement and education.
Public awareness campaigns on the importance of
plastic waste separation, proper disposal, and
recycling could contribute significantly to reducing
plastic waste at the source. This would foster a
culture of responsible plastic use and waste man-
agement, particularly if individuals understand the
role they play in reducing microplastic pollution. The
implementation of extended producer responsibility
(EPR) schemes should be accompanied by public
outreach programs that encourage consumers to
participate in recycling efforts and make informed
choices about their plastic consumption.

One critical aspect of the proposed legal
changes is ensuring the enforcement of compliance
with the amended laws. The government must
allocate sufficient resources to environmental insp-
ection agencies, enabling them to conduct regular
audits of plastic waste treatment plants and facilities
involved in the recycling process. Failure to comply
with the updated regulations should result in severe
penalties, including fines, mandatory closures, or
the suspension of operations for repeat offenders.
The robust enforcement of these regulations will be
essential for ensuring that facilities adhere to the
environmental standards necessary for mitigating
microplastic pollution.

Finally, the development of innovation in altern-
ative materials and technologies should be actively
promoted through the amended waste management
framework. Incentives could be offered to comp-
anies that invest in biodegradable or non-toxic
alternatives to conventional plastics, as well as in
the development of more efficient recycling techn-
ologies. Additionally, the legal framework should
encourage the implementation of circular economy
principles, where plastic products are designed with
their end-of-life disposal in mind. Products designed
for ease of recycling and resource recovery would
reduce the amount of plastic waste generated and
help minimize the creation of microplastics during
waste processing.
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CONCLUSION

The EU’s directives and UNEP’s guidelines
provide a robust framework for addressing both
primary and secondary microplastic pollution thro-
ugh regulatory measures, public-private collabor-
ation, and a focus on lifecycle management. While
EU regulations are highly targeted to specific
sectors (such as cosmetics and plastics manuf-
acturing), UNEP’s global approach emphasizes
coordination across borders and sectors to tackle
microplastic pollution comprehensively. Both frame-
works highlight the importance of integrated policies
that combine prevention, innovation, and susta-
inable waste management to reduce the environm-
ental and human health impacts of microplastics.

Serbia is making significant strides toward
improving its waste management policies, partic-
ularly with regard to plastic waste. The country has
adopted key legal frameworks, including the Law on
Waste Management and the National Waste
Management Program, that are aimed at reducing
plastic waste and improving recycling rates. How-
ever, challenges such as inadequate waste sorting
infrastructure, informal waste management syst-
ems, and public awareness must be addressed for
Serbia to effectively tackle plastic pollution.
Continued efforts to align with EU directives and
invest in recycling technologies, combined with
enhanced public education and industry collab-
oration, are essential for achieving long-term sust-
ainability in plastic waste management.

Where competent authorities prescribe specific,
legally binding conditions within the permitting
framework - particularly concerning the segregation
of plastic waste, mandatory pre-treatment proced-
ures, storage and treatment standards, and waste-
water management requirements - combined with
provisions ensuring procedural transparency and
public access to environmental information, it is
foreseeable that such regulatory measures will
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contribute to the progressive reduction of micro-
plastic pollution.

In conclusion, the adoption of amendments to
the Law on Waste Management, alongside the
establishment of a supporting by-law, is crucial for
improving the management of plastic waste and
preventing the proliferation of microplastic pollution.
The implementation of these regulatory measures
will provide the necessary legal infrastructure to
ensure that Serbia's waste management practices
align with contemporary environmental standards
and contribute to global efforts in tackling plastic
pollution. By addressing critical issues such as
plastic waste collection, treatment, and residual
management, as well as enhancing transparency
and public participation, Serbia can significantly
reduce its contribution to microplastic pollution and
move towards a more sustainable, circular economy
model. This integrated approach will not only benefit
Serbia’s environment but also enhance its reput-
ation on the global stage as a responsible actor in
the fight against plastic pollution.
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Abstract: Artificial intelligence (Al) plays an important role in the field of scientific research. This paper aims to review the
application of Al in corrosion and biosorption. The use of Al can advance the research process in terms of prediction,
environmental and cost management, optimization and determination of the influence of parameters. Corrosion is a highly
complex process that depends on many factors. Studying the interaction of these factors using Al enables better corrosion
control. By applying Al, it is possible to determine the diverse influence of factors under real conditions using the database
of numerous researches. In addition to the prevention and monitoring of corrosion and biosorption processes, it is important
to focus the application of Al on environmentally friendly methods and chemicals. In this way, it is possible to identify
compounds and materials of natural origin that can serve as substitutes for toxic compounds for corrosion protection or
heavy metal removal. The importance of using non-destructive methods and monitoring data in real time is particularly
emphasized, in order to avoid statistical errors. Optimization with the RSM method for corrosion and biosorption processes
is widely used, determining process parameters where the best effect of corrosion protection and biosorption is achieved.

Keywords: Al, corrosion, biosorption, optimization.

Sazetak: Vestacka inteligencija (VI) ima vaznu ulogu u oblasti nau€nih istrazivanja. Cilj ovog rada je pregled primene VI u
oblasti korozije i biosorpcije. Primena VI moze unaprediti proces istrazivanja u smislu predvidanja, upravljanja zivotnom
sredinom i troSkovima, optimizacije i odredivanja uticaja parametara. Korozija je veoma slozen proces koji zavisi od mnogo
faktora, ispitivanje interakcije ovih faktora primenom VI omogucava bolju korozionu kontrolu. Primenom VI je moguée
utvrditi viSestruki uticaj faktora u realnim uslovima prema bazi podataka mnogobrojnih istrazivanja. Pored prevencije i
pracenja procesa korozije i biosorpcije, vazno je usmeriti primenu VI na ekoloski prihvatljive metode i hemikalije. Na ovaj
nacin je moguce identifikovati jedinjenja i materijale prirodnog porekla, koja mogu biti zamena za toksi¢na jedinjenja koja
se koriste za zastitu od korozije ili za uklanjanje teSkih metala. Posebno je naglasen znacaj primene nedestruktivnih metoda
i praéenja podataka u realnom vremenu, kako bi se izbegle statisticke gresSke. Optimizacija primenom RSM metode za
procese korozije i biosorpcije se Cesto koristi, pri €emu se odreduju parametri procesa u kojima se postize najbolji efekat
zastite od korozije i biosorpcije.
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INTRODUCTION

The possibility of using artificial intelligence in
science facilitates the work of researchers (Zawacki-
Richter et al., 2019). In the field of research, two
types of studies are conducted: analytical and
experimental. Experiments are becoming more exp-
ensive because they require more time, material and
energy to achieve adequate results. Soft computing
techniques are helpful to reduce the cost (Sharma
et al., 2022). Machine learning, deep learning and
artificial intelligence are in a relation. Machine
learning focuses on enabling computers to perform
tasks without explicit programming. Deep learning is
based on artificial neural networks (ANN) as a
subset of machine learning. By applying artificial
intelligence, machines are taught to think and act
like humans (Rajendran et al., 2022). Other Al appl-
ications such as pattern recognition, evolutionary
computation, neural networks, expert systems, discr-
iminant analysis, metaheuristic optimization, swarm
optimization, image processing, and computer visi-
on, are also used (LeCun et al., 2015). RSM is
similar to adaptive neuro-fuzzy inference systems
(ANFIS), which represent an Al modeling tool
integrated with neural networks for data prediction
(Onu et al., 2022; Onu et al., 2021). Studies related
to the comparison of different methodologies used
for prediction of complex nonlinear systems, incl-
uding RSM and ANFIS, show that none is superior
to the other (Okwu et al., 2021; Onu et al., 2022;
Emembolu et al.,, 2022). The response surface
methodology (RSM) is widely used in engineering,
such as materials engineering, food engineering,
chemical engineering, bioprocess engineering and
pharmaceutical engineering, to evaluate the impact
of individual factors or their interactive effects (Goh
et al.,, 2008). The statistical tools used to design
experiments in RSM enable the prediction and
optimization of the processes studied (Veza et al.,
2023). The application of artificial intelligence for
environmental protection is of great importance and
has great potential. It can be applied towards env-
ironmental health protection and sustainability (Nti et
al., 2023). Recent scientific research has focused on
the application of artificial intelligence in the field of
corrosion protection and biosorption (Anadebe et
al., 2023; Lin et al., 2023).

