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Abstract: This paper studies the integration of direct reduced iron (DRI) and hot briquetted iron
(HBI) into the steelmaking process via an electric arc furnace (EAF). Considering a variety of DRI
production techniques distinguished by different reactor types, this paper provides a comparative
overview of the current state. It delves into significant challenges, such as the susceptibility of DRI
to reoxidation and the necessity of thorough handling to maintain its quality. The effectiveness of
several reoxidation mitigation strategies, including the application of thin oxide layers, briquetting,
various coatings, and nitride formation in ammonia-based reduction processes, is evaluated. Most
existing studies have primarily focused on the reoxidation of DRI rather than on HBI, despite the
fact that HBI may undergo reoxidation. The importance of DRI/HBI in offering an alternative to the
integrated steelmaking route is highlighted, focusing on how it changes the EAF process compared
to those for melting scrap. This paper also identifies several research prospects for further DRI/HBI
applications in steel production.
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1. Introduction

The direct reduction (DR) of iron ore (in the form of lumps, pellets, or fines) is a
process of forming low-valence oxides in the production of direct reduced iron (DRI), also
known as sponge iron [1,2], where oxygen is removed from iron ore below the melting
point of reactants and products, applying different reductants, namely from the conversion
of natural gas (NG), syngas [3], byproduct gases [4,5], coal [6], hydrogen (H2) [7], etc.
The emissions intensity of DR varies with the chosen reductant, driven by factors such
as gas accessibility, costs, and the requirement for high-grade iron ore. High-grade ore is
important for DRI technology, yet it makes up less than 5% of the global iron ore supply [8].
Coal-based DRI reduces carbon dioxide (CO2) emissions by 38%, contrasted with blast
furnace-basic oxygen furnace (BF-BOF) ironmaking. Using a combination gas of methane
(CH4), H2, and carbon monoxide (CO) for DRI reduces CO2 emissions by 61% as opposed to
BF-BOF [9]. In comparison with the NG-based DR process, using H2 can reduce up to 91%
of directly emitted CO2, not accounting for the CO2 intensity of the additional electricity
required [10]. However, this value also hinges on the method used for H2 production and
its associated CO2 footprint.

Different reactor technologies are used for DRI production, such as shaft furnaces,
rotary kiln (RK), rotary hearth furnaces (RHF), and fluidized bed reactors. However, 96.8%
of the DRI is produced using two technologies, while 72.4% is attributed to shaft furnaces
and 24.4% to rotary kilns (RK) [11]. In 2022, the worldwide production of DRI reached
127.36 million tons (Mt), marking an increase of nearly 6.9% over the prior record of
119.2 Mt established in 2021. Within the spectrum of DRI approaches, MIDREX® led with
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approximately 57.8% of the global DRI output for the year. In comparison, other gas-based
technologies contributed 12.1% from HYL/ENERGIRON® and 2.2% from PERED. The
remaining production primarily involved coal-based DR processes in RK, accounting for
27.9% [12].

DRI is an alternative for the iron production industry [13,14]. In addition, DRI can be
compacted to reduce porosity and converted to hot briquetted iron (HBI) [15]. This process
not only prevents reoxidation but also enables HBI to be transported over long distances
and stored outside for long periods. However, cases of reoxidation of HBI might also occur.

The electric arc furnace (EAF) is well-suited to integrating DRI/HBI owing to its
flexibility in charge materials. EAF can melt steel scrap, DRI/HBI, or a combination of both.
With the utilization of scrap in the BF-BOF and EAF steelmaking processes, the available
supply of scrap metal is becoming more limited [15,16].

In the EAF, since DRI has a higher bulk density than most steel scrap types, surpassing
slag density, this characteristic promotes its melting at the interface between slag and metal.
The remaining wuestite (FeO) content in DRI interacts with the carbon in the liquid metal,
enhancing the formation of foaming slag that protects the refractory lining from the electric
arcs. Nonetheless, controlling the rate at which DRI is introduced into the EAF is important.
The feeding rate varies, influenced by the chemical composition and metallization degree
of DRI, the temperature of the metal bath, an initial amount of liquid steel (LS) bath, and
the mixing energy from the oxygen-carbon injectors along with the stirring [17]. This rate
typically falls within a range of 27–35 kg·(min·MW)−1 [16]. Most DRI/HBI can be melted
with a varying share of steel scrap in EAF. The specific CO2 emissions are within the range
of 0.9–1.8 tCO2·tLS

−1, including local CO2 intensity of electrical energy for EAF [18,19].
Furthermore, there are other perspectives, including flexibility, quality control, and

resource optimization, that should be considered, including the important environmental
aspect. Adding DRI to the EAF allows for more precise control over the final composition of
steel. This is necessary for producing high-quality steel grades that meet strict specifications
for alloy content and impurity levels. Additionally, using DR might enable the efficient
use of iron ore resources, including low-grade iron ores unsuitable for some metallurgical
processes. Although applying the proportion of DRI or HBI for EAF is attractive, it may
pose issues that should be addressed.

The focus of this paper lies in considering and showing the primary outcomes and
aspects associated with DRI or HBI, starting with the characteristics and comparison of
available main types of reduction reactors. This study evaluates the current research state,
focusing on challenges such as reoxidation of DRI or HBI that may arise post-production
and exploring potential solutions for handling and transportation. To the best of our
knowledge, existing review papers related to the topic of DRI and HBI have not focused on
the challenges related to reoxidation, revealing the necessity for further research. Moreover,
the paper discusses the research results on applying DRI or HBI into EAF under laboratory
and industrial scale from the process-wise perspective, assesses their impact and limitations,
and suggests areas for future research.

The review is organized as follows: Section 2 presents the main principles, routes,
and reactors comparison of the DR process, along with the resulting DRI characteristics;
Section 3 discusses the carburization phenomenon that might occur during or after the
reduction process; Section 4 focuses on the reoxidation issue and summarises the current
state of the existing methods for mitigating this effect; Section 5 contains generalized mea-
surements concerning storage, handling, and transportation; Section 6 comprises current
research results concerning DRI or HBI application in an EAF steelmaking, considering the
effect on this process; and Section 7 presents summary and research prospects.

2. Direct Reduction of Iron Ore
2.1. Main Principles of DR

The principles of the DR of iron ore have been outlined [20–22], and several points can
be mentioned. The initial stage of reduction typically involves hematite (Fe2O3), which is
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first converted into magnetite (Fe3O4), followed by a reduction to FeO. Iron oxide reduc-
tion shows a broad range of possible reactions before its final reduction to metallic iron,
according to Equations (1)–(8). FeO frequently shows non-stoichiometry, characterized by
a cation deficiency represented as Fe(1−x)O. Nevertheless, to simplify the reaction equa-
tions (specifically Equations (2), (3), (6) and (7)), FeO is depicted without considering the
precise stoichiometric ratio. The process of DR in a CO atmosphere often results in carbon
deposition, a consequence of the inverse Boudouard reaction (CO disproportionation reac-
tion) at temperatures below 1000 ◦C, along with the Beggs reaction [23,24], according to
Equations (9) and (10). The Beggs reaction and the CO disproportionation reaction, both
exothermic, generate H2O or CO2. This leads to a decrease in the quality of the gas within
the reactor, thereby making the conditions less favorable for reduction processes [25].

