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In the context of the global fight against climate change and the tightening of regulatory restrictions, such as the intro-
duction of the European Union's Carbon Border Adjustment Mechanism (CBAM), Ukrainian metallurgical enterprises
face serious challenges that require urgent solutions. For PJSC «Zaporizhstal» these challenges manifest in the need not
only to reduce CO, emissions but also to comply with new international environmental standards, which is critical for
maintaining the competitiveness of their products in global markets. This article provides a comprehensive analysis of
both economic and environmental risks associated with greenhouse gas emissions at PJSC «Zaporizhstaly. The authors
explore potential modernization pathways aimed at reducing the carbon footprint and improving environmental perfor-
mance. Special attention is given to the implementation of advanced technologies such as Direct Reduced Iron (DRI) and
Electric Arc Furnaces (EAF), which are promising solutions for the decarbonization of metallurgical production. The
article presents the results of a detailed benchmarking of CO; emissions at PISC «Zaporizhstal» compared to European
producers. The dynamics of metal product production, particularly hot-rolled coil (HRC), are analyzed, and changes in
the margin of this product after the implementation of modernization measures are assessed. The economic feasibility of
investments in «greeny metallurgy technologies, which provide not only environmental efficiency but also economic ben-
efits for the enterprise, is emphasized. The research results demonstrate that strategic modernization of PJSC
«Zaporizhstaly» is a key factor for ensuring the long-term sustainable development of the enterprise. Modernization will
contribute to job preservation, increased productivity, and competitiveness of the enterprise in the international market.
Additionally, adaptation to the requirements of the «greenx» transition will enable Ukrainian metallurgy to successfully
integrate into global supply chains that consider environmental responsibility as a key criterion for evaluating production
efficiency.

Keywords: CBAM, PJSC «Zaporizhstaly, CO, emissions, modernization, direct reduction iron, electric arc furnaces,
«greeny steel, sustainable development, energy efficiency.

Statement of the problem introduction of this mechanism was preceded by extensive
consultations, analytical studies, and preparatory work [1-
3].

The current version of the CBAM provides for a tran-
sitional period starting from October 1, 2023, during which
importers must report emissions associated with imported
products, with the actual duty to be introduced from Janu-
ary 1, 2026. Initially, the CBAM will apply to a limited
range of goods but may be expanded in the future. This
creates new challenges for Ukrainian exporters, particu-
larly for metallurgical enterprises whose products tradi-
tionally have a significant carbon footprint [4, 5].

Global warming and related climate changes are
prompting the global community to take active measures
towards the decarbonization of the economy. The Euro-
pean Union is taking a leading role in this process by im-
plementing a set of tools to reduce the carbon footprint of
products and the environmental burden on ecosystems.
One such mechanism is the Carbon Border Adjustment
Mechanism (CBAM), which introduces a carbon duty for
importers of products with a high level of greenhouse gas
emissions, including steel, aluminum, and cement. The
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In this context, PJSC «Zaporizhstal», one of the larg-
est Ukrainian metallurgical enterprises oriented towards
European markets, must adapt to the new regulatory con-
ditions to maintain its competitive advantages and ensure
sustainable development. The introduction of the CBAM
mechanism threatens the competitiveness of the plant, as
its products may lose attractiveness to European consumers
due to high CO, emissions. Therefore, adapting the enter-
prise to the CBAM requirements is an urgent task, the res-
olution of which depends on its further functioning and the
preservation of jobs.

Thus, the study aims to justify the technological trans-
formation of PJSC «Zaporizhstal» in response to CBAM
requirements by analyzing emission-related risks, as-
sessing modernization scenarios, and evaluating their im-
pact on the enterprise’s competitiveness and sustainability.

consumption in current and prospective production pro-
cesses (particularly DRI and EAF technologies), compari-
son of their efficiency with European counterparts, devel-
opment of a step-by-step decarbonization roadmap, and
economic forecasting of modernization outcomes, taking
into account the requirements of the Carbon Border Ad-
justment Mechanism (CBAM), investment feasibility, and
the impact on product competitiveness in international
markets.

