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Abstract. Ferrous metallurgy is considered as one of the most difficult industries to decarbonize due to the high heat requirements of using carbon
as a process feedstock, low profitability, high capital intensity, and long asset life. The authors review the latest researches in the field of tech-
nology and practice of decarbonization of cast iron and steel production. The paper evaluates existing and new decarbonization methods,
as well as potentially revolutionary technologies. The analysis showed that there are several promising ways to produce iron on an industrial
scale without CO, emissions. Currently, two advanced technologies for carbon-free steel production are at the stage of piloting and transition
to demonstration projects. These are direct reduction of iron with “green” electrolytically produced hydrogen and direct electrolysis of iron ore.
The review focuses on innovative technologies for carbon capture, use and storage (CCUS), especially promising technologies such as carboniza-
tion of steelmaking slags. The authors discuss the existing barriers to decarbonization and the tools that can help to overcome them. In general,
although advanced decarbonization technologies are key levers for reducing emissions, they are still very expensive and are mostly at the pilot
stage. From an economic point of view, it is more profitable to modernize existing facilities using CCUS than to build new facilities using alterna-
tive technologies. The review also highlights gaps in previous research works.
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AHHOomayus. YepHasi METaILTyprisi CYUUTACTCS OHOM U3 CaMbIX CJIOMKHBIX OTpacieil Iuist JekapOOHU3AIMH H3-3a BLICOKUX TPEOOBAHUI K TEILTY HCIIONb-
30BaHUs yIJIEpOaa B Ka9eCTBE TEXHOIOTHYCCKOTO CBHIPBsI, HU3KOW PEHTa0ENbHOCTH, BHICOKOW KAIMHUTATOSMKOCTH U IJUTEIBHOTO CPOKa CITyXKOBI
AKTUBOB. ABTOPbI pPACCMATPHUBAIOT HOBEHIIIME HCCIICIOBAHKS B 00IACTH TEXHOJIOTUH M IIPAKTHKH AeKapOOHHU3AIMH IIPOM3BOJICTBA YyTyHA H CTAJIH.
B 0030pe OIICHUBAIOTCS CYLIECCTBYOIIHE i HOBBIC METO/IBI ICKapOOHU3ALMH, & TAKXKE TIOTCHINAIBHO PEBOTIOIIMOHHBIC TEXHOIOTHH. [1pOBeICHHBIIH
aHAJM3 II0KA3aJ, YTO CYILICCTBYET HECKOJIBKO HMEPCICKTHBHBIX CIIOCOOOB IPOU3BOACTBA XKeJie3a B MPOMBIIUICHHBIX MaciuiTabax 6e3 BBIOPOCOB
CO,. B HacTosmee BpeMs Ha CTaAUM MIJIOTHPOBAHHS M TEPEX0Aa K JAEMOHCTPAIMOHHBIM MPOEKTaM HAXOAATCS JBE TEPENOBBIE TEXHONOIUH
0e3yrIIepOTHOTO TOTYUYCHHUsI CTAIU. DTO MPSIMOE BOCCTAHOBIICHHUE HKEJE3a «3EJICHBIM» JIEKTPOIMTHYSCKH MOJTyYCHHBIM BOJOPOJAOM H MPSMOMN
3MEKTPOIN3 KeNe3Hoi pyapl. Ocoboe BHIMaHKHE B 0030pe YACICHO WHHOBAIIMOHHBIM TEXHOJIOTHSM YIaBIMBAHMUS, MCIIONB30BAHMS M XPAHCHHS
yriepozna (CCUS), B 0coOCHHOCTH Tako NMEPCIEKTUBHOM TEXHOIOTH, KaK KapOOHHM3aIUs CTaJICTUIaBIIIBHBIX [IUIAKOB. PaccmaTrpuBaemble B 0030pe
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CYLIECTBYIOIME Oapbepbl Ha MyTH K JIeKapOOHM3AIMU M MHCTPYMEHTHI MOTYT IIOMOYb MX NPEOJ0NICTh. B 11esioM, XOTs nepeioBble TEXHOIOTUI
JIeKapOOHU3ALNH SIBJISIOTCS KIFOUEBBIMU PhIYaraMu JUIs COKPAIIECHHsS! BEIOPOCOB, MOKA OHM OYEHBb JOPOTH M HAXOAATCS B OOJBIIMHCTBE CBOEM
Ha cTaguu nuiotupoBanus. C TOUYKH 3peHHs] SKOHOMUKH, 00Jiee BBITOJHO MOJCPHU3NPOBATh CYNIECTBYIOIINE 00beKTHl ¢ Tomorsio CCUS, uem
CTPOHUTH HOBBIE MOIITHOCTH C UCIIOJIb30BAHUEM aJIbTEPHATHBHBIX TexHouoruit. Takike B 0030pe yKka3zaHbl IPOOEIbl B UCCIICT0BAHMUSIX.