3Fe2O3 (s) + CO (g) ↔ 2Fe3O4 (s) + CO2 (g), ∆Hθ
298K = −43 kJ·mol−1, (1)

Fe3O4 (s) + CO (g) ↔ 3FeO (s) + CO2 (g), ∆Hθ
298K = 19 kJ·mol−1, (2)

FeO (s) + CO (g) ↔ Fe (s) + CO2 (g), ∆Hθ
298K = −11 kJ·mol−1, (3)

Fe2O3 (s) + 3CO (g) ↔ 2Fe (s) + 3CO2 (g), ∆Hθ
298K = −23 kJ·mol−1, (4)

3Fe2O3 (s) + H2 (g) ↔ 2Fe3O4 (s) + H2O (g), ∆Hθ
298K = −2 kJ·mol−1, (5)

Fe3O4 (s) + H2 (g) ↔ 3FeO (s) + H2O (g), ∆Hθ
298K = 60 kJ·mol−1, (6)

FeO (s) + H2 (g) ↔ Fe (s) + H2O (g), ∆Hθ
298K = 30 kJ·mol−1, (7)

Fe2O3 (s) + 3H2 (g) ↔ 2Fe (s) + 3H2O (g), ∆Hθ
298K = 100 kJ·mol−1, (8)

2CO (g) ↔ C (s) + CO2 (g), ∆Hθ
298K = −172 kJ·mol−1, (9)

CO (g) + H2 (g) ↔ C (s) + H2O (g), ∆Hθ
298K = −131 kJ·mol−1, (10)

The metallization degree and the behavior of iron ore change based on the reducing
atmosphere, temperature, and reduction rate [24]. The reduction process of Fe2O3 becomes
unstable at temperatures under 570 ◦C [26]. At temperatures above 570 ◦C, the initial
reduction phase (from Fe2O3 to Fe3O4) necessitates a mildly reducing atmosphere and is
typically seen as an irreversible process [27]. Subsequent transformation from Fe3O4 to
FeO is facilitated by both CO and H2, and this step is endothermic. Below 570 ◦C, FeO does
not form, leading to the DR of Fe3O4 to metallic iron.

Generally, the overall reduction of Fe2O3 by CO is exothermic, in contrast to the
endothermic nature of H2 reduction [28,29]. Typically, the highly endothermic nature of
reduction systems necessitates the addition of extra energy to maintain a steady reduction
temperature when using H2.

The transition from FeO to Fe, the most challenging reaction, demands a highly re-
ducing environment. Beyond 810 ◦C, the reducing capability of hydrogen surpasses that
of CO [30], influenced by kinetic factors and the water-gas shift reaction. In addition, the
reaction rate would increase with the higher H2 content at temperatures above 1000 ◦C [31].
The reduction rates with H2 are much faster, up to 10 times than those with CO [23,32,33].
Additionally, H2 has a higher diffusion rate and could penetrate much deeper into the crys-
tal structure of the iron oxide, leading to a higher reduction rate and a greater metallization
degree [24].

From the kinetic perspective, reduction in shaft furnaces involves several sequential
steps, with the overall rate being determined by the slowest of these steps. In a shaft furnace,
reduction contains the flow of gas and solid phases, the exchange of mass and heat between
these phases, and the reactions occurring at the interface between gas and solid. In general,
these steps encompass the movement of gases to the reaction site, the chemical reaction
itself, and removing reaction products from the site. Additionally, solid-state diffusion
can play a role, such as when FeO is being reduced to iron and a gradient of ferrous
iron is created, necessitating the movement of ferrous ions to the reaction site for further
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conversion. Notably, temperature, pressure, flow rate, reducing gas composition, as well as
size, morphology, free surface area, porosity, tortuosity, and chemical composition [23,34] of
the materials involved are factors influencing the kinetics of the mentioned reactions. The
reduction temperature varies, falling within the 850–960 ◦C range [26,35], and operating
pressures utilizing NG range from 0.23 to 0.60 MPa [26].

Iron oxides are reduced across multiple stages in fluidized bed reactors, representing
the counter-current flow of gas and solids seen in shaft furnaces. Initially, both the solids
and reductant gas are heated in a preheater, ensuring they reach the first reduction chamber
at temperatures conducive to offsetting the endothermic nature of the reduction process.
The reduction usually occurs at temperatures ranging from 760 ◦C [36], when the DRI
product may become pyrophoric, to 800 ◦C, where issues like sticking and de-fluidization
might arise [37]. Operating pressures utilizing NG range from 1.1 to 1.3 MPa [26].

In RHF and RK, despite the occurrence of similar reactions, the mechanisms and
rate-limiting steps differ. Reduction predominantly occurs within individual pellets that
possess sufficient carbon to facilitate the reduction of iron oxide. RHF functions at higher
temperatures of around 1300 ◦C [38] and typically features shorter residence times than
RK, which operates at about 960–1100 ◦C [39] and atmospheric pressure. According to
the study [38], achieving the highest reduction efficiency at 1250 ◦C for RHF requires
an optimal carbon/Fe2O3 molar ratio of 1.66. Additionally, pellets reduced under these
conditions demonstrated enhanced compressive strength.

2.2. Main Routes and Reactors for the DR Processes

The selection of raw materials optimal for DR in steelmaking is based on several
principles: their chemical and physical properties, their ability to undergo reduction,
and the overall cost-effectiveness encompassing both the DR process and subsequent
steelmaking [40]. The DR process utilizes NG, which typically operates with vertical
shaft furnaces and fluidized bed reactors (Figure 1). Meanwhile, coal, either directly
or after the conversion process into syngas, can be utilized in DR processes in various
systems, including vertical shaft furnaces [41], fluidized bed reactors [42,43], RHF [44], and
RK [45,46].
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The majority of DRI is produced in a shaft furnace [48,49], which necessitates a
uniformly coarse feed. A shaft furnace is employed for processing pellets or lump ore.
Given the high velocity of gases and the abrasive environment within shaft furnaces, fine
particles are considered unsuitable for feedstock; such particles are likely to be removed
by the gas stream, requiring subsequent collection and recirculation. Fluidized bed DR
processes are exceptions, where iron ore, refined via ore-beneficiation, results in iron ore
concentrate powder, which can be directly used [50]. Assuming a substantial number of
studies have focused on examining and analyzing reactor types for DR, Table 1 provides
a comparative overview of the primary DR reactors, as well as their main advantages
and disadvantages.