A very important application of Al in the field of
corrosion detection can be divided into predictive
maintenance (PdM) approaches for corrosion det-
ection and computed vision and image processing
techniques. PdM can be done with a knowledge-
based model, a physic-based model, a data-based
model and with a hybrid model. Computer vision and
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image processing approaches for corrosion detect-
ion can be divided into infrared thermography, text-
ure analysis and non-destructive methods (Imran et
al., 2023). Many researches focus on the protection
of materials from corrosion by using environmentally
friendly chemicals (Nazeer, Madkour, 2018; Rani,
Basu, 2012). Natural materials and plant waste are
often the starting components for obtaining environ-
mentally friendly additives in coating applications,
corrosion inhibitors and biosorbents (Ong et al.,
2021; EIShami et al., 2020; Khaled et al., 2025;
Falade et al., 2025; Rasheed et al., 2025; Markovi¢
etal., 2023; Zdravkovi¢ et al., 2023). The application
of environmentally friendly materials in corrosion
protection and biosorption can be a circular process,
in which the waste from the process of obtaining the
plant corrosion inhibitor can be used as a biosorbent
(Zdravkovi¢ et al., 2024).

Environmental pollution is a serious problem in
the modern world. Heavy metal pollution is reaching
dangerous levels, with these metals being major
pollutants in lakes, oceans, rivers, marines, ind-
ustrial and even treated wastewater (Ghorbani et al.,
2007). Biosorption, i.e. sorption using biological,
low-cost adsorbents derived from plant waste, has
emerged as a promising alternative to conventional
methods to combat this problem. Multivariant stat-
istical methods have gained attention in recent years
and are used to identify the optimal combinations of
factors as well as their interaction. These tools are
also useful in reducing the cost and time of these
studies. An experimental design consists of estim-
ating the coefficients in a mathematical model used
to predict the response and testing the adequacy of
the model. Factorial experimental designs are the
most commonly used experimental designs to
determine response surfaces and the more complex
RSM (Bingol et al., 2012). RSM is a collection of
mathematical and statistical techniques that can be
used to analyze the effects of different independent
variables on system response (Amini et al., 2008).
RSM has been applied in recent years to optimize
many heavy metal removal processes using low-
cost materials as biosorbents, including the removal
of Cu?* ions using raw chicken eggshell (Markovi¢ et
al., 2023), calcined chicken eggshell (Markovi¢ et
al., 2025) and bean shells (Markovi¢ et al., 2023).
ANN are considered a promising tool because of the
simplicity towards simulation, predict and model.
ANN models are able to describe adsorption syst-
ems better than general rate models (Prakash et al.,
2008). Recently, response surface methodology has
been constantly compared with ANN in terms of their
predictive capabilities for various processes. ANN
use learning algorithms to evaluate the relationships
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between the input and output variables and can also
be used to model the water management processes
(Enyoh et al., 2023).

The aim of this article is to demonstrate the
possibilities of applying Al in the field of corrosion
protection and biosorption by identifying risks and
methods of corrosion control and biosorption.

1. CORROSION PROTECTION

The degradation and destruction of materials
caused by environmental influences is known as
corrosion. The combined effects of chemical, electro-
chemical, mechanical, and/or biological variables
can cause corrosion (Hoang et al., 2020, Kumatri,
Lavanya, 2024). The oil and gas industry is directly
related to corrosion under insulation. The lack of
adequate inspection technologies contributes to this
well-known industrial challenge. However, an Al-
enhanced inspection tool can provide better corr-
osion control under these conditions (Amer et al.,
2020). Corrosion prevention and protection methods
are crucial for sustainability, cost efficiency and
safety. Various corrosion control techniques are us-
ed: environmental control, material selection, prot-
ective coatings, surface treatments, alloying, cath-
odic protection, design optimization and corrosion
inhibitors (Kumari, Lavanya, 2024). The corrosion
management system encompasses design, constr-
uction and operation and remains the main focus in
ensuring the integrity and safe operation of the
asset. The application of Al to predict corrosion rate
offers advantages where real high-frequency data
streams from sensors using machine learning
algorithms, enabling predictions based on historical
experience with specific assets (Alias et al., 2024).

A corrosion inhibitor is a chemical compound
that is introduced in trace amounts to a corrosive
medium. Corrosion inhibitors work by interfering with
the electrochemical reactions that drive the corros-
ion processes on metal surfaces (Lavanya et al.,
2024; de Souza Morais et al., 2023). Industrial corr-
osion is a challenge due to material wear and high
maintenance costs, which is why effective corrosion
inhibitors are very important. Identifying the most
efficient compounds in corrosion inhibitors can be
time-consuming (Putra et al., 2025). Some inhibitors
are specific for certain metals. One example is the
corrosion inhibition of copper by tannins, so the
identification of plant extracts or expired pharmace-
utical products containing these compounds is of
great importance (Shah et al., 2013; Kusmierek,
Chrzescijanska, 2015). However, tannins also act as
corrosion inhibitors for other metals such as steel,
iron and aluminum (Rahim, Kassim, 2008; Proenga
et al., 2022; Zelinka, Stone, 2011). The application

ECOLOGICA, Vol. 32, No 118 (2025)

of Al can facilitate the identification of the corrosion
inhibitor that acts best on the corresponding metal
(Lin et al., 2023). Another environmentally friendly
way of corrosion protection is the use of plant
extracts (natural additives), which have the same
functions as synthetic additives (Ong et al., 2021).
Al can be used to predict costs, workforce and other
variables to be considered for protective coating
management (Correa, Mariano, 2022). Prevention is
also important to protect the environment from
corrosion damage. An example is the application of
Al for crack detection in nuclear power plants (Allah
et al., 2024). Stress corrosion cracking (SCC) poses
a significant challenge to the integrity and longevity
of conventional and advanced alloys used in
aerospace, marine and nuclear energy applications.
Conventional alloys (steel, aluminium, and titanium)
and advanced materials (additive-manufactured and
high-entropy alloys) exhibit unigue SCC behaviour
that is affected by corrosive environments, mechan-
ical stress, and temperature variations. Using ext-
ensive data sets from experiments and field studies,
Al can identify patterns and correlations that tradit-
ional methods may miss (Mathew, Adu-Gyamfi,
2024). In addition to the application of Al for the
corrosion of metals and metal alloys, Al methods
have also been used to predict the corrosion of
cement and sulphur concrete in sewage systems.
Al-based techniques: adaptive neuro-fuzzy infer-
ence system (ANFIS), genetic programming (GP)
and multi-expression programming (MEP) were
used. Two sets of chemical experiments in acidic
solutions and biological tests with Thiobacillus thio-
oxidans were conducted to investigate corrosion in
concrete samples. The results show that machine
learning-based models can help engineers to est-
imate the corrosion of concrete pipes in sewer syst-
ems (Sabour et al., 2021).

Corrosion protection in marine conditions is very
important (Lawal et al., 2024). Adequate choice of
corrosion protection can reduce the corrosion rate of
metals and protect the environment (Bardal, 2004).
The application of Al can be very useful in the
prediction and detection of marine corrosion (Imran
et al., 2023). Pattern recognition (PR) is one of the
AL techniques applied for the prediction of marine
corrosion (Imran et al., 2023). This method has also
been used to detect corrosion under the coating (Ali
et al., 2016). The electrochemical method (electro-
chemical noise, EN) was used to detect the corros-
ion and passivation of 304 steel. The results show
that the PR accuracy was higher than using only
statistical parameters and parameters selected by
principal component analysis (Legat, Dolecek, 1995).
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The predictive maintenance approaches can
provide a mechanism to prevent external corrosion
for effective corrosion control (Jimenez et al., 2020).
An example is the PdM with a data-based model
where the mathematical model from the real-time
data was applied to predict corrosion damage to the
ship structure (Makridis et al., 2020). The most
appropriate mathematical model was proposed for
long-term corrosion in physical infrastructure and
ship corrosion using the PdM with physic-based
model (Bouzaffour et al., 2021). The PdM with
hybrid model was used for structural health monit-
oring, for hull structure maintenance and corrosion
detection (Jimenez et al., 2020).