Ksilouesule c/108a: v3MeHeHne KIIMMaTa, ITApPHUKOBBIC Ta3bl, IeKapOOHU3AIHMS TIPOU3BOICTBA CTAIIH, UCIOIb30BAHHE JIOMA, TEXHOJIOIHH YIaBIHBAHHS
U XpaHEHUs yIieposa, KapOOHH3aIusl CTaIeIUIABIIIbHBIX IIUIAKOB, JKEJIE30 MPSIMOTO BOCCTAHOBIICHUS, IEKTPOJIN3 HKEJIE3HOH Py/Ibl

BaazodapHocmu: ViccrnenoBanue BBITIONHEHO 3a cueT rpanTa Poccuiickoro Hayunoro donaa (mpoekt Ne 24-27-20017) u npu GpuHAHCOBOI HOIEPIKKE
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- INTRODUCTION

The global iron and steel industry contributes approxi-
mately 7 % to total global greenhouse gas emissions, mak-
ing it the highest among of all heavy industry sectors [1].
Ferrous metallurgy is an energy-intensive industry [2; 3],
with energy costs accounting for a significant portion
of steel production costs — from 20 to 40 % [4]. There-
fore, many strategies for decarbonization of steel produc-
tion involve energy conservation. Thus, the iron and steel
industry significantly contributes to global greenhouse gas
(GHG) emissions and, consequently, climate change.

In the Russian Federation, there is an urgent need
for scientific research to reduce the carbon footprint
of the iron and steel industry, taking into account regional
differences. This issue is of particular importance, given
that Western expert studies [5] have unjustifiably reported
a high environmental impact for Russian industry and
high per capita carbon emissions (three times higher than
the global average), and these emissions are on the rise!.
Greening production increases the resilience of enter-
prises, which is crucial in the context of unprecedented
sanctions affecting the development patterns of the iron
and steel industry.

This paper examines existing technologies and prac-
tices for decarbonization of iron and steel production and
their implementation status as of early 2025. It also ana-
lyzes the potential for scaling up these technologies and
the challenges that need to be overcome.

- EXISTING TECHNOLOGICAL INNOVATIONS AND
EXAMPLES OF THEIR IMPLEMENTATION

In May 2021, the International Energy Agency (IEA)
released a report [6], which was updated in 2023 [7]. This

! UNEP — Emissions Gap Report 2024. URL: https://wedocs.unep.
org/20.500.11822/46404 (Accessed: 08.07.2025).

2 Copernicus Climate Change Service — Global Climate Highlights
Report 2024. URL: https://globalclimaterisks.org/temperature/global-
climate-highlights-2024-copernicus-report-2024-officially-the-hottest-
year-on-record/ (Accessed: 08.07.2025).
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report proposed a path for the global energy sector to help
achieve the goal of the Paris Agreement which is to limit
the global temperature increase to 1.5 °C above pre-
industrial levels and keep it below 2 °C. Although this
document provided important guidance for policymakers,
industry, and the financial sector, the target of the Paris
Agreement was not met in 2024 according to the EU’s
Copernicus Climate Change Service (C3S)%. The Inter-
national Energy Agency proposes so-called near zero
emission projects — projects that have close to zero emis-
sions from the outset after commissioning (Fig. 1).

According to IEA recommendations, it is planned
that by 2050, the share of iron and steel production will
account for 95 % of the total volume, as a result of imple-
menting such projects (Table).

The simplest solution to reducing emissions is the use
of scrap metal (EAF) and the introduction of clean elect-
ricity to replace fossil fuels. However, this method is
limited by the availability of high-quality scrap. Inno-
vative technologies such as carbon capture, use, and
storage (CCUS), electrolytic hydrogen-based direct
reduction iron (EHB DRI), and iron ore electrolysis
(IOE) are the keys to reducing emissions, but they remain
very expensive and are mostly at the pilot stage.