Table 1. Comparison of main DR reactors, according to [9,15,51–57].

Furnace Type
Form of
Reactant

(Iron Ore)
Reductant Short Description of the

Process Advantages Disadvantages
Metallization
Degree of the

Product

Shaft furnace Lump,
pellets

Converted NG,
syngas, H2

A vertical furnace in
which iron ore pellets or
lumps are charged at the

top, and reducing gas
flows upward, reducing
the iron oxides to iron. It

relies on solid-gas
reactions at high

temperatures.

Large production
capacity.

High product
quality.

Ore in pellet form
should have a

minimum of 67%
Fe content.

High cost of
reducing gas.

≥92%

Fluidized bed Fines Converted NG,
syngas, H2

Iron ore particles are
suspended in an

upward-flowing stream of
reducing gas, promoting

high mass and heat
transfer. Using a

fluidizing medium
enhances the reaction

kinetics by increasing the
contact surface area

between the reducing gas
and the iron ore particles.

Iron ore fines can
be used without
pelletizing and
agglomeration.

Fast reaction rate.

Complex
structure of

reactors. Particle
sticking tendency.

≥92%

Rotary kiln Lump, pellets
Coal (5–20 mm)

and recycled char

A kiln is a rotating
cylindrical vessel through

which lumps or pellets,
along with coal or gas as a

reductant, are passing.
The kiln is slightly

inclined to assist material
flow. Reduction occurs in
solid and gaseous phases;

the rotating action
promotes mixing and

contact between ore and
reducing agents,
enhancing the

reduction process.

Various types of
coal can be used.

Processing
low-grade ores.

Flexible structure
of the reactor.

Significant levels
of impurities,

including sulfur.
Slow reaction rate.
Significant energy
usage. Problems
with kiln lining
agglomeration.

≥90%

Char, coal

Rotary hearth
furnace

Composite
pellets

(16–22 mm)

Coal (70% below
45 µm)

A flat, refractory-lined
furnace that rotates,

carrying the iron ore and
carbon mixture through

different temperature
zones for reduction.

Direct reduction occurs in
a solid state, with heat

supplied predominantly
by radiation from
overhead burners,

facilitating rapid heating
and reduction.

Processing
low-grade ores or
iron-containing

by-products.
Simple structure

of furnace.

Significant levels
of impurities,

including sulfur.
High CO2
emissions.

≥93%

Composite
pellets Coal
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2.3. DRI Characteristics

Firstly, the characteristics of the feedstock for DRI pellets should be briefly considered.
The main characteristics are presented in Table 2, and the iron content should exceed
67% [58,59]. A decreased iron content, leading to a higher proportion of gangue, can create
operational challenges in the EAF. These challenges encompass more electricity usage and
increased wear on the refractory lining of the furnace, attributed to a rise in slag volume
and the transfer of iron to the slag in the form of FeO [60]. Nevertheless, the impact of DRI
application in the EAF steelmaking process will be discussed further in Section 6.

Table 2. Characteristics of the main DR pellets, adapted from Refs. [51,58].

Characteristics Value

Fetot, wt.% ≥67.0

SiO2, wt.% 1.0–3.0

Al2O3, wt.% 0.2–3.0

MgO, wt.% 0.2–0.9

CaO, wt.% 0.4–1.2

Sulfur, wt.% ≤0.008

Phosphorus, wt.% ≤0.03

Pellet size, mm 9.0–16.0

Porosity, % ~50.0

Compression strength, N 2500–3000

Tumble index, % + 6.15 mm 92.0–95.0

Reducibility index, % 92.0–95.0

Density, t·m−3

bulk 1.6–1.9

apparent ~3.5

Alkali levels should be minimized to prevent swelling and degradation throughout
the reduction process. Phosphorus content should be kept to the lowest, below 0.03 wt.%.
For DR pellets intended for use in the shaft furnace, sulfur content should be maintained
below 0.008 wt.% to avoid clogging the reformer tubes [61].

The quality of DRI (Table 3) is determined by two categories of characteristics: main
properties resulting from the DR process, like the metallization degree and carbon content,
and inherent properties unrelated to the process, such as gangue content in the raw material.
In general, DRI is produced mainly in quality according to the definition by the International
Iron Metallics Association [62], characterized by a total iron content ranging between 86.1
and 94.0 wt.% [63] and a metallization degree of 92.0 to 96.0 wt.% [64]. Sulfur content in
DRI should be within the range of 0.001–0.03 wt.%, and the phosphorus content should be
limited to 0.001–0.09 wt.%. Trace elements like copper, nickel, chromium, molybdenum,
and tin are negligible [40].
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Table 3. Selected characteristics of DRI, adapted from Refs. [19,62,65–69].

Characteristics Range, wt.%

Metallization degree 92.0–96.0

Fetot 86.1–94.0

Femetal 81.0–89.0

Carbon content 0.02 *–4.5

Sulfur content 0.001–0.03

Phosphorus content 0.001–0.09

Gangue

Acid 2.5–7.6

Basic 0.5–2.7
* H2 of the chemical grade was used as a reductant.

DRI predominantly contains silica as the primary gangue component, maintaining
an acid gangue composition (mainly SiO2, Al2O3, TiO2, P2O5, Cr2O3) and containing
basic gangue, for instance, CaO, MgO, MnO, etc. [70,71]. Typically, high levels of gangue
elements and inert oxides can diminish the strength of pellets [72]. Oxides, such as SiO2,
Al2O3, TiO2, and V2O5, require neutralization through lime additions, influencing both the
volume and characteristics of the slag in EAF [73]. The impact of gangue oxides SiO2, CaO,
MnO, and MgO on the reduction process is multifaceted. Although impurities like CaO,
MnO, and MgO can lead to swelling and cracking, the right amounts of these gangues
could be advantageous. They can create new pathways for the movement of reactants and
products, thereby enhancing the rate of reduction reactions [72]. Additionally, according
to Tokuda et al. [74], adding SiO2 to iron oxides significantly reduces their reducibility
due to the formation of silicates during the reduction process. This silicate formation
leads to low porosity, further decreasing the reducibility of the iron ores. MgO interacts
with the intermediate FeO to form (Mg, Fe)O, a compound that presents challenges for
reduction [75]. These play a role in prohibiting the reduction process. From the perspective
of an EAF, SiO2 is a surface-active oxide that initially presents a high content in the slag
of the hot heel because fluxes are not added until the heat begins. According to Gonzalez
et al. [76], this high SiO2 content can slow the FeO reduction rate. However, this slowing
effect can be beneficial as it prolongs the reduction reaction while maintaining an effective,
though lower, foam height. As the slag becomes more acidic, the adsorption of SiO2 at the
gas-slag interface intensifies. This reduces the interfacial area available for FeO reduction
from the slag.

