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ABSTRACT

Steel, a cornerstone of modern civilization and economic growth, has experienced exponential production growth, resulting in

substantial carbon emissions owing to reliance on fossil-based reducing agents and fuels. Although conventional steelmaking

methods have improved, achieving the climate targets outlined in the Paris Agreement requires the adoption of transformative

technologies. This review examines potential green energy sources and their integration into the value chain of green steel

production to address industry challenges. Electricity, hydrogen, and biocarbon have emerged as primary reducing agents and

heating sources, enabling disruptive steelmaking processes. Pathways toward green steel remain constrained by the need to

secure sustainable energy supplies, ensure high-grade iron ore availability, and advance energy-efficient technologies for

integration into existing or new steelmaking processes. Emphasis is placed on a holistic approach to renewable energy usage and

CO, emission reduction. Future research directions and development priorities for achieving carbon-neutral steelmaking are

outlined, with attention to systematically addressing hard-to-abate subprocesses and progressively decarbonizing the entire

value chain of green steel production.

1 | Introduction

Steel is an essential material in modern society, playing a crucial
role in advancing civilization and global economic growth.
According to the World Steel Association, global crude steel
production rose from approximately 189 million tons in 1950 to
1885 million tons in 2024 [1], highlighting its indispensable role.
Currently, the dominant method of steel production is the blast
furnace-basic oxygen furnace (BF-BOF) route, which relies on
iron ore as the primary raw material, accounting for 70% of global
steel production. In contrast, the electric arc furnace (EAF) route,
which is primarily dependent on steel scrap and direct reduced
iron (DRI), largely produced using natural gas, constitutes the
remaining 30% of steel manufacturing [2]. Ironmaking and
steelmaking processes are major CO, emitters. The BF-BOF
route generates approximately 2.0 tons of CO, per ton of crude

steel, whereas EAFs emit 0.23-0.46 tons [3]. Overall, the sector
contributes approximately 7% of global direct CO, emissions,
primarily from fossil fuels such as coal and coke [4, 5]. Achieving
the Paris Agreement’s goal of limiting increases in global average
temperature to well below 2°C requires substantial emission re-
ductions and progressive carbon neutrality in steelmaking.
Multiple international initiatives support this transition. The
European Green Deal outlines climate neutrality by 2050 [6],
with the European Commission proposing a 90% net greenhouse
gas emission reduction by 2040 [7]. Examples of technological
pathways contributing to this transition include HYBRIT [5],
ULCOS [8], and H2morrow [9]. In Japan, COURSES5O0 (initiated
in 2008) targets a 30% CO, reduction in BFs by 2030, whereas
Super COURSES0 aims to halve CO, emissions in large BFs
[10-12]. In South Korea, POSCO is advancing its hydrogen
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reduction ironmaking (HyREX) technology, with a demonstra-
tion plant under development and commercial-scale operations
targeted for 2030, aligned with full carbon neutrality by 2050 [13].
In the United States, the Department of Energy Clean Steel
Program supports the application of hydrogen in both conven-
tional and emerging steelmaking processes for low-emission
operations [14]. In India, the National Green Hydrogen Mission
includes seven pilot projects on the use of hydrogen in the steel
sector [15]. In China, the national strategy for decarbonization is
guided by “dual carbon” goals—peaking emissions before 2030
and achieving carbon neutrality by 2060. One leading initiative is
the hydrogen metallurgy demonstration project of the HBIS
Group, which employs shaft furnace technology to produce DRI
using hydrogen-rich gas [16].

In this context, the concept of green steel [17-20] is gaining great
momentum as a process that utilizes renewable energy and
generates minimal to no CO, emissions. Current efforts have
largely focused on enhancing the performance of the conven-
tional BF-BOF process, employing measures such as top-gas
recycling, to reduce the carbon rate and reduce emissions.
However, the mechanical and hydrodynamic requirements of
metallurgical coke [21] derived from fossil coal render fossil-
based coke indispensable in modern BF processes. Although
modern BFs can achieve CO, emissions as low as 1.6 tons per ton
of crude steel [22], substantial reductions in emissions along the
BF-BOF route depend heavily on the use of biocarbon or carbon
capture and utilization (CCU) technologies. However, biocarbon
is not widely available [22, 23], and CCU technology, although
promising, remains technically immature and expensive [20, 24,
25]. An alternative pathway is the scrap-based EAF route, pro-
jected to account for nearly 50% of global steelmaking by 2050
[26]. Yet, this approach faces constraints due to limited scrap
supply and increasing steel demand [27, 28]. Additionally, tramp
elements such as copper [29] present in steel scrap complicate
the production of high-quality steels, necessitating continued
reliance on iron ore-based production. To align with the Paris
Agreement, steelmaking must achieve a 90% reduction in carbon
intensity by 2050 [22]. This necessitates disruptive technologies
beyond enhancing BF-BOF improvements or scrap-based steel-
making processes with reduced fossil fuel use. Emerging indus-
trially relevant approaches include hydrogen-based steelmaking
and electrolysis, both of which hold the potential to fundamen-
tally transform the sector.

The steel production process comprises an extensive value chain
with multiple interdependent subprocesses, often co-located in
integrated steel mills. These subprocesses include raw material
preparation, such as iron ore sintering and coke making,
reduction/melting/refining processes for iron and steel, heating
of metallurgical vessels, reheating of steel, and production
processes for ferroalloys, refractory materials, and slag formers.
Fossil fuels are commonly used as reducing agents and energy
sources in these processes, resulting in CO, emissions of varying
magnitudes. Producing green steel requires substituting fossil
fuels with renewable reducing agents and energy sources while
maintaining process integrity, identifying best available tech-
nologies, and determining hard-to-abate subprocesses. This
enables steelmakers and stakeholders to select optimal green

steelmaking pathways to minimize emissions across the value
chain.