RSM can be used to determine the conditions
under which the corrosion inhibitor slows down the
corrosion process the most (Ahmadi, Khormali,
2024). Using the RSM results optimization of corr-
osion process can be performed. By optimizing the
corrosion process, it can be determined at which
parameters the highest inhibition efficiency is achi-
eved with the minimum dose of corrosion inhibitor,
which is investigated when several parameters are
changed simultaneously (Emembolu et al., 2022).
The most common combination of parameters for
the optimization of the corrosion process using corr-
osion inhibitors are the temperature, the immersion
time of the metal in the electrolyte and the conc-
entration of the inhibitor (Ahmadi, Khormali, 2024).
Inhibitor concentration, electrolyte concentration and
metal immersion time can also be used as variables
(Edoziuno et al., 2020; Udunwa et al., 2022; Gu et
al., 2015). Al enables to quickly discover and
optimize new corrosion inhibitors (Lin et al., 2023).

However, in addition to the numerous advant-
ages of applying Al, it also has its limitations. Al
methods are compared to black boxes that merely
attempt to map a relationship between output and
input variables based on a training dataset. This
raises concerns regarding the ability of the tool to
generalize to situations that were not well repres-
ented in the dataset. The solution may lie in comb-
ining or integrating multiple Al paradigms in a hybrid
solution or coupling Al paradigms with more trad-
itional solution techniques. Another limitation of
using Al-based search methods to solve a problem
is that it is often difficult to gain true insight into the
problem and the nature of the solution, as is possible
when using mathematical programming methods,
for example (Chowdhury, Sadek, 2012).

2. BIOSORPTION

Heavy metal pollution associated with waste-
water originating from industrial activity, is a serious
environmental problem. The growing demand for
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clean water around the world demonstrates the
importance of water purification, i.e. the removal of
hazardous heavy metals. The problem of pollution
will worsen in the coming years, which will lead to an
increase in demand for clean water and thus
increase pressure on wastewater treatment (Babu et
al., 2023; Jendia et al., 2020). At the industrial level,
many conventional methods are used for waste-
water treatment, including precipitation, reduction,
oxidation, ion exchange and sorption (Bingol et al.,
2012). Biosorption is a method that offers itself as a
possible alternative for the removal of heavy metals.
It is a user-friendly process, so to speak, as it offers
many advantages, including a simple design, a
specific affinity for certain pollutants and low cost.
Industrial and agricultural by-products are used as
biosorbents as they are very practical due to their
favorable physical, chemical and surface properties,
abundant availability and low cost (Markovi¢ et al.,
2023).

RSM consists of statistical and mathematical
techniques that can be used to develop an adequate
functional relationship between a response and a
number of input (or control) variables. Two major
groups of models are commonly used in RSM,
namely first-degree and second-degree models.
First-order experimental designs include the 2k
factorial experimental design, the Plackett-Burman
experimental design, and the simplex experimental
design. Second-order designs include the 3 factor-
ial design, the central composite design (CCD) and
the Box-Behnken design (BBD) (Khuri, Mukho-
padhyay, 2010). The RSM coupled with the BBD
and the CCD has been used as a tool to optimize
biosorption processes in a large number of papers
in recent years. These statistical models are used to
optimize the biosorption processes considering the
operational variables that affect the metal uptake
efficiency, such as the pH of the aqueous phase,
initial sorbate concentration, biosorbent dose,
contact time, and others. The modeling coupled with
ANOVA statistical analysis to evaluate the
significance of the model and to show the influence
of the individual variables and their interactions
(Choinska-Pulit et al., 2018; Fawzy, 2020).

ANN is a mathematical model that attempts to
simulate the structure and functionalities of a
biological neural network. ANN are build of blocks,
each of which represents an artificial neuron, that is,
simply put, a simple mathematical function (model).
By combining two or more artificial neurons, an
artificial neural network is created. Artificial neural
networks are capable of solving complex problems
by processing the input information in their basic
artificial neurons in a parallel, distributed, non-linear
and local way (Suzuki, 2017). The application of
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ANN in modeling biosorption processes has incre-
ased significantly in recent years. Artificial network
models have been used to correlate and predict
isotherms, kinetics, breakthrough curves and other
responses of many adsorbents, biosorbents and
adsorbates, in the field of water treatment, including
biosorption. A variety of models are used to analyze,
correlate and predict biosorption processes. How-
ever, these models are usually based on restrictive
theories and assumptions, which limits their appl-
ications. ANN help overcome the disadvantages of
traditional models by providing better predictions at
various operating conditions. In mathematical terms,
the performance of a biosorption system is describ-
ed as a nonlinear function that depends on the prop-
erties of the biosorbent, the chemistry of the ads-
orbate(s), the fluid properties, the operating condit-
ions and the equipment configuration. This nonlin-
ear function can be modeled using an artificial
neural network, as there are no limitations to incorp-
orate all independent variables affecting the anal-
yzed system. Environmental factors, such as the pH
of the aqueous phase, the initial sorbate concentr-
ation, the contact time, the biosorbent dosage and
others, have a significant impact on the efficiency of
the biosorption process. In order to achieve the
highest removal, optimal conditions must be met,
and the influencing factors mentioned must be
optimized using suitable modeling and simulation
methods. ANN can be used to understand the
complex interactions between the experimental
factors and the uptake of metal ions. Artificial neural
networks can also predict the performance of
multicomponent biosorption systems by including
performance metrics, such as adsorption capacity,
as output variables. Moreover, ANN has significant
potential over traditional models for the analysis of
real fluids in which multiple adsorbates are present,
leading to different removal behavior (Reynel-Avila
et al., 2022; Fawzy et al., 2018).

Recently, RSM and ANN methods have been
jointly applied by researchers to predict the
biosorption processes. By applying both techniques,
the results can be compared to gain a better
understanding of the process. The combination of
RSM and ANN, where the experimental RSM data
is used to train and validate the ANN, provides more
accurate results (Dulla et al., 2018; Ghosh et al.,
2015).

CONCLUSION

The application of Al in the field of corrosion and
biosorption has proven to be an effective and fast
way to analyze results and optimize processes to
make them less expensive and time-consuming.
Numerous Al techniques allow researchers to adapt
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their research to achieve the most realistic results
possible. By applying Al, it is possible to predict
corrosion processes, improve the process of corr-
osion protection and identify new environmentally
friendly compounds that have not yet been tested as
corrosion inhibitors. The use of non-destructive
methods is another advantage of Al. Al techniques
are also used to optimize the biosorption process by
analyzing the response of the system to different
environmental conditions. The influence of many
different variables on the efficiency of the process
and their interactions can be studied using Al.
However, Al also comes with certain disadvantages
in the form of errors that can occur when experim-
entally obtained data is used for modeling. Process
optimization has proven to be one of the most
important applications of Al for both corrosion and
biosorption.

Acknowledgement

The research presented in this paper was done
with the financial support of the Ministry of Science,
Technological Development and Innovation of the
Republic of Serbia, within the funding of the
scientific research work at the University of Belgrade
- Technical Faculty in Bor, according to the contract
with registration no. 451-03-137/2025-03/200131.

REFERENCES

[1] Ahmadi, S., Khormali, A. (2024). Optimization of
the corrosion inhibition performance of 2-merc-
aptobenzothiazole for carbon steel in HCI media
using response surface methodology, Fuel, 357,
129783.

[2] Ali, A., Albasir, A., Ramahi, O. M. Microwave
sensor for imaging corrosion under coatings util-
izing pattern Recognition, In: 2016 IEEE Intern-
ational Symposium on Antennas and Propagation
(APSURSI), 26. Jun 2016, pp. 951-952.

[3] Alias, M. A., Mohamed, N. A., Bakeri, M.1., Aziz,
I. A., Hasan, M. H., Mohd, M. S., Moorthi, S. R.
(2024). Application of artificial intelligence in corr-
osion management, In: AMPP Corrosion, AMPP-
2024.

[4] Allah, M. A, Toor, I. U., Shams, A., Siddiqui, O.
K. (2024). Application of machine learning and
deep learning techniques for corrosion and
cracks detection in nuclear power plants: A
Review, Arab. J. Sci. Eng., pp. 1-29.

[5] Amer, A., Al-Shehri, A., Cunningham, V., Saiari,
H., Alshamrany, A., Meshaikhis, A. (2020).
Artificial intelligence to enhance corrosion under
insulation inspection, In: Abu Dhabi International
Petroleum Exhibition and Conference, 9. Nov
2020, D012S116R121.