Table 4 outlines the physical properties of DRI. The density of DRI fluctuates based
on its specific form and composition, ranging between 1.5 and 1.9 t·m−3 for bulk density
and between 3.2 and 3.6 t·m−3 for apparent density. The volumetric porosity, however,
varies with the production technique and has a mean value of approximately 47.0%. The
interaction of DRI with moisture is an important consideration; DRI tends to absorb
moisture (12.0–15.0%) from its surroundings, which can lead to oxidation and consequent
quality degradation.
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Table 4. DRI physical properties, adapted from Refs. [35,58,62,64,77,78].

Characteristics Value

Bulk density, t·m−3 1.5–1.9

Apparent density, t·m−3 3.2–3.6

Specific surface area, m2·g−1 0.5–4.0

Volumetric porosity, vol.% ~47.0

Average size, mm 4.0–20.0

Weight, g 3.0–4.0

Water absorption (saturated), % 12.0–15.0

Fines (−4 mm), % ~5.0

The issue commonly linked to the high specific surface area, porosity, and low density
of DRI can often be mitigated through the briquetting process used to produce HBI. This
will be detailed in Section 4.3.

3. Carburization

Considering the several advantages of the EAF that are partially associated with
the carbon content of DRI [10,79], discussing the carburization phenomenon is relevant.
Carburization of DRI during and after the reduction process has various purposes and can
be reflected via several reactions, according to Equations (11)–(15):

3Fe + CH4 → Fe3C + 2H2, ∆Hθ
298K = 97 kJ·mol−1, (11)

3Fe + 2CO → Fe3C + CO2, ∆Hθ
298K = −150 kJ·mol−1, (12)

3Fe + CO + H2 ↔ Fe3C + H2O, ∆Hθ
298K = −108 kJ·mol−1, (13)

3FeO + 5CO ↔ Fe3C + 4CO2, ∆Hθ
298K = −183 kJ·mol−1, (14)

3Fe + C ↔ Fe3C, ∆Hθ
298K = 23 kJ·mol−1, (15)

The metallization degree, surface area, and porosity [80] influence the DRI carburiza-
tion rate, along with the presence of active elements in the carburizing gas mixture and
the operating temperature and pressure within the DR reactor [68]. The gas reactants are
involved in both the reduction and carburization processes concurrently. Since iron ore
pellets generally lack carbon-rich components, all the carbon in the DRI can be acquired
during the reduction stage. However, this does not apply when H2 is used as a reductant.
DRI carburization is unlikely to occur, which may pose several challenges to EAF melting.

Nonetheless, carbon in the DRI can be presented as bonded carbon: cementite Fe3C
(possible formation of an intermediate carbide Fe4C before conversion into Fe3C or Fe5C2),
a free carbon (graphite), or a combination of both [35]. The carbon of Fe3C is part of the
iron structure, while graphite is not chemically bonded with iron and adheres to the pellet
surface or the pore surface, as mentioned in a study by He and Pistorius [81]. However, if
this is an issue in the case of DRI, then in the case of using HBI, the graphite present on the
surface will be compacted into a dense briquette with a low specific surface area.

The carbon contained in DRI produced, for instance, via a shaft furnace, is usu-
ally ≥90% Fe3C [58]. Fe3C can decompose at any temperature within the range of
500–900 ◦C [82]. However, the Fe3C phase maintains its highest stability at temperatures
ranging from 730 to 750 ◦C. Its decomposition rate accelerates at a temperature decrease
from 750 ◦C and a temperature increase from 770 ◦C (Figure 2).
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According to Kumar et al. [83], CO is the main carburization gas, and applying it
at 600 ◦C allows a faster processing rate. Using only CO, or CO with a small amount of
H2, leads to carbon deposition on the surface, particularly at high temperatures, which is
undesirable. This is consistent with findings by Olsson et al. [84], who observed that the
rate of carbon deposition can increase by up to 70% with H2 concentration; beyond this
point, a higher percentage of H2 results in a decreased effect. However, adding H2 to the
gas mixture enhances the carburization rate. Ali et al. [22] reported that concentration in
the reducing gas mixture enhances the growth of the Fe3C and carbon deposition up to a
certain degree. The highest Fe3C formation was determined with an H2:CO ratio of 25:75
at both temperatures of 973 K (~700 ◦C) and 1059 K (~786 ◦C), as shown in Figure 3.
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In turn, CO2 reduces the rate at which Fe3C forms, so its presence in the carburizing
gas mixture should be kept to a minimum. Furthermore, gas mixtures primarily composed
of CH4 achieve the fastest carburization rates at temperatures higher than 800 ◦C. The
carburization process and its mechanism are detailed in [85–88].

On the one hand, charging Fe3C-rich pellets to the EAF compared to graphite-rich
pellets can be favorable. The heat formation of Fe3C is positive, which means that melt-
ing of Fe3C will require lower EAF energy compared to melting a mixture of iron and
graphite [68]. Contrary to the abovementioned conclusion, in studies [89,90], it was re-
ported that the DRI pellets, whether they contain graphite or Fe3C and regardless of the
carbon content, show similar melting enthalpies at 1600 ◦C, melting durations, and initial
melting temperatures. This initial melting temperature is approximately 1147 ◦C, which
is near the eutectic temperature for both Fe-Fe3C and Fe-C systems. A notable difference
was found in the melting behavior between graphitic and carbide-containing. DRI samples
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with predominantly Fe3C melted uniformly, while those with graphite carbon displayed
localized, spherical liquid areas that slowly developed over time.

Additionally, combining iron with carbon as Fe3C can associate with the retardation
of DRI reoxidation [91]. This advantage can be explained by the lower affinity of Fe3C for
oxygen than metallic iron.

4. Passivation of DRI
4.1. Reoxidation Issue of DRI

In general, removing oxygen from iron ore in the solid state forms numerous micro-
scopic pores, creating a sponge-like texture to the iron [92]. The porosity of the DRI [93] is
influenced by the choice of raw materials and the operational conditions prevalent during
the DR process. Additionally, variation in reoxidation can be attributed to the differing
carbon contents, which the reducing agent determines when used [94]. Therefore, it is
important to mention the main mechanisms of reoxidation and the existing methods for
mitigating these effects.

Reoxidation can occur via two mechanisms [95]: oxidation in the presence of air atmo-
sphere and corrosion in an aqueous water-based environment. The chemical reactions that
lead to the reoxidation of DRI generally release heat, making them exothermic. However,
the extent of these reactions can be inhibited due to the carburization phenomenon dis-
cussed previously, which offers benefit not only to the EAF but also in terms of hindering
reoxidation, owing to the blocking pores [96] resulting from the reduction process and the
protective barrier formed by Fe3C, which shields the material from fast reoxidation.