Materials and methods

Analysis of the latest achievements
on the identified problem

In analyzing current trends in the development of the
metallurgical complex in well-known studies [6], the fol-
lowing key directions for its further evolution were identi-
fied: modernization of traditional blast furnace and con-
verter production through innovative solutions; transition
to electric arc furnaces (EAF); development of direct re-
duction of iron ore (DRI) technologies, including the use
of hydrogen as a reducing agent; improvement of energy
efficiency and decarbonization of production; implementa-
tion of circular economy principles, including increased re-
cycling of steel scrap; and digitalization and implementa-
tion of Industry 4.0 approaches in metallurgical enter-
prises.

As noted in [7, 8], the metallurgical sector plays a sig-
nificant role in the carbon footprint of the entire industrial
complex, necessitating rapid transformation towards cli-
mate neutrality. Innovations in «green» metallurgy and hy-
drogen technologies are becoming particularly relevant.
Projects involving the use of hydrogen to reduce iron ores
(hydrogen-based DRI), implementation of carbon capture
and storage technologies (CCS/CCUS), as well as ad-
vanced electric smelting units are being actively explored
and tested in leading metallurgical countries.

Moreover, it is important to consider not only tech-
nical feasibility but also the economic and infrastructural
conditions for the implementation of such transformations,
particularly for enterprises operating in transition econo-
mies.

This study utilizes various sources of information, in-
cluding:

- actual data on CO; emissions at PJSC «Za-
porizhstaly;

- annual reports and public materials of the com-
pany;

- scientific publications and analytical reviews ded-
icated to the CBAM mechanism and issues of decarboni-
zation in the metallurgical industry.

For data analysis and processing, the following meth-
ods were applied:

- system analysis — to identify the interrelationships
between factors affecting CO, emissions;

- economic and statistical modeling — to assess the
economic feasibility of various technical modernization
options;

- expert evaluation method — to account for qualita-
tive factors that are difficult to formalize.

Summary of the main material

Purpose and task statement

The objective of this study is to provide a comprehen-
sive justification for the technological transformation of a
large metallurgical enterprise in the context of the transi-
tion to low-carbon production. This is achieved through the
analysis of CO, emission levels, assessment of energy

The benchmarking of CO, emissions (fig. 1) revealed
that the emission levels at PJSC «Zaporizhstal» exceed
those of similar enterprises in EU countries. The main rea-
son for this is the use of outdated technological processes,
particularly the open-hearth steelmaking method, which
has significantly higher carbon intensity compared to elec-
tric arc or converter (BOF) methods [9]. In the context of
the CBAM mechanism, this creates additional threats to the
export capacity of the enterprise and highlights the urgent
need for production modernization.

The analysis showed that replacing open-hearth fur-
naces (OHF) with electric arc furnaces (EAF) combined
with the implementation of direct reduced iron (DRI) tech-
nology significantly reduces CO, emissions. DRI technol-
ogy involves the reduction of iron from iron oxides (usu-
ally in the form of iron ore) using natural gas or hydrogen,
without melting the ore. Particularly effective from an en-
vironmental standpoint is the use of hydrogen as a reducing
agent, which allows for the production of so-called «greenx
pig iron with a minimal carbon footprint [10]. EAF, unlike
open-hearth furnaces, operate on electrical energy instead
of fossil fuels, which also contributes to the reduction of
overall greenhouse gas emissions.
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Fig. 1 — Dynamics of CO2z emission reduction due to the modernization of the iron ore sintering plant (IOSP) and blast furnaces (BF)
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Fig. 2 — Comparative analysis of energy consumption for steel production using different technologies (Old = IOSP + BF + OHF;
New = Midrex Hz + EAF)

The benchmarking conducted (fig. 2) allowed for the
comparison of the energy efficiency of key production
technologies in metallurgy: the sintering section with an
aspiration system, open-hearth furnace, Midrex H, DRI
technology, and EAF. The results confirmed significant
differences in energy consumption levels between tradi-
tional and low-carbon technologies [11, 12].