Carbon Capture, Use, and Storage (CCUS)
technologies

CCUS technologies are implemented very slowly
worldwide due to their high cost. When implemented
in iron and steel production, they are among the most
expensive compared to other industries® [8; 9]. However,
the IEA insists that the lack of such technologies can-
not help achieving zero emissions targets. In the iron
and steel industry, CCUS technologies have proven to be
the least expensive low-carbon options compared to other
technologies. It is believed that upgrading existing facili-
ties using CCUS (Carbon Capture, Utilization, and Sto-
rage) is more cost-effective than building new facilities
using alternative technologies. The main challenge is
that steelmaking does not produce pure carbon dioxide.
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Plans for the use of decarbonization technologies in cast iron and steel production [7]

[Inanpl MO 1015IM MCNOJIL30BAHUSI TEXHOJIOTHIA TeKapOOHU3AIUH IPOU3BOACTBA YYryHa u ctauu [7]

Year
Process
2022 | 2030 | 2035 | 2050
Share of scrap metal in steel production feedstock, % 33 38 40 48
Share of near-zero-emission cast iron production, % 0 8 27 95
Share of CCUS technology in steel production, % 0 3 10 37
Share of electrolytic hydrogen for direct steel reduction, % 0 5 15 44
Share of steel produced by ore electrolysis, % 0 0 2 14

N

( Innovative technologies )

\ Iron ore

( Near zero emission projects )
( Scrap-EAF )
Carbon capture,
use and storage (CCUS)

(Hlsarna technologies )

electrolysis
Direct reduced iron
(by electrolytic hydrogen)

( Green hydrogen )

( Complementary technologies )

L Clean electricity )

Fig. 1. Near zero emission projects and their complementary technologies

Puc. 1. IIpoeKTbI € I10YTH HYJIEBBIM YPOBHEM BBIOPOCOB M COITyTCTBYIOIHE TEXHOIOTHU

When iron is smelted in a blast furnace using coal coke,
the resulting blast furnace gas contains 12 - 20 % CO,,
20-30% CO, up to 0.5%CH,, 1-4%H,, and
55-58% N, [10]. Flue gases also contain carbon
monoxide and nitrogen oxides. The first CCUS projects
in the iron and steel industry have already been launched.
Since 2016, a commercial CO, capture project has been
operating in Abu Dhabi (UAE) at a steel plant with
a capacity of 0.8 million tones CO, per year. The gas
is sent to oil production facilities to improve the effi-
ciency of oil recovery. In 2022, PJSC Severstal was
mentioned as actively developing CCUS in the iron and
steel industry*. The innovative Hlsarna iron production
technology, developed under the Ultra-Low CO, Steel
(ULCOS) program [11] by Tata Steel Europe, allows
simplifying the capture of carbon dioxide. Recent pilot
tests of Hlsarna have successfully demonstrated a reduc-

3 UNECE - Technology brief carbon capture, use and storage (CCUS).
URL: https://www.readkong.com/page/technology-brief-carbon-capture-
use-and-storage-ccus-3054486 (Accessed: 10.07.2025).

4 Technology brief carbon capture, use and storage (CCUS)
2022. URL: https://www.skoltech.ru/app/data/uploads/2022/11/CCUS-
Skolteh-2022—11-10.pdf (Accessed: 13.07.2025).

tion in CO, emissions [12]. Other benefits of the HIsarna
process include the ability to use low-grade iron ore
and a variety of fuels (from thermal coal and gas fuels
to biomass) instead of coking coal, as well as the ease
of capturing most CO,. The HIsarna process involves
partial pre-reducing iron ore pellets in the upper section
of the BOF (CCF) and iron smelting in the lower section
of the smelting reduction vessel (SRV) using the HIsmelt
technology. Developers believe that the Hlsarna techno-
logy has good potential as an alternative to blast furnace
production.

One variation of CCUS technology is CO, capture in
mineral systems, which results in the formation of car-
bonate compounds. Industrial waste, including slags,
is alternative mineral feedstock. Carbonation can be
achieved using both direct and indirect methods (Fig. 2).

According to the recent estimates [13; 14], nearly
a half of the direct reduction in CO, emissions can be
attributed to the mineralization of steel slag. Steel slag
was originally considered as waste and disposed of in
landfills. However, efforts are underway to redirect
some types of slag from landfills to use as environmen-
tally friendly binders and quarry aggregates [15—21].
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Fig. 2. Methods of slags carbonization

Puc. 2. Metozbl kapOOHHU3ALMH IIJIAKOB

The research has shown that carbonization of steel slag
improves its properties making it more durable and che-
mically active [22; 23]. These developments are promis-
ing for future applications such as the production of road
surfaces, cement, and concrete products [24 — 26].