A critical analysis is presented of state-of-the-art technologies
for green steel production, emphasizing process-level consider-
ations across the entire value chain. Green steel is defined as
steel manufacturing using renewable energy sources or through
the application of CCU/CCS (carbon capture and storage)
technologies to reduce direct CO, emissions (Scope 1 emissions)
in one or more steelmaking subprocesses. Importantly, this re-
view does not include the mining and transportation of raw
materials. Furthermore, when discussing CO, emissions, this
review primarily refers to direct CO, emissions (Scope 1 emis-
sions), unless otherwise specified. CO, emissions related to the
production of renewable energy sources are excluded and
require separate consideration.

This study adopts a comprehensive and holistic approach to green
steelmaking. Integration of renewable energy carriers—green
hydrogen, biocarbon, and renewable electricity—into conven-
tional and emerging steelmaking technologies is critically eval-
uated. Coverage extends across the value chain, including
frequently overlooked subprocesses such as ferroalloy produc-
tion, slag formers, refractories, and green heating processes, in
addition to mainstream steelmaking processes. Emphasis is
placed on identifying hard-to-abate subprocesses and establish-
ing a strategic framework for decarbonizing the steel production
value chain. By integrating system, value chain, and process
perspectives, this review provides a structured blueprint for
advancing carbon neutrality in green steelmaking, distinguishing
itself from the existing literature.

2 | Energy Sources for Green Steel Production

The production of green steel relies on the utilization of high-
quality renewable energy [30] to provide thermal input for
ironmaking and steelmaking processes and to generate energetic
derivatives, such as hydrogen, to facilitate chemical or electro-
chemical reduction [23]. Renewable energy sources suitable for
this purpose include wind, hydro, solar, and bioenergy
(Figure 1A). Typically, renewable energy is first converted into
electricity, and the resulting electrons are directly employed in
reduction processes, such as molten oxide electrolysis [31-33], or
in water electrolysis to yield oxygen and hydrogen, with
hydrogen being used as a reductant or energy carrier. Alterna-
tively, bioenergy can be converted into biocarbon, bio-oil, and
biogas through a series of thermal transformation processes (as
shown in Figure 1B) and used as a reductant or energy source for
ironmaking and steelmaking processes [34, 35]. In summary, the
reduction of oxides in green steel production typically employs
reductants such as electrons (e~), hydrogen (H,), carbon (C),
hydrocarbons (C,H,), and oxygenated hydrocarbons (C,H,0,)
(Figure 1C). However, renewable energy sources exhibit hourly,
daily, and seasonal fluctuations [19], which necessitate the
integration of programmable electricity and large-scale energy
storage solutions. In the context of using hydrogen for green steel
production, hydrogen storage in caverns [5, 36] and ammonia
synthesis [37] have emerged as prominent industrial strategies.
Hydrogen- and carbon-derived intermediates are frequently
converted into secondary energy carriers or reductants such as
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FIGURE1 |

(A) Fossil-free energy sources essential for green steel production; (B) conversion of electrical energy into hydrogen energy through

water electrolysis and the transformation of bioenergy into biocarbon, bio-oil, and biogas; (C) application of these energy carriers as for reductants of

hematite reduction; (D) representative renewable carbon- and hydrogen-based carriers for sustainable steelmaking.

methane, syngas, methanol [38], ammonia [39], and hydrogen
plasma species (such as H*, H**, and H**) [18, 40] (Figure 1D).
Although these conversion processes reduce overall energy effi-
ciency, they improve energy transportation and storage, while, in
certain cases, enhancing the thermodynamic properties of the
resulting reductants. For example, methane and hydrogen
plasma species are thermodynamically stronger reductants than
their carbon and hydrogen gas counterparts.

The transition from traditional steelmaking to environmentally
friendly processes requires a significant amount of renewable
energy, a robust infrastructure (e.g., for hydrogen transportation
and storage), and other resources such as land and water [30]. It
is estimated that replacing 1% of global steel production (cor-
responding to approximately 20 million tons of steel) with green
hydrogen would require 35 GW of well-optimized wind and

solar photovoltaics, 11 GW of hydrogen electrolyzers, and 1000
square kilometers of land [19]. Moreover, the production of
green hydrogen through water electrolysis faces efficiency lim-
itations, as commercial alkaline water electrolyzers currently
operate at approximately 60%-80% [41], thus requiring the
development of high-performance electrolyzers for cost-
competitive green hydrogen production [42]. Equally impor-
tant to hydrogen production is the development of the infra-
structure required for the safe transport, distribution, and
storage of hydrogen at the scale needed for industrial steel-
making. Hydrogen's small molecular size and high diffusivity
pose technical challenges in pipeline systems originally
designed for natural gas transportation, including material
embrittlement, leakage, and pressure control issues in pipelines
[43]. Furthermore, it is generally agreed that allocating renew-
able energy for green steel production should not hinder the
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progress of other industries or economic sectors in pursuing
their decarbonization goals. An additional factor to consider is
the limited access that some steelmakers may have to consume
large quantities of renewable energy, necessitating the explo-
ration of alternative energy sources. Nuclear energy has been
identified as a potential option, offering a reliable supply and
reduced CO, emissions. However, several constraints and
challenges, such as high capital costs and security concerns [44,
45], present a significant barrier to entry, particularly for smaller
producers.