In previous studies, it was found that the specific en-
ergy consumption of the sintering plant is approximately
33 kWht, the blast furnace — 3.3 kWhit, the open-hearth
furnace — 4 kWh/t, Midrex H, — 85 kWh/t, and the electric
arc furnace (EAF) — 340 kwh/t [9, 11]. A comparative
analysis of different steel production methods revealed sig-
nificant differences in their energy consumption levels.
The traditional open-hearth process is less energy-efficient
compared to modern EAF, but it is still used for the pro-
duction of certain steel grades [11], particularly due to the
technological inertia of enterprises.

The analysis showed that the Midrex H, technology,
despite its high energy intensity, is a promising alternative
to traditional steel production methods due to its significant
reduction in CO, emissions. This is particularly relevant in
the context of tightening environmental requirements.
EAF, although characterized by relatively high energy con-
sumption, have several advantages — including the

flexibility of the production process and efficiency in recy-
cling scrap metal. A comparative assessment of the energy
efficiency of different technological approaches revealed
significant differences between outdated methods (sinter-
ing and blast furnace production, open-hearth furnaces)
and modern solutions such as Midrex H, and EAF. The im-
plementation of the latter plays a key role in the decarbon-
ization of the steel industry, contributing to the reduction
of the carbon footprint and the overall energy efficiency of
production [13, 14].

Therefore, the results of the analysis of steel produc-
tion technologies used at PISC «Zaporizhstal» indicate an
urgent need to modernize production facilities to achieve
environmental goals and maintain competitiveness in the
international market. The transition from outdated open-
hearth furnaces to modern electric arc furnaces, combined
with the implementation of DRI technology, is considered
a promising development direction that will significantly
reduce CO; emissions and increase production energy effi-
ciency. To maintain the competitiveness of the enterprise
in the context of the «greenx transition, production mod-
ernization is extremely necessary. This will allow compli-
ance with international environmental standards, increase
energy efficiency, and ensure the proper quality of prod-
ucts.
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Fig. 3 — Roadmap for the phased decarbonization of metallurgical production

As a result of the analysis, a clear phased decarboni-
zation plan was developed, presented in fig. 3.

This roadmap involves the gradual reduction of CO;
emissions through the implementation of innovative tech-
nologies and energy-efficient solutions, similar to the
breakthrough approaches realized under the ULCOS pro-
gram in the EU [15, 16]. The phased approach allows for
the rational distribution of capital expenditures (CAPEX)
over time, reducing the financial burden on the enterprise.

Key stages of decarbonization include:

- Replacement of OHF with EAF — to signifi-
cantly reduce CO; emissions and improve steel quality.

- Implementation of DRI technology using natu-
ral gas as an intermediate solution — this reduces depend-
ence on fossil fuels and creates prerequisites for the subse-
quent transition to «green» hydrogen.

- Gradual transition to «green» hydrogen in DRI
processes — as a long-term goal to minimize the carbon
footprint.

- Implementation of energy-saving technologies
and heat recovery systems to reduce energy consumption
and increase economic efficiency.

- Integration of digital technologies — to optimize
production processes and continuously monitor CO, emis-
sions.The implementation of such a decarbonization
roadmap will help Ukrainian metallurgical enterprises
adapt to new environmental requirements, maintain their
competitiveness, and ensure the sustainable development
of the industry.

The implementation of technologies according to the
decarbonization roadmap will not only reduce CO; emis-
sions but also optimize production processes and expand
the product range. In particular, PJSC «Zaporizhstal» can
focus on the production of high-margin hot-rolled coil

(HRC), which is characterized by stable demand in the
global market and strategic importance for several indus-
tries.

The results of the production potential analysis con-
firmed the feasibility of installing a continuous casting ma-
chine (CCM) at PJSC «Zaporizhstal» as a strategic stage of
modernization. The implementation of this project will al-
low the enterprise to respond flexibly to market demand,
expand the product range by producing billets for further
rolling at other Metinvest Group assets — particularly at Eu-
ropean rolling facilities — and ensure diversification and in-
creased production efficiency [16].