139



M. ZDRAVKOVIC et al.

APPLICATION OF Al IN ENVIRONMENTAL PROTECTION ...

[6]

[7]

(8]

[9]

[10]

[11]

[12]

[13]

[14]

[15]

[16]

140

Amini, M., Younesi, H., Bahramifar, N., Lorestani,
A. A. Z., Ghorbani, F., Daneshi, A., Sharifzadeh,
M. (2008). Application of response surface
methodology for optimization of lead biosorption
in an aqueous solution by Aspergillus niger, J.
Hazard. Mater., 154, pp. 694-702.

Anadebe, V.C., Chukwuike, V.l., Okoye, C.C.,
Guo, L., Barik, R.C. (2023). Artificial intelligence
and machine learning in corrosion research, In:
Handbook of research on corrosion sciences and
engineering, IGI, pp. 1-23.

Babu, M. A., Hemavathi, S., Kousalyedevi, G.,
Shanmuga Priya, S. P. (2023). Biosorption pot-
ential of neem leave powder for the sequestration
of arsenic and chromium metal ions, Glob.NEST
J., 25, 1.

Bardal, E. (2004). Corrosion and protection,
London, Springer London.

Bingol, D., Hercan, M., Elevli, S., Kilic, E. (2012).
Comparison of the results of response surface
methodology and artificial neural network for the
biosorption of lead using black cumin, Bioresour.
Technol., 112, pp. 111-115.

Bouzaffour, K., Lescop, B., Talbot, P., Gallée, F.,
Rioual, S. (2021). Development of an embedded
UHF-RFID corrosion sensor for monitoring corr-
osion of steel in concrete, IEEE Sens. J., 21(10),
12306-12.

Choinska-Pulit, A., Sobolczyk-Bednarek, J., Laba,
W. (2018). Optimization of copper, lead and
cadmium biosorption onto newly isolated bacter-
ium using a Box-Behnken design, Ecotoxicol.
Environ. Saf., 149, pp. 275-283.

Chowdhury, M., Sadek, A. W. (2012). Advantag-
es and limitations of artificial intelligence, Artificial
intelligence applications to critical transportation
issues, 6 (3), pp. 360-375.

Correa, O., Mariano, J. S. Using digital twin and
Al to predict atmospheric corrosion-A smart tool
for decision makers, In: AMPP Corrosion, 6. Mar
2022, D041S037R004.

de Souza Morais, W. R., da Silva, J. S., Queiroz,
N. M. P., de Paiva e Silva Zanta, C. L., Ribeiro, A.
S., Tonholo, J. (2023). Green corrosion inhibitors
based on plant extracts for metals and alloys in
corrosive environment: a technological and
scientific prospection, Appl Sci., 13 (13), 7482.

Dulla, J. B., Sumalatha, B., King, P., Prasanna, K.
Y. (2018). Investigation on biosorption of Cd (II)
onto Gelidiella acerosa (brown algae): Optimiz-
ation (using RSM & ANN) and mechanistic
studies, Desalin. Water Treat., 107, pp. 195-206.

[17]

[18]

[19]

[20]

[21]

[22]

[23]

[24]

[25]

[26]

Edoziuno, F. O., Adediran, A. A., Odoni, B. U.,
Akinwekomi, A.D., Adesina, O.S., Oki, M., Brando,
G. (2020). Optimization and development of
predictive models for the corrosion inhibition of
mild steel in sulphuric acid by methyl-5-benzoyl-
2-benzimidazole carbamate (mebendazole),
Cogent Eng., 7(1), 1714100.

ElShami, A. A., Bonnet, S., Makhlouf, M. H.,
Khelidj, A., Leklou, N. (2020). Novel green plants
extract as corrosion inhibiting coating for steel
embedded in concrete, Pigm. Resin Technol., 49
(6), pp. 501-514.

Ememboly, L. N., Ohale, P. E., Onu, C. E., Ohale,
N. J. (2022). Comparison of RSM and ANFIS
modeling techniques in corrosion inhibition
studies of Aspilia Africana leaf extract on mild
steel and aluminium metal in acidic medium,
Appl. Surf. Sci. Adv., 11, 100316.

Enyoh, C. E., Ovuoraye, P. E., Isiuku, B. O.,
Igwegbe, C. A. (2023). Artificial neural network
and response surface design for modeling the
competitive biosorption of pentachlorophenol and
2,4,6-trichlorophenol to Canna indica L and
analyzed by UV-Vis spectrometry in Aquaponia,
Anal. Methods Environ. Chem. J., 6(1), pp. 79-99.
Falade, A. V., Oladoye, S. O., Ayodele, E. T.,
Adeeyo, A. O. (2025). Review of nutritional
component, phytochemistry and applications of
Phyllanthus amarus, Phytochem. Rev.,
doi:10.1007/s11101-025-10097-7

Fawzy, M. A. (2020). Biosorption of copper ions
from aqueous solution by Codium vermilara:
Optimization, kinetic, isotherm and thermodyn-
amic studies, Adv. Powder Technol., 31, pp.
3724-3735.

Fawzy, M., Nasr, M., Nagy, H., Helmi, S. (2018).
Artificial intelligence and regression analysis for
Cd(ll) ion biosorption from aqueous solution by
Gossypium barbadense waste, ESPR, 25, pp.
5875-5888.

Ghorbani, F., Younesi, H., Ghasempouri, S. M.,
Zinatizadeh, A. A., Amini, M., Daneshi, A. (2008).
Application of response surface methodology for
optimization of cadmium biosorption in an
aqueous solution by Saccharomyces cerevisiae,
Chem. Eng. J., 145, pp. 267-275.

Ghosh, A., Das, P., Sinha, K. (2015). Modeling of
biosorption of Cu(ll) by alkali-modified spent tea
leaves using response surface methodology
(RSM) and artificial neural network (ANN), Appl.
Water. Sci., 5, pp. 191-199.

Goh, K.-H., Lim, T.-T., Chui, P.-C. (2008). Eval-
uation of the effect of dosage, pH and contact
time on high-dose phosphate inhibition for copper

ECOLOGICA, Vol. 32, No 118 (2025)



M. ZDRAVKOVIC et al.

APPLICATION OF Al IN ENVIRONMENTAL PROTECTION ...

[27]

[28]

[29]

[30]

[31]

[32]

[33]

[34]

[35]

[36]

[37]

corrosion control using response surface meth-
odology (RSM), Corros. Sci., 50(4), pp. 918-927

Gu, T., Chen, Z.,, Jiang, X., Zhou, L., Liao, Y.,
Duan, M., Wang, H., Pu, Q. (2015). Synthesis and
inhibition of N-alkyl-2-(4-hydroxybut-2-ynyl) pyrid-
inium bromide for mild steel in acid solution: Box—
Behnken design optimization and mechanism
probe, Corros. Sci., 90, pp. 118-132.

Hoang, A. T., Tabatabaei, M., Aghbashlo, M.
(2020). A review of the effect of biodiesel on the
corrosion behavior of metals/alloys in diesel eng-
ines, Energy Sources A - Recovery Util. Environ.
Eff., 42(23), pp. 2923-2943.

Imran, M. M. H., Jamaludin, S., Ayob, A. F. M., Ali,
A.A .M., Ahmad, S.Z.A.S., Akhbar, M.F. A., Suhrab,
M. I. R., Zainal, N., Norzeli, S. M., Mohamed, S. B.
(2023). Application of artificial intelligence in
marine corrosion prediction and detection, J. Mar.
Sci. Eng.,1 (2), 256.

Jendia, A. H., Hamzah, S., Abuhabib, A. A., El-
Ashgar, N. M. (2020). Removal of nitrate from
ground water by eggshell Bio-waste, Water
Supply, 2514.

Jimenez, J. J., Schwartz, S., Vingerhoeds, R.,
Grabot, B., Salatn, M. (2020). Towards multi-
model approaches to predictive maintenance: A
systematic literature survey on diagnostics and
prognostics, J. manuf. syst., 56, pp. 539-557.

Jimenez, V. J., Bouhmala, N., Gausdal, A. H.
(2020). Developing a predictive maintenance
model for vessel machinery, J. Ocean Eng. Sci.,
5(4), pp. 358-386.

Khaled, S., Benahmed, M., Akkal, S., Laouer, H.
(2025). Experimental and theoretical approaches
to examine the effects of Bupleurum montanum
extracts as corrosion inhibitors on carbon steel in
an acidic solution, Chem. Pap., 79(8), 1707-1737.