3 | Reduction in CO, Emissions by Enhancement
of the BF-Based Green Steelmaking Process

To promote the production of green steel using the BF-based
route, it is important to focus on improving energy efficiency
to minimize CO, emissions. Energy efficiency improvements
have been achieved through temperature regulation of the
thermal reserve zone and optimization of the physicochemical
properties of coke and iron ore, reaching over 90% of the
theoretical efficiency [46]. Further reductions in CO, emissions
can be achieved by employing high-reducibility iron ore sinter,
injecting H,-enriched gases such as coke-oven gas, and imple-
menting top-gas recycling [47]. One study indicated that with a
top-gas recycling ratio of up to 90%, a 25% reduction in the
carbon rate can be achieved in an operational BF with con-
ventional burden materials [8]. Integration of top-gas recycling,
coke-oven gas injection, and power-to-gas technology in oxygen
BFs has demonstrated the potential to reduce CO, emissions by
30%-50% compared to traditional BFs [48, 49].

To promote the production of green steel using the BF-based
route, effective integration of renewable or clean energy sour-
ces into existing operations is essential provided that major
process disruptions or modifications are avoided. Biocarbon
produced from biomass can substitute for fossil carbon in the BF
process [50, 51]. As a product of the biocycle, its use reduces the
overall carbon footprint of ironmaking. However, biocarbon
typically exhibits high levels of volatile matter, alkali metals,
and ash, which impair furnace performance. These challenges
highlight the need for appropriate biomass-upgrading technol-
ogies to enhance biocarbon quality [52]. Successful incorpora-
tion requires balancing intrinsic properties such as fixed carbon
content and grain size with upgrading conditions [53]. Indus-
trial trials have shown that substituting 5wt%-20wt% of injected
coal with biocarbon is technically feasible. Moreover, theoretical
approaches involving combined methods, such as blending
biocoal with coking coal and residual briquettes for the top
charge, along with 100wt% biocarbon injection in the lower part
of the furnace, could potentially reduce CO, emissions by over
30% [50]. Nonetheless, a significant challenge in applying bio-
carbon in BFs is ensuring its availability [22]. Hydrogen pro-
duced from renewable energy sources such as wind and solar
power can also serve as a reducing agent in the BF process.
Pilot-scale trials indicate that heated H, injection can lower CO,
emissions by 20%-33% [12, 54]. However, hydrogen injection in
the BF process presents operational challenges, particularly
during shaft injection, owing to limited gas penetration depth.
Despite the use of hot gas, excessive hydrogen concentrations
were observed near furnace walls, accompanied by significant
local temperature drops caused by the strongly endothermic

reduction of iron oxide with hydrogen. These effects were
documented in experimental BF trials under the COURSES50
project [10]. Furthermore, the quenching effect of hydrogen
injection lowers the raceway flame temperature, which can
render furnace operation unstable at higher injection rates [55].

Beyond process optimization and renewable energy integration,
CO, emissions can be further reduced by applying CCS and
CCU technologies [24, 56]. Combining bioenergy with CCS
yields carbon-negative results [57]. Despite the potential of CCS/
CCU, uncertainties remain regarding economic viability and
feasibility for large-scale application in the steel sector [24]. In
the long term, phasing out BFs and transitioning to alternative
ironmaking technologies powered by low-carbon energy sour-
ces, such as Hj-based direct reduced iron or electrolysis-based
ironmaking, are still essential to achieve the necessary emis-
sions reduction to meet climate goals [24, 54, 58, 59]. A sche-
matic overview of green hot metal production via the BF route is
presented in Figure 2.

4 | Reduction in CO, Emissions by Hydrogen- and
Electrolysis-Based Green Ironmaking Processes

Achieving substantial or even zero direct CO, emissions in
hydrogen- and electrolysis-based green steelmaking processes
depends on various renewable reductants or energy sources, as
depicted in Figure 1C and 1D. These inputs can reduce the
amount of iron ore required and attain the temperatures
necessary for green iron or steel production. Among the avail-
able options, hydrogen and electricity have emerged as primary
facilitators owing to their regional viability and well-established
industrial expertise. Nevertheless, bio-based materials remain
relevant and may be necessary under specific conditions.
Depending on the integration pathway for hydrogen and elec-
tricity (electrons) into the process, zero-direct-CO,-emission
technologies for green iron or steel production can be exem-
plified through four emerging methodologies, as illustrated in
Figure 3 and detailed below.

4.1 | Shaft Furnace Process

The shaft furnace-type direct reduction process (Figure 3A)
constitutes a significant advancement in green iron production.
This process involves the use of high-grade iron ore pellets [60]
(or lumpy iron ore) and gas-solid-state reduction of the ore
materials at a typical process temperature of 900°C [61, 62]. At
present, the process is applied in direct reduced iron (DRI)
production using fossil-based reducing gases such as reformed
methane or coke-oven gas. When coupled with iron ore pellets
sintered using CO,-free energy sources and powered exclusively
by 100% green H,, the process can attain almost zero CO,
emissions for green iron production. For CO,-free sintering,
promising energy sources include diverse biofuels [63], among
which bio-oil stands out, as demonstrated by industrial feasi-
bility studies [5]. In the long term, the use of green H, for iron
ore sintering [64] may prove indispensable due to potential
limitations in bio-oil viability. However, maintaining efficient
heat distribution across the sintering bed while ensuring prod-
uct quality remains challenging, primarily because of the sig-
nificant differences in physicochemical properties between
hydrogen and coal or coke breeze during combustion. The use
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of hydrogen for 100% reduction in the shaft furnace process is
hampered by the endothermic reaction between H, and iron ore
[23, 65]. Consequently, the effective heating of a considerable
gas volume through preferably CO,-neutral sources is essential
[5], along with proper dispersion of the gas within the shaft.
These factors are critical for ensuring consistent product quality