Dry oxidation progresses gradually at cooler temperatures, whereas the interaction
with aqueous water unfolds swiftly and is often the catalyst for higher temperatures to a
point where oxidation reactions begin at accelerated rates and turn self-sustaining, caused
by rust layers [95]. Initially, reoxidation takes place at lower temperatures due to the
exposure of DRI to air, factoring in moisture, according to Equations (16)–(21):

2Fe + 2H2O + O2 ↔ 2Fe (OH)2, (16)

2Fe(OH)2 +
1
2

O2 → 2γ—FeO(OH) + H2O, (17)

Fe(OH)2 +2γ—FeO(OH) → Fe3O4 + H2O, (18)

2Fe + H2O +
3
2

O2 ↔ 2FeO(OH), (19)

3Fe + 4H2O ↔ Fe3O4 + 4H2, (20)

Fe + 2H2O ↔ FeO(OH) +
3
2

H2, (21)

Reactions (22)–(24) are highly exothermic, releasing a level of heat sufficient to boost
additional oxidation processes:

3Fe + 2O2 ↔ Fe3 O4, (22)

2Fe3O4 +
1
2

O2 ↔ 3 Fe2 O3, (23)

Fe +
1
2

O2 ↔ FeO, (24)

Implementing an inertization [97] or passivation technique enhances the stability of
DRI for secure handling, transport, and storage. Various technologies exist for DRI passiva-
tion, as shown in Figure 4, each presenting its own set of advantages and disadvantages.
However, none match the relatively higher efficiency of hot briquetting.
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4.2. Creating the Oxide Layer

DRI can be maintained in an environment containing minimal oxygen to prevent
reoxidation and create a thin oxide layer over all exposed surfaces. The reoxidation rate
of DRI depends significantly on the morphological structure [98]. The morphological
structure of DRI depends on the chemical composition of the iron ore, physicochemical
properties of the pellets, reduction temperature, and gas compositions. If the time interval
between reduction and oxidation is short, the reoxidation rate of DRI under air can be high.
According to studies [95,99], the reoxidation process of iron initially does not maintain
a constant temperature due to its exothermic nature, which heats the iron further. This
process unfolds in three stages: the first phase shows quick oxidation, and the surface
chemical reactions dominate; the second phase sees a gradual slowdown in oxidation, and
the process indicates internal diffusion; the third phase has a low and stable oxidation
rate, limited by slow diffusion, with a potential slight increase if the temperature rises.
In conclusion, diffusion within the iron and forming cavities at the interface between the
oxide layer and iron grains become the key mechanisms.

Abd Elmomen [94] oxidized reduced single DRI pellets in ambient air at an average
temperature of 27 ◦C. The reaction duration varied from 1 to 50 days. The degree of
reoxidation was determined by weight gain over time and the mass balance method. The
reoxidation process proceeded topochemical and was controlled by the apparent rate of
chemical reaction at the interface between the oxide layer and the unreacted core of metallic
iron. It was concluded that the increase in the reoxidation degree and the accompanying
decrease in the metallization degree depended on the source of oxide pellets used for
DRI production.

In another study by Abd Elmomen [100], the kinetics of DRI reoxidation under stag-
nant air at temperatures between 150 and 450 ◦C were studied using two series of experi-
ments. The first is in the relatively low-temperature range between 150 and 250 ◦C, and the
second is at higher temperatures from 300 to 450 ◦C. In the mentioned low-temperature
range, the reoxidation process was governed by a chemical reaction at the gas-unreacted
core. No significant reoxidation occurred below 200 ◦C. In the relatively higher temperature
range (300–450 ◦C), the reoxidation process proved to be controlled by pore diffusion.

Upadhya [101] also reported that below 220 ◦C, no significant reoxidation was ob-
served. Additionally, it was found that the reoxidation rate became independent of the
airflow above a critical flow rate of 0.85 L·min−1, indicating that at this stage, the influence
of the gas boundary layer around the DRI pellet becomes negligible. The auto-ignition
temperature of these DRI pellets was within the range of 200–230 ◦C.

Medina [102] reported that the reoxidation rate under dry air increased with increasing
test temperatures to a maximum of 400–500 ◦C. In contrast, further increases in the test
temperature reduced the rate of DRI reoxidation.
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For pellets, after reduction in a hydrogen atmosphere, in the study by Cavaliere
et al. [95], a very slow weight increase for temperatures up to 500 ◦C under air due to reoxi-
dation was observed. Further, reoxidation occurred more rapidly at higher temperatures,
with a weight increase of 4% after 10 min of exposure to 700 ◦C under air.

Moreover, there is a difference in reoxidation behavior between gas-based and coal-
based DRI. In a moist oxygen-containing atmosphere, the activation energy for high-carbon
gas-based DRI can be around 55 kJ·mol−1 (non-isothermal, heating rate of 15 ◦C·min−1),
and activation energy for coal-based DRI can be around 20–35 kJ·mol−1 (non-isothermal,
heating rate of 15 ◦C·min−1) [103,104]. Moreover, Bandopadhyay et al. [103] concluded
that the gas-based DRI oxidizes relatively more quickly at approximately 447 ◦C, but at
temperatures above 527 ◦C, the oxidation rate slows down, presumably because of the
simultaneous oxidation of carbon.

4.3. Hot Briquetted Iron

Combining a high specific surface area and a porous structure in DRI increases sus-
ceptibility to reoxidation reactions [105]. The HBI was created in response to the issues
with the shipping of DRI noted above, along with the need to briquette the fine metallic
iron produced in the fluidized bed reduction processes [58] and pellets or lump ore from
shaft furnace processes [16]. HBI is the compressed and densified version of DRI [106]. The
material should be at a temperature of 650–700 ◦C before being compressed between two
rollers. This process forms briquettes that typically measure between 90 and 140 mm in
length, 48–58 mm in width, and 20–50 mm in thickness [107,108] and show a bulk density of
2.4–3.3 t·m−3 and an apparent density of 5.0–5.5 t·m−3 (Table 5). The variation in chemical
and physical properties between DRI and HBI branches from the production pathways
they undergo. Factors such as the grade and blend of the used ore, the nature of gangue
materials, metallization degree, the use of additives, and the briquetting conditions also
contribute to this variation.

Table 5. HBI physical properties, adapted from Refs. [35,58,64,77,78,108].

Characteristics HBI

Bulk density, t·m−3 2.4–3.3

Apparent density, t·m−3 5.0–5.5

Specific surface area, m2·g−1 ~0.75

Volumetric porosity, % ~21.0

Weight, g 500.0–700.0

Water absorption (saturated), % ~3.0

Fines (−4 mm), % 1.0–3.0

Compared to DRI, HBI has higher density and lower porosity. Due to its lower porosity,
HBI tends to absorb less environmental moisture. In addition, HBI exhibits better wear and
corrosion resistance due to its high bulk density, decreasing reactivity by one to two orders
of magnitude [51,109].