Khuri, A. 1., Mukhopadhyay, S. (2010). Response
surface methodology, WIREs Comp. Stats., 2(2),
pp- 128-149.

Kumari, P., Lavanya, M. (2024). Optimization
strategies for corrosion management in industries
with artificial neural network and response
surface technology: A comprehensive review, J.
Bio. Tribo. Corros., 10, 59.

Kusmierek, E., Chrzescijanska, E. (2015). Tannic
acid as corrosion inhibitor for metals and alloys,
Mater. Corros., 66 (2), pp. 169-174.

Lavanya, M., Ghosal, J., Rao, P. (2024). A
comprehensive review of corrosion inhibition of
aluminium alloys by green inhibitors, Can. Metall.
Q, 63(1), pp.- 119-129.

ECOLOGICA, Vol. 32, No 118 (2025)

[38]

[39]

[40]

[41]

[42]

[43]

[44]

[45]

[46]

[47]

[48]

Lawal S. L., Afolalu S. A., Jen, T. C., Akinlabi E.
T. (2024). Corrosion control and its application in
marine environment - A review, Solid State
Phenom., 28(355), pp. 61-73.

LeCun, Y., Bengio, Y., Hinton, G. (2015). Deep
learning, Nature, 521 (7553), pp. 436-444.
Legat, A., Dolecek, V. (1995). Corrosion monitor-
ing system based on measurement and analysis
of electrochemical noise, Corrosion, 51(4), pp.
295-300.

Lin, Z., Zhang, W., Li, J., Yang, J., Han, B., Xie,
P. (2023). Application of artificial intelligence (Al)
in the area of corrosion protection, Anti-Corros.
Methods Mater., 70(5), pp. 243-251.

Makridis, G., Kyriazis, D., Plitsos, S. Predictive
maintenance leveraging machine learning for
time-series forecasting in the maritime industry,
In: 2020 IEEE 23rd international conference on
intelligent transportation systems (ITSC), 20.
September 2020, pp. 1-8.

Markovi¢, M., Gorgievski, M., Strbac, N., BozZino-
vié, K., Grekulovié, V., Mitovski, A., Zdravkovic,
M. (2023). Copper ions biosorption onto bean
shells: Kinetics, equilibrium, and process optim-
ization studies, J. Serb. Chem. Soc., 88(9), pp.
921-935.

Markovi¢, M., Gorgievski, M., Strbac, N., Greku-
lovi¢, V., Bozinovi¢, K., Zdravkovi¢, M., Vukovic,
M. (2023). Raw eggshell as an adsorbent for
copper ions biosorption - Equilibrium, kinetic,
thermodynamic and process optimization studies,
Metals, 13(2), 206.

Markovié, M., Gorgievski, M., Strbac, N., Greku-
lovié, V., Zdravkovi¢, M., Markovi¢, M., Stankovi¢,
D. (2025). Analysis and statistical modeling of
copper ions biosorption onto calcined chicken
eggshell, J. Serb. Chem. Soc. 90,
doi:10.2298/JSC241107017M

Mathew, C., Adu-Gyamfi, E. (2024). A review on
Al-driven environmental-assisted stress corros-
ion cracking properties of conventional and
advanced manufactured alloys, Corros. Eng. Sci.
Technol., 60 (2), 1478422X241276727.

Nazeer, A. A., Madkour, M. (2018). Potential use
of smart coatings for corrosion protection of metals
and alloys: A review, J. Mol. Liqg., 253, pp. 11-22.
Nti, E. K., Cobbina, S. J., Attafuah, E. E., Senanu,
L. D., Amenyeku, G., Gyan, M. A., Forson, D.,
Safo, A. R. (2023). Water pollution control and
revitalization using advanced technologies:
Uncovering artificial intelligence options towards
environmental health protection, sustainability
and water security, Heliyon, 9(7), e18170. .

141



M. ZDRAVKOVIC et al.

APPLICATION OF Al IN ENVIRONMENTAL PROTECTION ...

[49]

[50]

[51]

[52]

[53]

[54]

[55]

[56]

[57]

[58]

[59]

[60]

142

Okwu, M. O., Samuel, O. D., Ewim, D. R. E,,
Huan, Z. (2021). Estimation of biogas yields
produced from combination of waste by implem-
enting response surface methodology (RSM) and
adaptive neuro-fuzzy inference system (ANFIS),
Int. J. Energy Environ. Eng., 12 (2), pp. 353-363.
Ong, G., Kasi, R., Subramaniam, R. (2021). A
review on plant extracts as natural additives in
coating applications, Prog. Org. Coat., 151,
106091.

Onu, C. E., Igbokwe, P. K., Nwabanne, J. T.,
Ohale, P. E. (2022). ANFIS, ANN, and RSM mod-
eling of moisture content reduction of cocoyam
slices, J. Food Process. Preserv., 46, e16032.

Onu, C. E., Nwabanne, J. T., Ohale, P. E., Asadu,
C. 0. (2021). Comparative analysis of RSM, ANN
and ANFIS and the mechanistic modeling in
eriochrome black-T dye adsorption using modif-
ied clay, S. Afr. J. Chem. Eng., 36, pp. 24-42.
Prakash, N., Manikandan, S. A., Govindarajan,
L., Vijayagopal, V. (2008). Prediction of bio-
sorption efficiency for the removal of copper(ll)
using artificial neural networks, J. Hazard. Mater.,
152, pp. 1268-1275.

Proenga, C. S., Serrano, B., Correia, J., Aradjo,
M. E. (2022). Evaluation of tannins as potential
green corrosion inhibitors of aluminium alloy used
in aeronautical industry, Metals,12(3), 508.

Putra, D. A., Ardyansyah, N. B., Putranto, N. V.,
Trisnapradika, G. A., Akrom, M., Rustad, S.,
Dipojono, H.K., Maezono, R. (2025). Machine
learning-based prediction of corrosion inhibition
efficiency of expired pharmaceuticals: Model dev-
elopment and application, J. Bio-Tribo-Corros.,
11(1), 24.

Rahim, A. A., Kassim, J. (2008). Recent develop-
ment of vegetal tannins in corrosion protection of
iron and steel, Recent Pat. Mater. Sci., 1(3), pp.
223-231.

Rajendran, D., Sasilatha, T., Rajendran, S., Selv-
araj, S. K., Lacnjevac, C., Prabha, S. S., Rathish,
R. J. (2022). Application of machine learning in
corrosion inhibition study, Mater. Prot., 63(3), pp.
280-290.

Rani, B. A., Basu, B. B. (2012). Green inhibitors
for corrosion protection of metals and alloys: an
overview, Int. J. corros., 2012 (1), 380217.
Rasheed, F., Kayani, W. K., Asghar, M. U,
Farrukh, A., Gul, S., Khan, I., Nazli, N. (2025).
Unlocking the potential of biowaste: Sustainable
strategies to produce valuable industrial products,
J. Environ. Qual., 54(2), pp. 319-334.
Reynel-Avila, H. E., Aguayo-Villarreal, I. A., Diaz-
Munoz, L. L., Moreno-Perez, J., Sanchez-Ruiz, F.

[61]

[62]

[63]

[64]

[65]

[66]

[67]

[68]

[69]

[70]

J., Rojas-Mayorga, C. K., Mendoza-Castillo, D. .,
Bonilla-Petriciolet, A. (2022), A review of the
modeling of adsorption of organic and inorganic
pollutants from water using artificial neural
networks, Adsorp. Sci. Technol., 9384871,
doi:10.1155/2022/9384871

Sabour, M. R., Dezvareh, G. A., Niavol, K. P.
(2021). Application of artificial intelligence meth-
ods in modeling corrosion of cement and sulfur
concrete in sewer systems, Environ. Process., 8,
pp. 1601-1618.

Shah, A.M., Rahim, A. A., Hamid, S. A,, Yahya,
S. (2013). Green inhibitors for copper corrosion
by mangrove tannin, Int. J. Electrochem. Sci.,
8(2), pp. 2140-2153.

Sharma, P., Said, Z., Kumar, A., Nizetic, S.,
Pandey, A., Hoang, A. T., Huang, Z., Afzal, A., Li,
C., Le, A. T., Nguyen, X. P. (2022). Recent adv-
ances in machine learning research for nanofluid-
based heat transfer in renewable energy system,
Energ.Fuels, 36(13), pp. 6626-6658.