(e.g., metallization degree) and optimal H, gas utilization.
Although no industrial-scale shaft furnaces currently operate
exclusively with 100% hydrogen, an evident trend indicates a
steadily increasing proportion of hydrogen in reducing gas
mixtures. The process outcome in shaft furnace processes is
hot DRI. A notable example of large-scale hydrogen-based shaft
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furnace operation is the HBIS Group in China, which has suc-
cessfully operated a zero-reformer ENERGIRON process using a
hydrogen-rich gas mixture with over 60vol% H, to produce DRI
[16]. The produced DRI can be stored temporarily and used as
cold DRI in an electric melting furnace or, alternatively, intro-
duced directly as hot DRI. This practice reduces the energy
consumption during the melting process and also obviates the
need for passivation or the conversion of DRI into hot bri-
quetted iron (HBI) for prolonged storage and transport.
Carbonization of DRI remains a critical step. Carbon plays an
indispensable role in the steelmaking process by accelerating
melting, fostering slag foaming, and reducing electrical energy
consumption in the EAF [63, 66]. To this end, DRI carboniza-
tion is conventionally achieved through methods such as cool-
ing DRI in natural gas [5]. To eliminate dependence on fossil
fuels, bio-based carbon sources such as biocarbon are required
for the carbonization of H,-based DRI or HBI [23].

4.2 | Fluidized-Bed Process

The fluidized-bed process (Figure 3B) represents a dynamic
system in which finely divided iron ore particles are suspended
in an upward gas stream, inducing a state of fluidization. In this
condition, the particles behave in a fluid-like manner, enabling
efficient contact with the gaseous reductant, primarily hydrogen
in the present context. Several advantages make the fluidized-
bed process increasingly attractive in industrial applications
[67]. First, the process demonstrates significant flexibility by
accommodating diverse iron ore fines with minimal pretreat-
ment, thereby addressing a major limitation in the global iron
ore mining sector related to restricted pelletizing capacity and
limited availability of high-grade iron ores [30]. Second, this
method exploits the kinetic benefits of fine particles, facilitating
efficient mass and heat transfer [62]. This improvement in-
creases the overall efficiency of the reduction process while
eliminating the need for energy-intensive pelletizing processes.
Consequently, the fluidized-bed process has emerged as a
promising alternative to shaft furnaces for hydrogen-based iron
ore reduction. Operational challenges, particularly sticking of
iron ore particles, necessitate strategies such as careful selection
of feed material size fractions, application of protective coatings,
and precise process parameter control [68, 69]. Notably, the iron
ore must be preheated to the desired temperature prior to
reduction, primarily due to the countercurrent flow of gas and
solids and the endothermic nature of iron oxide-hydrogen
reduction reactions [23, 67]. The resultant output from this
process can manifest as hot compacted iron (HCI) or hot bri-
quetted iron (HBI). HCI is intended for direct furnace melting,
whereas HBI is suitable for storage and transport as a com-
modity. Both HCI and HBI require a carbon component that can
be introduced through fossil-free carbon sources, either during
the direct reduction phase or in the subsequent melting phase.
An industrial example of the fluidized-bed approach is the
Circored process, which was operated in Trinidad in 1999,
where a fluidized-bed process produced 300,000 t of carbon-free
DRI over several months for electric arc furnace (EAF) smelting,
demonstrating the technical feasibility of this process [70].
Despite its considerable promise, widespread industrial valida-
tion of the fluidized-bed process for large-scale green iron pro-
duction remains pending.

4.3 | Hydrogen Plasma Smelting-Reduction
Process

In the hydrogen plasma smelting-reduction process (Figure 3C),
hydrogen gas is intensely heated within the electrode arcing
zone, resulting in ionization and plasma formation. When iron
oxide is introduced into this plasma zone, it reacts with high-
energy hydrogen ions (H', H*', and H*") and molecular
hydrogen, resulting in the formation of metal and steam. The
exothermic reactions between hydrogen plasma species and iron
oxide, coupled with plasma arc heat, transform the iron ore in
situ into molten metallic iron in a single step [40, 71-73]. This
process can accommodate high-grade ores, low-grade ores, or
partially reduced DRI from other processes [18, 74], as hydrogen
plasma creates a strong reducing atmosphere. Energy efficiency
is considered high because reduction and melting occur simul-
taneously and H, consumption (kg H, per ton iron) is mini-
mized. The heating of H,, which is otherwise needed in the
shaft furnace process, is offset by the electric energy supplied to
the plasma arc. Although scalability beyond laboratory condi-
tions remains uncertain, the resemblance between the hydrogen
plasma reactor and the direct current EAF (DC-EAF) suggests
the possibility of retrofitting and utilizing established industrial
DC-EAFs for hydrogen plasma reduction [40]. Furthermore, the
introduction of biocarbon into the resultant liquid iron during
the hydrogen plasma reduction process facilitates the produc-
tion of crude green steel.

4.4 | Electrolysis Process

Electrons are potent reductants, capable of reducing metal ox-
ides in electrolytic processes paired with appropriately selected
electrolytes. The integration of electrons derived from renew-
able electricity sources in conjunction with the deployment of
an inert anode engenders an electrolytic metal production pro-
cess that releases no CO,. Electrolytic reduction encompasses a
spectrum of methodologies based on the intrinsic attributes of
electrolytes, including aqueous solutions, molten salts, and
molten oxide electrolysis [23, 75].