HBI may undergo partial oxidation during handling, transportation, and storage
processes, reducing its metallization degree. Environmental factors, along with production
and briquetting parameters like the type of ore being reduced, as well as the pressure and
temperature used during briquetting, significantly impact the rate of reoxidation. These
variables influence the density of the briquettes, thereby affecting their reoxidation behavior,
which can lead to the creation of various phases (Figure 5), for instance, ferrous hydroxide
(Fe(OH)2) [110], ferrous oxide (FeO), etc. Additionally, corrosion products can be detected
as lepidocrocite (γ-FeO(OH)), iron trihydroxide (Fe(OH)3), magnetite (Fe3O4), goethite
(γ-FeO(OH)), maghemite (γ-Fe2O3), etc. [111].
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In this regard, Daghagheleh et al. [109] tested HBI samples under five different pre-
pared climatic conditions for four months. Depending on the condition, different oxidation
behaviors were observed. The results are shown in Figure 6 for both wet and dried HBI
samples and the calculated metallization loss based on chemical analysis. HBI samples,
which were exposed to ambient air conditions, developed nearly no reoxidation. The
reoxidation was raised when the HBI samples were exposed to moisture-saturated air
conditions. The reoxidation was further accelerated if the HBI samples were immersed
constantly in deionized water. Immersing in process water has accelerated the reoxidation
further. The worst case was experienced by samples periodically immersed in process
water twice a week, each time for 1h comparison. The final metallization loss values were
0.92, 3.24, 4.26, 5.57, and 6.96 wt.% under ambient air, moist saturated air, immersed in
deionized water, immersed in process water, and periodically immersed in process water,
respectively. The porosity of the most reoxidized HBI samples was smaller than the raw
HBI. The closure of cracks and pores by reoxidation products resulted in low porosity.
The physical strength of the samples showed no significant difference before and after the
reoxidation experiment. It can be concluded that interval and cyclic wetting and drying
of HBI leads to the worst metallization loss problem. This case should be avoided from
handling, storage, and shipment aspects.
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The conditions under which the DRI was produced significantly influenced the reoxi-
dation resistance of briquettes when exposed to oxidizing conditions [112,113].

From a laboratory-scale perspective, Gray et al. [114] reported that HBI derived from
DRI with a 1.5 wt.% carbon content (produced at reducing temperatures between 500
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and 800 ◦C, using a reducing gas composition of 70–75% H2 and CO, along with H2O,
CO2, CH4, and N2) showed more corrosion resistance compared to HBI from DRI with
a 0.053 wt.% carbon content (produced at a reducing temperature of 630 ◦C with 100%
H2). This difference in performance is attributed to the variations in chemical compositions
resulting from different reducing gas mixtures and ore types. Additionally, it was noted
that briquettes with higher density (produced at 600 ◦C with a density of 5.2 g·cm−3)
demonstrated better corrosion resistance than those with lower density (produced at
500 ◦C with a density of 4.2 g·cm−3).

Practically, there is a notable gap in understanding the reoxidation process, particu-
larly with HBI, and measurements that should be considered subsequently for handling
and transportation. In this context, the currently running HBI-C-Flex project is funded
within the frame of the Research Fund for Coal and Steel (RFCS, Grant Agreement no.
101112479) [115] gains significance as it aims to test the reoxidation of HBI and DRI (with
different carbon contents and low-grade iron ore application) under varying environmental
conditions (including both dry and wet atmospheres and higher temperatures) to measure
the exothermic reactions that occur during storage and transportation. Insights into the
reactivity and stability of HBI, including dust formation, will be crucial for steel manufac-
turers. Further investigation will aid in improving logistics and enhancing knowledge to
prevent dangerous situations in operations.

4.4. Other Methods

Applying coatings to DRI [51], such as sodium silicate, limestone, cement, or
waxes [116,117], is a potential strategy for retardation of reoxidation. However, the disad-
vantages of coatings include the risk of additional contamination, increased costs, and the
possibility of the coating being scratched during handling and transportation. Another
disadvantage that can be considered is that coated DRI pellets can consume more electricity
and graphite electrodes in the EAF compared to uncoated DRI pellets [118]. Nevertheless,
to evaluate the effectiveness of the waxing process in preventing reoxidation of DRI, as
detailed in [119], the experiment was conducted where the DRI was immersed in a bath of
melted paraffin at temperatures between 110 and 120 ◦C for 3–5 s. It was observed that no
heat was produced from the treated DRI after it was sprayed with a 5% sodium chloride
solution, suggesting that corrosion did not occur. Additionally, there was no change in
weight after the DRI was heated to 150 ◦C for 30 min in an air jet oven, indicating the
absence of reoxidation and no loss of wax. Furthermore, no dust was released from the
treated DRI samples following a tumbler index test.

After ammonia DR [120–124], it was noticed that the nitride passivates the otherwise
highly active reduced iron, offering a safety-critical benefit for handling and logistics.
Nitride formation presents a benefit of the ammonia DR process, as it enhances the aqueous
corrosion resistance of iron. Specifically, during the quenching process (at temperatures
below 700 ◦C), metallic iron within the sample undergoes nitriding in the presence of
NH3. Conversely, in the absence of NH3 at 700 ◦C, nitrides decompose back into metallic
iron. This indicates that the quenching conditions are crucial in determining the phases
produced. Consequently, the phases present in the reduced ore can be effectively managed
during the post-reduction stage [120].

Several factors, including the origin and type of iron ore, affect the stability, reactivity,
and reducibility of DRI. Improving the resistance of DRI to reoxidation and spontaneous
ignition involves prolonging the reduction process and increasing its temperature. The
gas composition during DR impacts the quality of reduction and carbide stability, while
the porosity of DRI increases its reoxidation occurrence. As mentioned above, briquetting
DRI into HBI reduces its specific surface area and exposure to air, enhancing stability by
forming a protective layer against further reoxidation.
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5. Storage, Handling, and Transportation

Some main measurements can be extracted from [35,125–127] and generalized as
follows. For safe DRI storage, it is critical to avoid storing any DRI hotter than 65 ◦C in bins
or silos, instead keeping it isolated and not stacked higher than one meter. Safety measures
include conducting regular gas analyses to keep oxygen below 3% and detecting hydrogen
production. Monitoring and managing temperatures within storage units are essential,
with procedures to seal and ventilate units if temperatures reach 65–75 ◦C. During extended
storage, introducing inert gas prevents reoxidation, and ensuring slide gates remain closed
maintains a stable, safe environment.

Additionally, according to [128], DRI can be categorized into three types: less reactive
(category A), namely HBI; highly reactive (category B); and by-product fines (category
C), which are generated after production and handling of DRI or HBI. Depending on the
category, particular recommendations for loading and carriage are described in detail [127].