However, the potential of CO, mineralization has been
questioned due to the high energy costs needed to over-
come slow reaction kinetics. Although studies in this area
are still in their early stages, they already have signifi-
cant scientific and practical implications, especially due
to the current need to achieve carbon neutrality.

Technologies based on the electrolytic production

of hydrogen and its use in direct reduction

The first steel produced using direct reduction hydro-
gen technologies was developed in 2021 by the Swedish
company SSAB under the Swedish HYBRIT? (Hydro-
gen Breakthrough Ironmaking Technology) project.
As the direct reduction technology based on “green”
hydrogen holds great promise and has the potential
to revolutionize the iron and steel industry, it requires
significant R&D investment to bring it to scale. Only
the first HYBRIT pilot projects are underway fol-
lowed by large-scale demonstration projects with
a capacity of 1.3 Mt and then full commercializa-
tion by 2030 —2040. Notably, “green” electrification
of the industry requires access to significant amounts
of electricity from renewable sources. Thus, fossil-free
steel production in the HYBRIT project will annually
require approximately 10 — 15 TWh of electricity [27].
A similar technology is being developed by Arcelor-
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Mittal in Germany. Under the HyBit (Hydrogen for
Bremen’s industrial transform) project, the installa-
tion of hydrogen electrolyzers began at the Bremen
steelworks in October 2024. The Bremen steelworks
annually emits approximately 4.6 million tones CO,,
making it the seventh-largest polluting industrial plant
in Germany [28]. The transition to hydrogen technolo-
gies aims to improve this situation.

In Russia, recent studies have also explored the fea-
sibility of hydrogen production using electrolysis. This
involves generating electricity from wind power plants
and then using it in the industrial process of direct iron ore
reduction to produce “green” steel [29]. The prospects for
developing hydrogen technologies in the domestic iron
and steel industry are being explored [30; 31].

Notably, the transition to the use of “green” hydrogen
occurs under significant uncertainty. Hydrogen has not
yet been widely adopted or integrated into specific energy
policies, and there are no clear details or conditions
regarding the distribution of public funds to facilitate
the transition to hydrogen. It is important to understand
that by 2050, in Europe alone, the production of decar-
bonized steel based on hydrogen obtained through electro-
lysis will increase the electricity demand for the iron
and steel industry by approximately 11 % (or 183 TWh).
In the context of decarbonization, this demand should be
met by increasing the production of “clean energy” from
wind and solar sources [29].

5 SSAB - Fossil free steel. URL: https://www.ssab.com/en/fossil-
free-steel (Accessed: 08.07.2025).
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Iron ore electrolysis technologies

The transition to a low-carbon economy requires
changes in iron and steel production methods. Two
electrolysis approaches are currently being explored.
The first one is the ULCOWIN electrolysis process
(ULCOS project) when iron ore grains are suspended in
an alkaline sodium hydroxide solution at 110 °C resulting
in a solid iron product [33]. A pilot plant with a capacity
of 5 kg of iron per day has been proposed [34]. Second,
iron production through molten iron oxide electroly-
sis [35] is a new technology developed by the Massachu-
setts Institute of Technology (MIT), for which laboratory
research has been completed. This process produces iron
that is completely carbon-free. The gas component pro-
duces only oxygen, not carbon dioxide. Molten oxide
electrolysis, in which iron ore is dissolved in a mixed
oxide solvent (such as silica or calcium oxide), occurs
at a temperature of approximately 1600 °C. The resul-
ting molten iron is collected at the bottom of the cell and
pumped out. Since electrolysis produces no CO,, the pro-
cess could theoretically be considered carbon-neutral,
but only if the electricity required to power the process
is generated with zero CO, emissions. There are several
engineering challenges that need to be addressed before
electrolysis becomes economically viable.

- CONCLUSIONS

Overall, various projects are underway globally
to develop and implement the low-CO, steelmaking
technologies. Potential significant reductions in green-
house gas emissions in the iron and steel industry are
constrained by current technologies, the quality of iron
ore raw materials, and the availability of low-carbon
fuels, hydrogen, and zero-carbon energy. The decarbo-
nization of the iron and steel industry will be impossible
without new innovation-intensive technologies, without
maximizing the potential of secondary energy resources
at ironworks, and without introducing renewable energy
sources. The CCUS industry in Russia is still in its early
stages, but the current climate agenda clearly encourages
the Russian companies to consider this decarbonization
method.
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