Two salient examples of such approaches are molten salt elec-
trolysis (Fray-Farthing-Chen (FFC) process [76, 77]) and
molten oxide electrolysis (MOE process [32]), demonstrated by
Metalysis [78] and Boston Metal [33]. The Metalysis-FFC pro-
cess relies on the controlled liberation of oxygen from metal
oxides in a molten salt electrolyte, predominantly calcium
chloride, positioned at the cathode. By applying a potential
lower than that required for calcium oxide dissociation, a
sponge-like metal is formed at the cathode while allowing for
oxygen generation when employing an inert anode. Notably,
this process operates at reduced temperatures, thereby reducing
energy consumption due to solid-state reduction. Nevertheless,
the batch operation nature of the process renders it unsuitable
for large-scale iron production owing to its limitations in terms
of continuous throughput. The Boston Metal's MOE process
dissolves iron ore in a molten oxide electrolyte and reduces it to
yield liquid iron that can be periodically tapped, enabling
continuous liquid iron production through a singular proce-
dural step. The use of an inert anode, coupled with the utili-
zation of renewable electricity, negates CO, emissions while
concurrently generating oxygen as a by-product. Despite the
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potential of directly utilizing renewable electricity for environ-
mentally friendly iron production, the process faces challenges
stemming from the availability of durable and economically
viable anode materials. Although Cr-based alloys are promising
candidates [79], their long-term suitability for industrial-scale
deployment remains unclear.

Direct electrolysis of iron ore is the most material- and energy-
efficient route, marked by minimal CO, emissions; however,
owing to its current nascent stage of technological development,
large-scale industrial implementation within a short timeframe
remains unlikely [25, 38, 80].

5 | Reduction in CO, Emissions by Improvement
of Electricity-Based Green Steelmaking Processes

5.1 | Scrap- and DRI-Based EAF Steelmaking
Process

The EAF process plays a crucial role in green steelmaking by
converting steel scrap and DRI/HBI into molten steel. Two
major challenges affect scrap-based EAF steelmaking: limited
scrap availability [27, 28, 54] and copper contamination in scrap
[29]. These challenges often necessitate the use of primary
ironmaking, such as DRI/HBI production, to ensure sufficient
raw materials and dilute contaminants in scrap, allowing for
high-quality steel production in EAFs. Beyond the challenges of
DRI production, melting DRI/HBI, particularly H, DRI/HBI,
poses additional difficulties owing to the higher melting point of
pure iron in DRI/HBI. This may require advanced technical
solutions such as EAF bottom stirring via gas purging or elec-
tromagnetic stirring [81] to accelerate the melting process and
improve productivity. A notable demonstration of this approach
is the Swedish HYBRIT project, which validated the H,
DRI-EAF route on a pilot scale as a viable pathway for fossil-
free steel production [5].

Melting scrap and/or DRI/HBI in EAFs requires sufficient heat
input from both electric and chemical energy sources. Electric
energy serves as the primary contributor, supplying the majority
of the heat required for melting, whereas chemical energy
provides additional energy to enhance the melting kinetics and
facilitate basic steel refining. Studies indicate that electrical
energy typically accounts for approximately 60% of the thermal
input in EAF operations, with chemical energy accounting for
the remaining 40% [63, 82, 83]. Mitigation of indirect CO,
emissions (Scope 2 emissions) necessitates a transition to
renewable electricity, whereas reduction of direct CO, emis-
sions requires the adoption of biomass-derived and other
renewable energy sources.

Traditionally, EAF steelmaking relies on burners fueled by
natural gas, heavy oil, and coal. Although these fuels expedite
melting kinetics and improve productivity, they also release
anthropogenic CO, from fossil fuel combustion. Substitution of
conventional fuels with bio-derived alternatives such as biogas,
bio-oil, and biocarbon has become essential [84-86]. Among
these, biocarbon occupies an irreplaceable role [5], functioning
as both an energy source and a carbonization agent for steel
while also facilitating slag foaming [85-87]. Slag foaming is
particularly important, as it optimizes EAF operations and

impacts energy conservation, refractory material usage, and
overall steel quality. The high chemical energy requirement and
limitations of bio-based chemical energy supply restrict green
steelmaking in the EAF process. Hydrogen, characterized by its
high energy content, is a promising source of chemical energy
for the EAF process [88, 89]. However, integration of hydrogen
burners introduces complex challenges, including the need for
advances in burner technology, compatibility with existing
furnace configurations, and adaptation of refractory materials
[90]. An additional strategy involves reducing dependence on
chemical energy by increasing the share of renewable electricity
in EAF operations. Prioritization of direct electricity utilization,
rather than conversion into derivatives, such as hydrogen, pre-
sents a pathway to lower overall energy consumption and
significantly reduce CO, emissions. A schematic overview of
green steel production via the EAF route is presented in
Figure 4.

Despite the adoption of renewable energy strategies, achieving
zero CO, emissions in EAF steelmaking remains challenging.
Carbon emissions persist due to the use of carbon-containing
steel scrap and graphite electrodes, the latter contributing
4-7 kg CO, per ton of steel produced [85]. A comprehensive
mitigation pathway involves the integration of CCU or CCS
technologies [91], designed to harmonize fossil fuel usage with
the integration of renewable electricity to mitigate CO, emis-
sions. However, the relatively low CO, concentration in EAF
off-gases and the volatility of renewable electricity prices hinder
the economic feasibility of CCU and CCS deployment. More-
over, allocating significant portions of renewable electricity to
CCU or CCS could result in tradeoffs, including reduced process
efficiency and increased production costs, which must be
considered carefully.