6. Application of DRI/HBI in an EAF Steelmaking

Process-wise, in DRI-based steelmaking, there are two primary methods for sourcing.
The first method involves directly melting the DRI as soon as it exits the DRI produc-
tion process. Alternatively, the second method utilizes HBI, which is cold, compacted,
and treated for safe transportation. This approach offers flexibility by separating the DRI
production process from steelmaking, allowing for more logistical and operational conve-
nience [129]. HBI and hot DRI possess similar advantageous characteristics to those of cold
DRI. However, for hot DRI, its temperature plays a crucial role in enhancing EAF efficiency
while maintaining its high metallic content [130,131]. Hot DRI can be transported to an EAF
at a temperature of ~700 ◦C [132] using various methods, including hot transport vessels,
pneumatic transport systems, hot conveyors, and gravity systems [51,133]. This approach
can lower electrical energy usage, leading to energy savings of approximately 20–30% [132]
compared to traditional furnaces that are fed with cold materials. Additionally, according
to Gonzalez et al. [134], as the initial temperature of the DRI increases, the melting rate aug-
ments; thus, tap-to-tap time decreases, promoting higher productivity. The full potential of
this hot charging technology is not completely leveraged due to the differing operational
requirements between EAF and DRI production processes [132]. Nevertheless, using hot
DRI charging offers some benefits [134,135].

Typically, DRI/HBI can be charged with scrap in varying amounts to the EAF, in-
fluenced by local cost factors and material availability [19]. DRI/HBI can be within the
range of 10–30% of the total charge [133] in the EAF. HBI, often added to the EAF alongside
scrap using buckets, requires minimal adjustments to the existing EAF, mainly when HBI
constitutes up to 10% of the charge. The design of the EAF can allow for an increased “hot
heel” or the remaining melt volume, which can be up to 30% [136] of the total melt volume.
This adjustment aids in the effective melting of DRI. Consequently, to accommodate the
continuous addition of materials, maintain prolonged periods of a flat bath, and manage
the increased need for lime and calcined dolomite for slag formation, adjustments to the
power programs of the EAF are necessary.

In EAF, DRI/HBI demonstrates different characteristics than the steel scrap melting.
This variation can be based on DRI/HBI/scrap share, metallization degree [137], and due to
gangue and carbon within the DRI/HBI [138]. Since the DR process operates in a solid state,
the gangue from the DR pellets is not removed but instead transferred into the EAF along
with the DRI. This results in increased amounts of slag during the steelmaking process due
to the higher levels of gangue content [139].

As the DRI/scrap ratio increases and the DRI metallization degree decreases, the iron
oxide content in slag can increase. An increase in the SiO2 content in DRI demands a higher
CaO addition to keep the basicity ratio, subsequently increasing energy demands [77].
According to Kirschen et al. [19], the average iron loss in EAF using DRI can be greater
than in using scrap, and controlling FeO content proves more challenging in EAF with DRI.
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The standard deviation of FeO ranged from 3.9 to 5.5 for scrap and widened from 4.1 to 9.6
when the DRI usage was >50% (Figure 7).
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Additionally, the yield from DRI inputs can be typically lower, which is attributed to
the oxide gangue content in DRI. This contrasts with the yields from melting 100% scrap,
which range from 90 to 94% (Table 6). The melting time and tap-to-tap time for DRI-based
production are considerably longer than those used for scrap [19].

Table 6. Production parameters of EAF charge with scrap and scrap/DRI for low alloyed steel grades,
adapted from Refs. [16,19].

Production Parameters 100% Scrap 80–95% DRI

Share of DRI/HBI, % procedures 0–5 (HBI) 60–95 (DRI)

Electric energy demand, kWh·t−1 310–460 530–680

Natural gas, m3·t−1 3–10 0–2

Oxygen, m3·t−1 25–40 20–35

Coal and carbon fines, kg·t−1 2–9 8–17

Slag former, kg·t−1 23–35 27–60

Tap temperature, ◦C 1600–1635 1600–1635

Tap-to-tap time, min 50–60 60–100

Metal yield, % 90–94 87–92

Concerning carbon in DRI, it serves several reasons [10,79]: first, carbon is essential for
the complete metallization of iron; second, it serves as an additional energy source. When
oxygen is injected to burn the carbon, it reduces the need for electricity, thereby accelerating
the melting process of the materials charged. Third, carbon is necessary to create a foamy
slag in the EAF, benefiting the process (Figure 8). For instance, for each 1.0 wt.% of iron
in the form of FeO within the DRI, theoretically, 0.215 wt.% of carbon is needed to reduce
it through the endothermic reaction FeO + C → Fe + CO [35]. Furthermore, carbon can
be engaged in various oxidation reactions with CO formation, such as CO2 + C → 2CO
(∆H ≥ 0) and C + 1

2 O2 → CO (∆H ≤ 0), which can facilitate stirring. Different from carbon
materials that are charged or injected [140–142], DRI contains carbon but is free from
volatile matter, ash, and sulfur, which can affect the melting process and/or the quality
of steel.
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According to Memoli et al. [144] DRI is more effective than charged carbon material in
the bath reactions, yields, and purity of the carbon in the steel.

Lule et al. [145] highlighted results from the ArcelorMittal Lázaro Cardenas steel-
making shop, focusing on N2 behavior. The use of high-carbon and a high proportion of
DRI proved advantageous for producing N2-critical steel grades, attributed to the signif-
icant evolution of CO bubbles allowing the N2 transfer from the liquid steel to the gas
atmosphere in the bubble. The same behavior was also claimed by Memoli et al. [144].

Several studies have also been devoted to investigating the influence of the DRI
amount on the steelmaking process parameters. With increasing the percentage of DRI in
the charge, there can be a noticeable decrease in metallic yield, tramp elements, and sulfur,
as reported in [146]. Similar observations of improvement in steel quality by increasing the
DRI percentage (varying range of DRI of 0–90%) have been noticed by Elkader et al. [66].
The reduction in tramp (copper, tin, nickel, and chromium), phosphorus, sulfur, and
nitrogen were correlated with increased DRI proportions. Conversely, a rise in the DRI
content resulted in greater per-ton consumption of electric power, oxygen, coke, and fluxing
agents required to produce liquid steel. Additionally, as the percentage of DRI in the charge
increased, there was an extension in both power-on and overall tap-to-tap times.