The forecasted dynamics of metal product production
at PJSC «Zaporizhstal» after the implementation of the de-
carbonization roadmap (fig. 4) show expected stable
growth in the output of hot-rolled coil (HRC), which, in
turn, indicates the anticipated effectiveness of the chosen
modernization strategy.

Taking into account the projected energy consump-
tion and the requirements of the CBAM mechanism, a
macro forecast  for the development of
PJSC «Zaporizhstal» has been formulated (fig. 5).

The calculation results demonstrate a stable average
margin level for hot-rolled coil (HRC) at approximately
USD 410 per ton, even considering the additional burden
of the CBAM carbon tax. This indicates the relative resili-
ence of the company's business model and the effective-
ness of the proposed modernization strategy.

The implementation of the decarbonization roadmap
allows PJSC «Zaporizhstal» not only to reduce its carbon
footprint but also to ensure high production profitability in
the long term. The forecasted dynamics of metal produc-
tion indicate a positive impact of modernization on produc-
tion volumes and overall efficiency.

136 METAJIVPI'IA

106



BICHUK ITPUA30OBCBKOI'O JEP)KABHOI'O TEXHIYHOI'O YHIBEPCUTETY

2025p.

Cepisi: TexHiuni Haykn

Bumn. 50

p-1SSN: 2225-6733; e-1SSN: 2519-271X

Tons
6000

5000

4000

Pigiron Steel

W2025 m2026 w2027

2028 m2029 m2030 w2031 w2032 W2033 W2034 W2035 W2036 w2037 m2038 m2039

3000
2000
- i
0
RI HRC CCM

D

2040 Years

Fig. 4 — Forecasted dynamics of metal product production volumes at PJSC «Zaporizhstal» by year
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Fig. 5 — Macroeconomic forecast of profit margins in metal production

The economic efficiency calculation showed that pro-
duction modernization is economically feasible despite
significant capital expenditures. The reduction in energy
costs and the carbon tax offsets the investments in modern-
ization over the long term.

Conclusions

The conducted research confirmed that the moderni-
zation of PJSC «Zaporizhstaly is a critically important task
for maintaining the company's competitiveness in the con-
text of global decarbonization and the implementation of
the CBAM carbon tax. The study established that the intro-
duction of new technologies, including the transition to
electric arc furnaces (EAF), the use of direct reduced iron
(DRI) technology with hydrogen, and the integration of
digital solutions, will significantly reduce CO, emissions
to 613 kg per ton of steel. This meets modern EU

environmental requirements and contributes to increased
production energy efficiency.

Economic analysis showed that even with additional
costs for the carbon tax, the average margin for hot-rolled
coil (HRC) remains stable at USD 410 per ton, indicating
the effectiveness of the company's business model post-
modernization.

The proposed decarbonization roadmap involves
phased emission reductions and a balanced distribution of
capital investments, estimated at USD 10 billion, which re-
duces financial pressure on the company. The implementa-
tion of these measures will increase production capacity to
7 million tons of steel per year, ensure sustainable devel-
opment, preserve jobs, and strengthen PJSC «Za-
porizhstal'sy» position in the global market.