Finally, the progressive phasing out of BFs and the shift to
hydrogen-based DRI-EAF processes introduce additional CO,
emission challenges for the cement industry. This is primarily
due to the anticipated reduction in the availability of BF slag,
specifically ground granulated BF slag (GGBS), which has been
widely used as a supplementary cementitious material (SCM) in
low-CO,-emission cement production [92] and which may no
longer be accessible in the future. However, utilizing EAF slag
for SCM production presents significant challenges, including
managing the detrimental crystallization of magnesia-rich MeO-
type solid solutions and addressing the iron oxide content in the
amorphous phase [93]. Addressing these issues requires further
development of effective methods for reconditioning EAF slag
for SCM applications. Such efforts would simultaneously sup-
port the advancement of green steelmaking and contribute to
the progress of the cement industry toward achieving its CO,
emission reduction targets.

5.2 | DRI-Electric Smelter-BOF Steelmaking
Process

The availability of high-grade iron ore, which is essential for
producing DRI-grade pellets, is currently limited, leading to
limited access to DRI-grade feedstock for most steelmakers
pursuing green steelmaking [23, 30, 94, 95]. A substantial
portion of the available iron ore is classified as BF ore. Utilizing
BF-grade iron ore in H,-based DRI production within an EAF
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FIGURE 4 | Schematic representation of the scrap- and DRI-based EAF steelmaking process. Renewable electricity serves as the main energy

source for the EAF; steel scrap and H, DRI serve as the primary iron sources. Notably, biocarbon plays a dual role within the process,

functioning both as an alloying element and a slag-foaming agent. Additionally, chemical energy sources such as biogas, bio-oil, and hydrogen
can be incorporated to further enhance the process’s efficiency. The outcome of this process is the production of crude green steel as the primary
product, accompanied by the generation of EAF slag containing 20wt%-30wt% FeO as a by-product.

introduces a significant challenge due to the generation of
substantial slag. This outcome not only leads to a considerable
loss of iron (given that EAF slag contains approximately
30wt%-40wt% FeQ) but also contributes to a notable volume of
slag production [96]. Consequently, this approach is character-
ized by decreased resource and energy efficiency.

A promising alternative involves the use of submerged arc
furnace (SAF) [60, 66, 94], open slag bath furnace (OSBF) [97],
or electric smelting furnace [92, 95] for the melting of low-grade
DRI. The unique structure and reducing conditions of the
furnace provide a distinct advantage in accommodating DRI
with a high gangue mineral content, thereby minimizing iron
loss and reducing slag volume. This process yields hot metal
that can be subsequently refined in an existing BOF to yield
high-quality steel. This approach addresses challenges associ-
ated with the limited availability of high-grade iron ore and

concerns over slag generation, while aligning with efficient,
flexible, and environmentally conscious practices [95]. More-
over, it allows integrated steelmakers to maintain their BOF
steelmaking facilities and uphold established secondary metal-
lurgical processes, thereby leveraging the robust refining ca-
pacity of BOF converters. Additionally, the chemical similarity
between electric smelting furnace slag and BF slag presents an
opportunity to utilize this slag as an additive in cement pro-
duction. This innovation could play a significant role in
reducing CO, emissions from the cement industry. A schematic
overview of green steel production via the DRI-electric smelter-
BOF route is presented in Figure 5.

The DRI-electric smelter-BOF steelmaking process is centered
on the melting and carburization of DRI to produce a hot metal
containing approximately 4wt% carbon, enabling compatibility
with the existing BOF process [92]. Biocarbon is employed to
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FIGURE 5 | Schematic visualization of the DRI-electric smelter-BOF steelmaking process. (A) Renewable electricity serves as the main energy
source for the electric smelter, typically a submerged arc furnace. Within the furnace, a mixture of hydrogen-based direct reduced iron (H, DRI),
or its variants such as HBI (hot briquetted iron) or HCI (hot compacted iron), alongside biocarbon and/or fossil carbon, is introduced. This
combination leads to the production of hot metal as the primary product while concurrently generating BF-type slag as a secondary by-product.

(B) The hot metal produced in the electric smelter is then transferred into a BOF (basic oxygen furnace) converter. Within the converter, oxygen

is blown into the hot metal, resulting in the production of crude steel as the final product.

replace fossil-based carbonaceous agents, thereby significantly
minimizing CO, emissions. This may introduce challenges,
particularly in melting and carburizing carbon-free hydrogen-
based DRI. Future research is required for the efficient melting
and carburization of DRI and for the proper design of new
electric furnaces for green hot metal and quality steel produc-
tion. Despite these advances, CO, emissions from graphite
electrodes remain an unavoidable factor. It is important to note
that the proposed DRI-electric smelter-BOF steelmaking process
is currently in the conceptual development stage and awaits
validation through industrial practice [95, 97]. As such, it rep-
resents an evolving solution with the potential to revolutionize
the green steel production landscape.

6 | Green Production of Ferroalloys, Slag Formers,
Refractories, and the Miscellaneous Materials

6.1 | Green Production of Ferroalloys

Steel is composed not only of iron and carbon but also of
alloying elements such as Mn, Si, Cr, and Ni. Addressing the
decarbonization of ferroalloy production is crucial for mini-
mizing emissions along the value chain of green steel
manufacturing. Presently, a significant proportion of ferroalloys
are produced in the submerged arc furnace (SAF) process, uti-
lizing fossil-based coke as the primary reducing agent. Emission
statistics indicate that producing one ton of ferromanganese
(FeMn), silicomanganese (SiMn), and ferrosilicon (FeSi) results
in approximately 1.0-1.2 tons, 1.4-6.9 tons, and 2.5-4.8 tons of
CO, emissions, respectively [98]. To mitigate CO, emissions, it
is essential to replace fossil-fuel-based coke with fossil-free
reducing agents for ferroalloy production. Among the poten-
tial agents for green ferroalloy production, biocarbon, hydrogen
plasma species, and electrons are highlighted in Figure 1.