Suzuki, K. (2017). Artificial neural networks -
methodological advances and biomedical applic-
ations, InTech, doi:10.5772/644.

Udunwa, D. I., Onukwuli, O. D., Anadebe, V. C.
(2022). Synthesis and evaluation of 1-butyl-3-
methylimidazolium chloride based ionic liquid for
acid corrosion inhibition of aluminum alloy:
Empirical, DFT/MD-simulation and RSM model-
ing, J. Mol. Lig., 364, 120019.

Veza, |., Spraggon, M., Fattah, I. M. R, Idris, M.
(2023). Response surface methodology (RSM)
for optimizing engine performance and emissions
fueled with biofuel: Review of RSM for sustainab-
ility energy transition, Results Eng., 18, 101213.

Zawacki-Richter, O., Marin, V. I., Bond, M.,
Gouverneur, F. (2019). Systematic review of
research on artificial intelligence applications in
higher education - where are the educators?, Int.
J. Educ. Technol. High. Educ., 16(2), pp. 1-27.
Zdravkovic, M., Grekulovi¢, V., Suljagi¢, J., Stan-
kovié, D., Savi¢, S., Radovanovi¢, M., Stamenko-
vi¢, U. (2023). Influence of blackberry leaf extract
on the copper corrosion behaviour in 0.5 M NaCl,
Bioelectrochemistry, 151, 108401.

Zdravkovi¢, M., Grekulovi¢, V., Strbac, N., Zdrav-
kovi¢, B., Gorgievski, M., Markovi¢, M., Markovi¢,
M. (2024). Raspberries and blackberries grown in
Serbia from the perspective of the Green Agenda,
Ecologica, 31(114), pp. 137-143 (in Serbian).
Zelinka, S. L., Stone, D. S. (2011). The effect of
tannins and pH on the corrosion of steel in wood
extracts, Mater. Corros., 62(8), pp. 739-744.

ECOLOGICA, Vol. 32, No 118 (2025)



ECOLOGICA, Vol. 32, No 118 (2025), 143-149

https://doi.org/10.18485/ecologica.2025.32.118.8

Originalni naucni rad

UDC: 338.43:[631.442.5+631.86](497.11+497.6+496.5+497.16+497.7+497.5)
502.131.1

Economic indicators of effectiveness and efficiency with a focus on
the development of organic production in the Western Balkans

Ekonomski indikatori efektivnosti i efikasnosti sa fokusom na razvoj
organske proizvodnje na Zapadnom Balkanu

Aleksandra Stojkov Pavlovié'*, Larisa Jovanovic?

L2ALFA BK University, Bulevar mar$ala Tolbuhina 8, 11070 Belgrade, Serbia /
ALFA BK Univerzitet, Bulevar mar3ala Tolbuhina 8, 11070 Beograd, Srbija

* Corresponding author / Autor za prepisku

Received / Rad primljen: 03.05.2025, Accepted / Rad prihvaéen: 02.06.2025.

Abstract: Organic agriculture represents a farming system that, beyond its environmental dimension, carries substantial
economic relevance. Although the development of organic production in the Western Balkan countries has progressed
more slowly than in most European Union member states, it nevertheless demonstrates encouraging economic
performance and growing strategic relevance. When guided by principles of efficiency and supported by a dedicated
institutional framework, this sector yields dual benefits: promoting environmental sustainability while simultaneously
facilitating integration into expanding and profitable markets. More than merely the avoidance of synthetic inputs, organic
agriculture entails the harmonization of farming practices with natural ecosystems and the respectful treatment of living
organisms. By rejecting synthetic fertilizers and pesticides, genetically modified organisms, growth hormones, antibiotics,
and artificial additives, this approach proactively addresses ecological and social externalities. Instead, it embraces a
holistic paradigm that fosters biodiversity, reinforces natural cycles, and revitalizes soil fertility. For Serbia and the other
countries analyzed in this study: Albania, Bosnia and Herzegovina, Montenegro, and North Macedonia, organic agriculture
emerges like a pathway toward sustainable economic transformation. This paper explores key economic indicators related
to the effectiveness and efficiency of organic sector development in the Western Balkans.

Keywords: Organic agriculture, Western Balkans, Economic performance, Effectiveness, Sustainable development, Agro-
ecosystem, Serbia, Comparative analysis.

Sazetak: Organska poljoprivreda predstavlja poljoprivredni sistem koji, pored svoje ekoloSke dimenzije, nosi zna¢ajan
ekonomski znacaj. lako je razvoj organske proizvodnje u zemljama Zapadnog Balkana napredovao sporije nego u vecini
zemalja €lanica Evropske unije, on ipak pokazuje ohrabrujuce ekonomske performanse i rastuci strateski znacaj. Kada se
vodi principima efikasnosti i podrzava ga poseban institucionalni okvir, ovaj sektor donosi dvostruke koristi: promociju
ekoloske odrzivosti, a istovremeno olakSava integraciju u rastuca i profitabilna trzista. ViSe od pukog izbegavanja sinteti¢kih
inputa, organska poljoprivreda podrazumeva harmonizaciju poljoprivrednih praksi s prirodnim ekosistemima i poStovanje
prema Zivim organizmima. Odbacivanjem sintetickih dubriva i pesticida, genetski modifikovanih organizama, hormona
rasta, antibiotika i veStackih aditiva, ovaj pristup proaktivho reSava ekoloske i drustvene eksternalije. Umesto toga, on
prihvata holisticku paradigmu koja podstice biodiverzitet, jaca prirodne cikluse i revitalizuje plodnost zemljiSta. Za Srbiju i
druge zemlje analizirane u ovoj studiji: Albaniju, Bosnhu i Hercegovinu, Crnu Goru i Severnu Makedoniju, organska
poljoprivreda se pojavljuje kao put ka odrzivoj ekonomskoj transformaciji. Ovaj rad istrazuje klju¢ne ekonomske indikatore
vezane za efikasnost i efikasnost razvoja organskog sektora na Zapadnom Balkanu..
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INTRODUCTION

The growing demand for sustainable agricultural
practices has brought organic farming to the fore-
front of environmental and rural development
strategies. As global concerns about soil degrad-
ation, water scarcity, and chemical overuse in agri-
culture intensify, organic production systems have
emerged as a viable alternative that aligns with
ecological and socio-economic priorities. In contrast
to conventional agriculture, organic farming prom-
otes the conservation of essential natural resources,
particularly soil and water. Additionally, it plays a
direct role in fostering various complementary activ-
ities within rural economies.

In the Western Balkan region, sustainability has
historically not been a core focus of agricultural
policy. This has led to a range of environmental and
infrastructural constraints for the development of
organic production. As noted by Pavlovi¢ et al.
(2024), “Croatia and Serbia have numerous dep-
osits of lignite, which is used for electricity prod-
uction and household heating. Combustion of lignite
leads to significant pollution of the environment with
heavy metals and other phytotoxic elements. That is
why significant areas of land in Croatia and Serbia
are not suitable for organic production.” This obs-
ervation underscores how legacy energy practices
can limit the ecological viability of certain territories
for organic agriculture. The production of fruit dom-
inates in Serbia, followed by the production of
cereals with constant growth in the production of
industrial plants, oilseeds and animal feed Fodder
production, it has also seen growth in recent years
(Jovanovi¢ & Pavlovi¢, 2023).

The ecological dimension of organic agriculture
can serve as part of the solution to challenges
addressed by the European Green Deal and the
Green Agenda for the Western Balkans. In addition
to its contribution to environmental sustainability and
the preservation of public health, its economic sign-
ificance is substantial. Given that Western Balkan
countries possess longstanding experience in conv-
entional agricultural practices, hold the status of
developing economies, and are geographically situat-
ed in Europe with aspirations toward EU accession,
the economic potential associated with the devel-
opment of the organic sector appears promising.

1. METHODOLOGY

This study employs a descriptive, analytical, and
comparative research approach. The primary data
sources include The World of Organic Agriculture
(Statistics and Emerging Trends) reports for 2021,
2022, and 2024, published by the Research Institute
of Organic Agriculture (FiBL), Frick, and IFOAM
(Willer et al., 2021, 2022, 2024), alongside official
national statistics. The comparative analysis foc-
uses on the state of organic agriculture in selected
Western Balkan countries: Albania, Bosnia and
Herzegovina, Montenegro, and North Macedonia
and Croatia, like EU member state from the same
region.