Thus, the modernization of PJSC «Zaporizhstal» is a
strategic investment in the future of Ukrainian metallurgy,
which will contribute to achieving the goals of the «greeny
transition and enable the company to make a significant
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contribution to combating climate change. Successful pro-
ject implementation requires state support in the form of
preferential loans, tax incentives, and attracting invest-
ments for innovative projects, all of which will help inte-
grate Ukrainian industry into the European economy.
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B xoumexcmi enobanvroi Gopomuou 3i 3MIHOI0 KAIMAMY ma NOCULEHHS! Pe2YNIIMOPHUX 00MEdNCeHb, MAKUX K GNPO6a-
Oorcenns Mexanizmy KopueysanHs eyeneyesux sukudie Ha kopooui €aponeticokoco Coiozy (CBAM), ykpaincoxi memany-
PpeitiHi NIONPUEMCMEA CIMUKAIOMbCSL (3 CEPUOZHUMU BUKAUKAMU, SIKI nompedyomb mepminosux piutens. /s [IAT «3ano-
pidiccmanby yi GUKIUKU NPOSIGISIOMbCA Y Heobxionocmi He uwe ckopomumu euxuou COy, a il 6i0nogidamu HOBUM MIdiC-
HAPOOHUM eKONOZIYHUM CIMAHOAPAM, WO € KPUTMUYHO 8AICTUBUM 0151 30€PedtceHtsi KOHKYPEHMOCHPOMONICHOCI iX npo-
OyKyii Ha ceimosux punkax. Y cmammi 30iCHeHO 6ceOiuHULl AHANI3 eKOHOMIYHUX MA eKOJIO2IYHUX PUBUKIG, NO8 S3AHUX
i3 guxuoamu napnuxosux 2azie na IAT «3anopisccmansy. A6mopu 00CaiONHCYIOMb MONCIUBT WAAXU MOOEPHI3aYil, Chps-
MOBAHI HA 3MEHUIEHHS! 8Y2leye8o20 Cidy ma NOKPAueHHs eKoaA02IYHUX nokasnukie. Ocobnugy ysacy npudileno enposa-
02ICEHHIO NePedosUX MEXHONO2IU, MAKUX K Npsme 8IOHO6IeHHs 3ai3a | 0208l CMANeNId6UIbHI Neyi, Ki € NepCneKmug-
HUMU plleHHAMU 0151 0eKapOOoHI3ayii Memanypeitino2o eupodbHuymea. Y cmammi HagedeHo pe3yibmamu 0emaibHO20
nopiswsnvruozo ananizy euxudie CO2 na IIAT «3anopixccmanvy y nopieusnui 3 eéponeticokumu supoonuxamu. llpoana-
J1i308aHO OUHAMIKY 8UPOOHUYMBA Memanyp2itiHoi npoOdyKYii, 30Kpema eapsaveKxamano2o npokamy (8 pyionax), a maxkoxc
OYIHEHO 3MIHU MAPAICUHATLHOCMI Yb020 NPOOYKMY NICAA peanizayii 3ax00ié mooepHizayii. Haconouwyemocs na ekonomi-
Ynil QOYINIbHOCMI THEeCMUYI Y MEeXHON02I «3e/leHoly Memanypeil, ki 3abe3neyyioms He juuie eKoni02iuHYy epexkmue-
HICMb, aie 1l eKOHOMIYHY 8U200Y 015 nionpuemcmea. Pezyiemamu 0ocniooicensi 0eMOHCmMPYoms, W0 CMpame2iyHa Mo-
Oepuizayis ITAT «3anopisccmansy € Knowoeum Gaxmopom 3abesneuents 00620CMpPOKOBO20 CIMAL020 PO3GUMKY NION-
puemcmesa. Mooepnizayis cnpusimume 36epednceHHio pooouUX Micyb, NIOBUWEHHIO NPOOYKMUBHOCIT MA KOHKYPEHMO-
CHPOMOICHOCIE NIONPUEMCINGA HA MidICHapOOHOMY punKy. Kpim mozo, aoanmayis do sumoz «3enenoi» mpancgopmayii
003601UMb YKPAIHCOLKIN MemAanypeii yCniuHo inmezpyeamucs y eno0anbti 1aHyioeu NOCMAYaHHts, AKI po32is0ams eKo-
JI02IYHY BIONOBIOANbHICIb K KIIOUO8UL KpUMepitl OYIHKU eheKmugHoCmi 6upoOHUYMEA.

Kniouogi cnosa: CBAM, IIAT «3anopisccmanvy, sukuou CO2, moOdepuizayis, npsame 6i0HOGIEHHS 34i3a, 0Y208i cmale-
NIaBUIbHI neui, «3eleHay cmaib, CIMAIull pO38UMOK, eHepeoeheKmuHicnb.
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