Biocarbon can be introduced into SAFs in the form of briquettes
or pellets or directly into denser and more mechanically stable
agglomerates. Although biocarbon represents a viable pathway
for reducing emissions in SAFs, it may not entirely replace
metallurgical coke in SAFs owing to inherent technical con-
straints. The inherently high CO, reactivity, lower energy
density, reduced mechanical properties, lower fixed carbon
content, and elevated volatile matter content of biocarbon can
contribute to challenges such as increased phosphorus content
in the ferroalloy product, increased gas and slag volume,
diminished efficiency, and escalated maintenance costs
[98-102]. Alternatively, the use of hydrogen plasma species
[103] and electrons as reducing agents for CO,-free ferroalloy
production holds great promise. However, it is critical to note
that these innovative technologies are still in their early stages of
development. More effort is required to enhance and scale-up
these methodologies to a practical industrial scale.

6.2 | Green Production of Slag Formers and
Refractories

Slag formers are essential in steelmaking, as they neutralize slag
and enhance steel refinement. Burned lime and dolomite are the
most common slag formers, both produced through calcination
that releases carbon dioxide from limestone and dolomite.
Moreover, the need to attain calcination temperatures exceeding
900°C necessitates the use of fossil fuels, which contribute to
CO, emissions. For example, the production of a single ton of
lime results in approximately 1.2 tons of CO, emissions. This
breakdown comprises approximately 30% from fossil fuel com-
bustion, with the remaining 70% originating from limestone
[104]. Fossil fuels can be replaced with renewable energy
sources to reduce CO, emissions from the calcination process.
However, this transition requires the development of innovative
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technologies to integrate renewable energy into calcination
processes. The possible renewable energy sources for calcination
include electricity, biomass, and hydrogen [105]. One novel
approach involves “flash” heating fine-particle limestone in an
externally heated reactor, rapidly converting it to lime; this
opens the possibility of incorporating renewable energy sources
such as hydrogen into the calcination process [106]. Notably, the
gas evolved from this process is high-purity CO,, which can be
captured, utilized, or stored, thereby contributing to CO,-free
lime production. Nevertheless, it is important to note that CCS
technologies cannot be applied industrially because of their
limited efficiency and associated capital and operational
costs [104].

Refractories used in ironmaking and steelmaking are special-
ized heat-resistant materials designed to endure extreme tem-
peratures and harsh conditions in furnaces, ladles, and other
metallurgical vessels. Their primary purpose is to regulate and
manage the high-temperature processes associated with
melting, smelting, and shaping iron and steel. Current re-
fractory consumption ranges from 5 to 20 kg per ton of steel
[107], although consumption rates for green steel production
processes remain uncertain. The transition to green steelmaking
introduces significant challenges for refractory performance.
For example, the use of hydrogen as a reductant or fuel in high-
temperature processes is likely to accelerate the volatilization of
refractory materials owing to chemical interactions with
hydrogen and water vapor. Hydrogen exposure can also lead to
increased porosity, reduced density, and deterioration of me-
chanical strength. In addition, several other degradation
mechanisms have been observed, including phase trans-
formations, microstructural evolution, impurity segregation,
and the formation of oxygen vacancies, all of which can
compromise refractory linings durability [90]. The production of
refractory materials is carbon-intensive and contributes signifi-
cantly to CO, emissions in green steelmaking processes. For
instance, the carbon footprint of various types of magnesia
ranges from 1.4 to 4.8 kg CO,-equivalent per kg of magnesia
[108], and the total CO, emissions from refractories have been
estimated at 24 kg CO, per ton of steel produced [109]. CO,
emissions from refractory processing mainly result from the use
of fossil fuels to fire or heat refractory minerals and the release
of CO, from carbonate minerals during calcination. Addition-
ally, graphite, an essential component in certain refractories,
such as magnesia-carbon refractories, combusts to form CO,
during steelmaking processes. To mitigate CO, emissions from
refractory production, the transition from fossil fuels to
renewable fuels is crucial. However, addressing the CO, emis-
sions from carbonate calcination during refractory mineral
production and the combustion of graphite in subsequent
steelmaking processes may still necessitate the integration of
CCS technologies across production stages.

6.3 | Green Heating

Heating metallurgical vessels and steel is a crucial stage in steel
manufacturing; however, CO, emission issues arise owing to the
utilization of fossil fuels in this heating process. Preheating of
ladles is necessary to prevent thermal shock damage to re-
fractory linings. Currently, natural gas is the primary energy
source for ladle preheating at temperatures that typically range

from 800°C to 1200°C [110]. Similarly, steel reheating in fur-
naces is necessary before further processing. For instance, in a
hot-rolling mill, steel slabs or billets must be reheated to tem-
peratures ranging from 850°C to 1200°C in a reheat furnace
[111]. Currently, these furnaces are typically powered by fossil
fuels such as coke-oven gas in integrated steel mills or natural
gas in mini-mills. To address the pressing issue of CO, emis-
sions stemming from these processes, transitioning from fossil
fuels to renewable energy sources is imperative. Green hydrogen
has emerged as a viable alternative. Industrial demonstrations
have confirmed the feasibility of ladle preheating using 100%
green hydrogen, achieved through replacing conventional nat-
ural gas burners with oxy-combustion burners optimized for
100% green hydrogen [112]. Moreover, in the context of steel
heating, the utilization of hydrogen for steel heating has proven
successful in industrial trials, further bolstering the adoption of
green energy in this sector [90, 113].