To assess the market performance of the
organic agriculture sector across these countries, a
Market Efficiency Index (MEI) is introduced. The
MEI is defined as the ratio of total organic food
exports (in metric tons) to the total certified organic
agricultural area (in hectares). This index serves as
a proxy indicator for evaluating the degree of market
integration, export productivity, and the economic
output per unit area of organic land.

2. RESEARCH AND DISCUSSION

A survey of organic production effectiveness
and efficiency was conducted in the observed
countries of Western Balkans (Albania, Bosnia and
Herzegovina, Montenegro, North Macedonia and
Serbia) and Croatia (EU member). The indicators
analyzed: Organic share; Organic area; and Export
data (EU and USA). Based on the analyzed
indicators assessing the market performance of the
organic agriculture sector across selected countries,
a Market Efficiency Index (MEI) is calculated to
provide a comparative measure.

Overview of Organic Share in the Western Balkan
Countries and Croatia

The organic share serves as a key indicator of
the development and integration of organic farming
within national agricultural systems. Among the
Western Balkan countries, this share remains
relatively low compared to EU averages, yet it
shows gradual progress. As shown in Table 1,
organic share is in progress (2019-2022) in selected
countries.

Table 1 — Organic share change (2019-2022) in selected countries, with trend

Country Organic share % (2019) Organic share % (2022) Trend
Albania 0.1 0.1 No variation
Bosnia and Herzegovina 0.1 0.1 No variation
Montenegro 1.8 15 -0.3
North Macedonia 0.3 0.7 +0.4
Serbia 0.6 0.7 +0.1
Croatia 7.2 8.6 +1.4

Source: Author ‘s research based on Willer et al., 2021 & 2024
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Albania and Bosnia and Herzegovina maint-
ained a consistently low organic share of 0.1%, with
no recorded growth during this period. Montenegro
saw a slight decline from 1.8% to 1.5%. North
Macedonia more than doubled its organic share,
growing from 0.3% to 0.7%, showing promising
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momentum. Serbia experienced modest growth,
increasing from 0.6% to 0.7%. Croatia stands out
with both the highest organic share overall and
notable growth: from 7.2% in 2019 to 8.6% in 2022.
This suggests a more mature and better-supported
organic considering EU membership.

8.6
7.2

0.7 0.60.7

0.3

Serbia Croatia

Macedonia

2022

Figure 1 — Organic share change (2019-2022) in selected countries
Source: Author ‘s figure

Organic area in selected countries

The comparative analysis of organic agricultural
land across selected countries between 2020 and

2022 reveals marked variations in growth dynamics,
reflecting distinct national trajectories in the
development of the organic sector (Table 2).

Table 2 — Areas under organic production in selected countries 2020 and 2022 in ha, with trend and

growth rate

Area under organic Area under organic . .
Country production (2028) in ha | production (2022) in ha Trend in ha Growth rate in %
Albania 887 674 -213 -24.02
Bosnia and
Herzegovina 1692 2495 +803 +47.45
Montenegro 4823 3966 -857 -17.76
North Macedonia 3727 8724 +4997 +133.99
Serbia 19317 25035 +5718 +29.60
Croatia 108610 129374 +20764 +19.14

Source: Author ‘s research based on Willer et al., 2022&2024 database

Croatia recorded the most substantial absolute
increase, with an expansion of 20,764 hectares und-
er organic production, underscoring the country’s
consolidated regulatory framework and relatively
advanced institutional support for organic farming.

Serbia and North Macedonia also exhibited sig-
nificant positive developments, with respective incr-
eases of 5,718 and 4,997 hectares.

Bosnia and Herzegovina demonstrated mod-
erate growth, adding 803 hectares to its organic agri-

ECOLOGICA, Vol. 32, No 118 (2025)

cultural area during the observed period. In contrast,
Albania and Montenegro experienced reductions of
213 and 857 hectares, respectively. Taken together,
these findings point to a general regional tendency
toward the expansion of organic farming.

Although the total areas under organic prod-
uction (still remain below the levels seen in EU
countries, and are even several times smaller), the
value of organic product exports has generally
shown a steady increase.
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The calculated growth rates reveal considerable
variation across countries. North Macedonia exp-
erienced the most dynamic expansion, with a
133.99% increase in organic agricultural area, foll-
owed by Bosnia and Herzegovina (+47.45%) and

Organic exports in selected countries

Serbia (+29.60%). Croatia saw a steady growth of
19.14%, despite already having the largest organic
area in absolute terms. In contrast, Montenegro
(-17.76%) and Albania (-24.02%) recorded contr-
actions.

Table 3 — Exports to EU and USA

Countr Exports to EU and USA Exports to EU Exports to USA
y (2020) in MT (2022) in MT (2022) in MT
Albania 1834 1440.3 14
Bosnia and Herzegovina 1582 10489.8 -
Montenegro 56 24.1 -
North Macedonia 361 447.1 -
Serbia 15847 14323.6 62.2
Croatia 28 (USA) EU country 20.8
Source: Author ‘s research based on Willer et al., 2022 & 2024 database
Croatia (UsA) | 39-8
Serbia 143851'58847
North Macedonia Sléf 1
Montenegro %gl
Bosnia and Herzegovina 1582 10489.8
Albania 11%%4?
0 2000 4000 6000 8000 10000 12000 14000 16000 18000

Export to EU and USA in MT (2022

Exports EU and USA (2020)

Figure 2 — Exports to EU and USA
Source: Author ‘s figure

The export of organic agricultural products from
the Western Balkans to the European Union and the
United States represents a growing segment of
economic potential for the region. In particular, the
European market has demonstrated a consistent
and significant demand for such products, posit-
ioning itself as the primary destination for exporters
from countries like Serbia, Bosnia and Herzegovina,
and North Macedonia. Empirical data supports this
trend: in 2022, Serbia exported approximately
14,323 metric tons (MT) of organic products to the
EU, compared to a modest 62.2 MT to the United
States. Bosnia and Herzegovina experienced a
remarkable increase in exports to the EU, rising from
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1,582 MT in 2020 to over 10,000 MT in 2022. In
contrast, countries such as Montenegro and Albania
exhibited notably smaller volumes, indicating struct-
ural limitations or underdeveloped supply chains in
organic production.

This uneven distribution suggests a high degree
of heterogeneity in the capacity of Western Balkan
states to engage with international organic markets.
Serbia has emerged as a regional leader, owing to
its more developed production infrastructure, divers-
ified export portfolio, and institutional support for
organic farming. Meanwhile, the limited engag-
ement with the U.S. market across the region may
reflect logistical challenges, regulatory differences,

ECOLOGICA, Vol. 32, No 118 (2025)
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or strategic prioritization of the geographically closer
and more accessible EU market.

Importantly, the positive trajectory in export
volumes - particularly toward the EU - illustrates the
increasing competitiveness of the region’s organic
sector, even in the face of global disruptions such as
the COVID-19 pandemic. This growth can be inter-
preted not merely as a commercial success but as
an indicator of the sector’'s adaptive capacity and
alignment with international quality standards.
Nevertheless, the proportion of land dedicated to
organic farming in most Western Balkan countries
remains marginal. Tripkovi¢, Arsi¢, and Dobri¢anin
(2023) emphasize that the continued expansion of
organic agriculture holds the potential to strengthen
the sustainability of small and medium-sized enter-
prises, provided that they harness emerging opp-
ortunities and maintain a focus on healthy food prod-
uction principles. This underscores both the potent-
ial for expansion and the necessity of targeted policy
interventions, including technical assistance, farmer
education, and improved certification processes.

In sum, the organic export sector holds sign-
ificant promise as a driver of rural development and
economic diversification in the Western Balkans.
While current performance varies across countries,
the overall trend points to an upward trajectory that,
if strategically cultivated, could bolster not only
export revenues but also the environmental sust-
ainability and international integration of the region’s
agri-food systems.

Market Efficiency Index of the Organic Sector in
selected countries

A Market Efficiency Index (MEI) was calculated
by dividing the total quantity of organic exports,
measured in metric tons, by the total certified
organic agricultural area in hectares. This ratio
provides a standardized indicator of export
productivity per unit of organic land area. This metric
serves as a proxy indicator for assessing the
intensity of market integration, export productivity,
and the economic output per unit area of organic
land.