7 | Summary and Perspectives

The global shift toward green steel production represents a
critical pathway toward achieving climate goals, yet it is con-
strained by multiple challenges, ranging from securing reliable
and sustainable green energy sources to ensuring the availability
of high-grade iron ore and developing energy-efficient technol-
ogies that seamlessly integrate these components into existing
steelmaking facilities. Green steel production involves the use
of sustainable green energy sources to reduce iron ore to
iron and heat materials to the temperatures necessary for steel
production. Three primary options—electricity, hydrogen, and
biocarbon—are currently under active development. Owing to
its widespread availability, electricity appears promising for
many steelmakers. Nevertheless, its direct utilization as a
reducing agent for green steelmaking processes, such as the
MOE and FFC processes, is still in its early stages, requiring
further development to optimize efficiency and productivity and
to verify inert anode materials for long-term industrial opera-
tion. Hydrogen, widely adopted in pilot projects, presents sig-
nificant potential but suffers from low overall energy efficiency,
primarily due to the inherently inefficient water electrolysis
process. Addressing these limitations is essential for the wide-
spread adoption of hydrogen in the steelmaking sector.
Currently, hydrogen-based DRI production in a shaft furnace
followed by DRI melting in an EAF is considered a route for
green steel production [5, 23, 54, 60]. However, alternative
processes such as fluidized-bed reduction followed by electric
melting and hydrogen plasma reduction are under active
consideration. Ideally, the strategy is to minimize hydrogen
usage for reduction purposes while maximizing the use of
electricity for heating. Biocarbon, which is theoretically capable
of replacing fossil fuels in steelmaking, faces regional supply
limitations [22] and is primarily adopted by specific manufac-
turers. Moreover, biomass utilization raises emission concerns,
including NO, emissions, and poses sustainability challenges
related to biomaterial utilization [114]. Consequently, biocarbon
is expected to serve niche applications, particularly in processes
such as the EAF steelmaking process, where carbonaceous
inputs are indispensable. Electricity and hydrogen are two
promising candidates for heating. However, efficient integration
into existing ironmaking and steelmaking processes remains a
challenge.
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In addition to addressing the energy source dilemma, the
availability of high-grade iron ores poses a challenge for green
steel production. The use of BF-grade ores in H,-based DRI-EAF
green steelmaking leads to significant slag generation and
reduced material efficiency. An alternative approach using an
electric melting furnace, such as an SAF, and an open slag bath
furnace operating under reducing conditions for low-grade DRI
melting has the potential to minimize iron loss and slag volume
[94, 97], aligning with sustainability goals. However, the effi-
ciency of DRI melting and carburization into hot metal suitable
for BOF processing remains uncertain and requires further
study. The challenge of green steel production extends to other
industries within the value chain, particularly lime and re-
fractory production. Calcination of carbonate minerals in these
industries releases substantial amounts of CO,, necessitating
mitigation strategies. Two critical measures are emphasized: (1)
improving the production of high-grade iron ore with reduced
gangue, sulfur, and phosphorus to lower lime demand and (2)
developing advanced refractory materials tailored to evolving
steelmaking conditions to reduce refractory consumption. For
comprehensive CO,-neutral steel production, the adoption of
CCS and CCU technologies may be necessary, particularly in
processes in which direct carbon avoidance, such as limestone
calcination, is technically infeasible.

Therefore, holistic management of renewable energy utilization
and CO, emissions in green steelmaking processes is strategi-
cally important. Future research must prioritize optimization of
carbon and hydrogen utilization across processes to maximize
efficiency. In DRI-EAF green steelmaking, potential carbon
sources include natural gas, biocarbon, and fossil coal or coke,
which can be utilized during DRI production, DRI melting in an
EAF, and downstream processes for producing green steel. Each
option may be associated with varying levels of CO, emissions,
making it critical to determine the most suitable carbon type
and stage of addition. Further investigations are required to
fully optimize these pathways. Achieving zero direct CO,
emissions is technically challenging, costly, and often ineffi-
cient. Therefore, a balanced approach, such as utilizing carbon
offsets or credits to compensate for small CO, emissions, could
be an effective strategy for achieving carbon neutrality in green
steelmaking. Given the complexity of ironmaking and steel-
making, system-level analyses, such as life cycle assessment
(LCA), are essential to identify optimal combinations of tech-
nologies and processes for minimizing total emissions. Finally,
although pursuing zero direct CO, emissions in green steel-
making is crucial, it must not substantially shift CO, emissions
upstream, such as in iron ore beneficiation, or downstream,
such as in cement production. Supply chain decarbonization
is therefore critical to achieve comprehensive emission re-
ductions [115].

The transition to green steel requires substantial inputs of green
electricity, hydrogen, and biocarbon. However, competing de-
mand from other sectors such as the cement, chemical, and
transportation industries necessitates careful coordination to
avoid unintended impacts on parallel decarbonization efforts. A
collective, cross-sectoral approach that strategically allocates
renewable energy resources across industries and regions has
the potential to maximize efficiency and reduce overall atmo-
spheric CO, emissions. Additionally, green steelmaking must

not inadvertently lead to increased pollution or the generation
of solid waste such as dust, slag, and sludge, which could
introduce additional environmental challenges. Furthermore,
the transition requires increased material and energy efficiency
to reduce the overall energy consumption and enhance material
circularity to reduce total CO, emissions. Striking a balance
between the ecological and geographical impacts of green steel
and its benefits is essential to this transformative journey. In
addition to technological innovation, global and regional policy
frameworks will play decisive roles in shaping the future land-
scape of green steel production. Meaningful progress depends
on the coordinated leadership from major economies and top
CO, emiitters, including the European Union, the United States,
China, India, and Japan.

It is important to acknowledge that decarbonizing the entire
value chain is a formidable task for most steelmakers, but sys-
tematically identifying and addressing hard-to-abate sub-
processes is essential for progressing toward the goal of
achieving carbon neutrality in green steel production.
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