Table 4 — Market Efficiency Index of the Organic Sector in selected countries (2022)

Country O(rr?;né%g;(;a EXpCZRtAS_I_t’ozg;J;)USA MEI (MT/ha)
Albania 674 1441.7 2.14
Bosnia and Herzegovina 2495 10489.98 4.20
Montenegro 3966 24.1 0.006
North Macedonia 8724 447.1 0.05
Serbia 25035 14385.8 0.57
Croatia 129374 N/a (partial data) -

Source: Author ‘s calculation

The MEI reveals significant divergence in mark-
et integration among the countries studied. Bosnia
and Herzegovina exhibits the highest index value
(4.20 MT/ha), suggesting a strong export orientation
and efficient conversion of organic land into mark-
etable output. Conversely, Montenegro and North
Macedonia display very low MEI values, indicating
weak export performance relative to their organic
area. In the case of North Macedonia, although the
number of organic producers is relatively high,
holdings are highly fragmented - typically not exce-
eding 2 hectares - which further limits export cap-
acity (Jovanovi¢ & Pavlovi¢, 2024). Moreover, the
accessibility of official certification systems remains
a key barrier. As Jankovi¢ et al. (2023) note, 'For
small-scale farmers, the cost of accessing official
certification systems is often burdensome. As a
result, the procedures required to obtain formal cert-
ification can represent a significant obstacle. Serbia
presents a moderate level of efficiency, while data
limitations prevent conclusive analysis for Croatia.

ECOLOGICA, Vol. 32, No 118 (2025)

When addressing the importance of organic
agriculture - particularly from an economic stan-
dpoint - it is relevant to consider Demeter certif-
ication, which reflects a more rigorous and advanc-
ed standard of organic production rooted in the
biodynamic farming system. As a holistic agricultural
approach, biodynamic farming builds upon the
principles of organic agriculture while incorporating
ecological, ethical, and spiritual dimensions of land
management. Globally, 7,087 farms are certified
under the Demeter standard. Within the Western
Balkans and the countries examined in this study,
Serbia stands out with two Demeter-certified farms,
followed by Bosnia and Herzegovina with one.
Currently, no certified farms operate under this
standard in Albania, Montenegro, or North Maced-
onia. The presence of biodynamic practices in
Serbia demonstrates that the foundational condit-
ions for implementing more advanced organic
systems are already in place, providing a promising
platform for future sectoral development.
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Figure 3 — Market Efficiency Index in selected countries (2022)
Source: Author ‘s figure

CONCLUSION

The analysis of organic agriculture in the
Western Balkans and Croatia underscores the
sector’'s uneven yet progressively evolving char-
acter across the region. Despite persistent envir-
onmental and infrastructural limitations in relation to
the soil contamination and limited policy emphasis
on sustainability - several countries demonstrate
clear signs of growth in organic land area, export
performance, and market integration.

The introduction of the Market Efficiency Index
(MEI) offers a valuable metric for assessing the
relationship between certified organic area and
export output, enabling more nuanced comparisons
between countries. Serbia emerges as a regional
leader, exhibiting a strong export capacity and early
adoption of advanced standards such as Demeter
certification. This not only reflects its institutional and
infrastructural readiness, but also highlights the
latent potential of the entire region to transition
toward more sustainable agricultural models.

Although the share of land under organic
management remains modest in most countries,
rising export volumes - particularly to the European
Union - illustrate the sector’s growing alignment with
international markets. However, to fully harness this
potential, targeted policy interventions are needed
to support certification systems, farmer education,
technical capacity building, and value chain devel-
opment.
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In this context, organic agriculture should not be
viewed merely as a niche production system, but as
a strategic pillar for rural development, environ-
mental protection, and European integration. The
foundation for more advanced organic systems -
such as biodynamic farming - is already present in
parts of the region, providing a promising basis for
further expansion and innovation.
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Opn 24 -25 anpuna 2025. roguHe y Beorpagy je ogpxaHa MehyHapoaHa HayyHa KoHdepeHuuja:

APPLICATION OF ARTIFICIAL INTELLIGENCE IN ENVIRONMENTAL PROTECTION AND
AGRICULTURE (NMPUMEHA BEWTAYKE MHTENUITEHUWNJIE Y SAWTUTUN XXUBOTHE
CPEAMHE M NOJbOINMPUBPEON)

KoHdepeHuuja je ogpxxaHa je noA NoKpoBUTErbCTBOM MUHUCTapCTBa HayKe, TEXHOSOLLUKOr
pa3Boja u nHoeaumja Penybnuke Cpbunje

OpraHusaTop ckyna:
Hay4Ho-CTpy4HO ApyLITBO 3a 3aWTUTY XNBOTHE cpeauHe Cpbunje “ECOLOGICA®

CyopraHusaTopu:

AJN®A BK YHusepsautet, beorpag

CaBes nHxerepa n TexHnyapa Cpbuje, beorpag
MHxerepcka akagemuja Cpbuje

MHCTUTYT 3a MmynTuancunnnmHapHa nctpaxmeama, beorpag
MHCTUTYT 3@ eKOHOMUKY Nosbonpuspene, beorpan

Bulgarian National Society of Agricultural Engineers, Bulgaria
Balkan Environmental Association (B.EN.A.)

MehyHapogHm Hay4dHu ckyn oTeopuna je lNpeacegHuua YnpasHor ogbopa HayuHo-cTpy4HOr
Opywtea ECOLOGICA Emeputyc npodp. Ap Napuca JosaHosuh.

lMo3gpaBHe roBope ogpxanu cy:

Mpodb. Op Wnwuja hocuh, npenceaHnk UHxenepcke akagemuje Cpbuje;

Mpocp. Ap BanentuHa Bbyaunnumh, npopektop ANTPA BK YHuBepsuTeTa

KoHdbepeHuuja je paguna y oksupy lNneHapHor 3acefara u net cekuuja:

* New methods for analyzing soil and plant composition /
HoBe meToae aHanu3e cactaBa 3eMrbuwITa U Burbaka

+ Modelling of fitigeochemical profiles /
Mogenupare gutoreoxeMmjckmx npoduna

« The role of artificial intelligence in environmental security /
Ynora BelTavke MHTenureHumje y eKonoLikoj 6e3dbegHocTu

* Application of Al in environmental protection/
lMprMeHa BelwlTayke NHTENUreHumje y 3aliTuTn XXMBOTHE CpeauHe

« Application of artificial intelligence in the economic assessment of mineral reserves /
MpumeHa BewwTayke NHTENUreHUMje y eKOHOMCKOj NPOLeHN MUHEParHUX pe3epBsu

Y pagy MehyHapogHe Hay4He KoHdepeHuumje ,[lpumeHa sewmayke uHmenuaeHyuje y aaumumu
JXUBoOmMHe cpeduHe u nosborpuspedu” y4ecTBOBanu Cy HaydHWULUWM, NPUBPEOHULM, MHXEHEPMU,
npodecopun 1 Apyrn y4ecHuUUmM ckyna.

KoHbepeHuMja je nmana 3a uuib a yKaxe Ha 3Hauvaj BewTayke MHTenureHuuwje y 3awTuTu
XunBoTHe cpeanHe. KoHdepeHumja je obyxeaTana cnegehe Tematcke obnactu: [lMpumeHa
WHOBaATMBHUX MeETOAa aHanu3e cacrtaBa 3emsbuwTa U Ourbaka y uuby Mogenupara
duToreoxemujckux npoduna; lNMpumeHa BewTayke MHTENUreHumje y eKOHOMCKOj eBarnyauuju
MUHEpanHMX pe3epBa; 3Ha4vaj BeLUTauYKe NHTENUIEeHUNje Y EKOHOMCKOj MOAEePHU3aLUN|W.
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Clanovi Nau¢nog odbora Medunarodne nauéne konferencije “Application of artificial intelligence in environmental
protection and agriculture”

Najavljivanje nau¢nih sekcija Medunarodne naucne konferencije, Beograd, 24-25 April, 2025. god.
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Kneza MiloSa 7a ¢ 11000 Beograd ¢ Srbija
Tel./faks: +381 11 32 44 248
E-mail:ecologica.drustvo@gmail.com
www.ecologica.org.rs