Hassan et al. [147] studied the impact of DRI/HBI on the steelmaking process parame-
ters (Figure 9a,b), along with methods and proportions (case 1: 100% steel scrap; case 2:
100% HBI in the proportion of metallic charge of 17.36%; case 3: 100% HBI in the proportion
of metallic charge of 26.76%; case 4: 50% HBI: 50% DRI in the proportion of metallic charge
of 45.16%; case 5: 100% DRI in the proportion of metallic charge of 75.02%; and case 6:
100% DRI in the proportion of metallic charge of 100% of DRI) under the temperature
condition of 1640 ± 10 ◦C. Increasing the amount of lower-quality DRI and/or HBI to 45%
of the metallic charge decreased steel yield to 85.32%. Conversely, the yield increased to
87.57% when the input consisted of 75–100% high-quality DRI, continuously fed. This led
to a 21-min decrease in tap-to-tap time and a 7% decrease in electrode usage. Increasing the
proportion of lower-quality DRI in the EAF from 45% to 100% resulted in a 4 tons/heat
decrease in liquid steel and caused lime usage to increase from 4 to 6 kg·tLS

−1.
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The use of DRI can affect refractory degradation by altering the composition of slag,
specifically reducing the CaO/SiO2 basicity [148]. Heo and Park [149] investigated the
interfacial reactions between the EAF slag of 20 wt.% CaO—16.9 wt.% SiO2—39.6 wt.%
FeO—3.2 wt.% MgO—13.1 wt.% Al2O3—7.2 wt.% MnO and magnesia refractory, varying
the addition of DRI (0, 10, 20, 30 wt.%). Their investigations were conducted at 1550 ◦C
under an argon atmosphere. They suggested that controlling the amount of DRI is essential
to reduce refractory degradation during the EAF process, as increasing DRI content can
decrease the CaO/SiO2. Further, Heo and Park [150] conducted research on how tempera-
ture variations between 1550 and 1650 ◦C impact the chemical interaction at the boundary
between the slag, composed of CaO—SiO2—MgO—35 wt.% FeO—10 wt.% Al2O3—5 wt.%
MnO, and the refractory under conditions incorporating 20 wt.% DRI in the EAF. Their
findings suggest that precise temperature control in an EAF process that utilizes DRI plays
a more crucial role in reducing refractory wear than the proportion of DRI used.

Furthermore, DRI melting in the EAF process encompasses heat, mass, and momentum
transfer, as well as a multiphase system comprising liquid slag, liquid steel, evolving gases,
and solid particles [134]. As mentioned above, the physical properties and chemical
composition of DR influence the melting process. Factors such as the method of charging,
furnace type, bath temperature, the chemical composition of the molten phases, and the
circulation of fluids within the furnace and around the particles should also be considered.

Understanding how DRI behaves when immersed in liquid slag is based on several
research data obtained under a laboratory scale, which will be discussed further and tends
to be more about qualitative or visual descriptions of experiments rather than quantitative
results. Based on visual observations of the DRI behavior in liquid slag, it can be cate-
gorized as follows: sink through, float inside the slag, or remain on top before complete
decarburization.

The study by Li and Barati [132] is one of the most thorough in explaining the be-
havior of DRI in slag. To understand the decarburization and melting behavior of DRI
pellets, the SiO2-Al2O3-CaO-MgO slag with various FeO contents (10–25 wt.%) and basicity
(MgO + CaO)/(SiO2 + Al2O3), ranging from 1.5 to 2.5, has been used. The result showed
that the decarburization of DRI in slag at 1600 ◦C takes place in two stages: initially, the
reaction is between FeO and the carbon within the pellet, driven by heat transfer from
the slag to the pellet. The subsequent phase involves FeO from the slag reacting with the
remaining carbon in the DRI. The reaction rate depends on how FeO moves within the slag
and is heavily influenced by its concentration. Additionally, in the study, three possible
behaviors of DRI were observed in slag. In the first case, the DRI pellet immediately sinks
to the bottom of the crucible, creating a thin and uneven gas layer that occasionally moves
the pellet. This was attributed to the weaker gas evolution of 8.35·10−5 mol·s−1 in the first
stage of decarburization. In the second case, the DRI pellet stays buoyant and moves within
the slag due to a thicker gas halo forming around it until it turns into a liquid droplet and
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sinks. In the third case, high slag viscosity causes the pellet to partially immerse and restrict
its movement, linked to a higher gas-evolution rate of 2.11·10−4 mol·s−1 in the first stage
of decarburization. In all cases, it was observed that the pellet began to shrink after 16–26 s
of immersion, and a dense shell was formed around the pellet.

It should be mentioned that firstly, Mulholland et al. [151] observed the gas layer in their
research on the reaction between iron-carbon-sulfur drops (0.8–4.5 wt.% C, 0.04–1.0 wt.% S)
and steelmaking slag (47 wt.% CaO—38 wt.% SiO2—15 wt.% Al2O3—10–30 wt.% Fe2O3)
via X-ray technique at 1723–1873 K (approximately at 1450–1600 ◦C). It was concluded that
the Fe-C-S drop into the slag initially floats, followed by slag foaming. Subsequently, the
drop sank, and the foamy slag layer disappeared. Notably, it was impossible to determine
the different velocities of the drop’s movement to the bottom of the crucible, which varied
widely, ranging within 1–36 cm·s−1. According to Min and Fruehan [152], the reaction
apparently occurs in two steps: one at the gas slag interface and the other at the gas metal
interface, with CO2 diffusion through the gas halo.

A similar manner was reported by Goldstein et al. [153] when studying the behavior
of cold DRI pellets dropped into a slag system of 40 wt.% CaO—41 wt.% SiO2—10 wt.%
Al2O3—9 wt.% FeO at 1460 ◦C. The gas rate produced from the FeO reduction in the
DRI was measured by a constant volume pressure increase method. It indicated a short
incubation period of approximately 2–4 s, followed by rapid gas evolution from the pellet
that lasted between 20 and 30 s. The gas halo formed around the pellet, causing the pellet
to remain buoyant in the slag.

From the point of view of the dependence of melting time on several physical proper-
ties of DRI, Gonzalez et al. [134] suggested that the melting time is significantly affected by
the thermal conductivity of DRI. They noted that increasing the metallization degree of DRI
and reducing its porosity can raise thermal conductivity. Additionally, it was highlighted
that an increase in porosity adversely affects melting time, leading to longer durations for
the melting process.

Sharifi et al. [154] investigated how the initial carbon content and the preheating
temperature of DRI affect the reaction rate, aiming for a slag composition of 22 wt.%
FeO—42 wt.% CaO—22 wt.% SiO2—4 wt.% Al2O3—10 wt.% MgO, with temperatures
ranging from 1500 to 1600 ◦C. They determined that the decarburization of DRI could
occur in two distinct stages. Furthermore, preheating DRI pellets was found to accelerate
the initiation of the reaction between carbon and FeO, thus shortening the total reaction
time (Figure 10). This reduction suggests a potential for enhancing the productivity of
DRI-based steel production through the preheating of DRI.
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Considering the conclusion of the study by Sharifi et al. [154] that the decarburization
of DRI pellets takes place in two stages: a reaction between FeO and carbon inside the pellet,
followed by a reaction of the remaining carbon with the FeO inside the slag, Kiasaraei [155]
reported that the duration of each stage varies based on the carbon and FeO levels in the
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DRI, with the second stage potentially being negligible in cases of low carbon content. The
study highlights the significant impact of carbon content on decarburization rates, noting
an increase in reaction rate for both phases with higher carbon levels, especially in the
second stage. Additionally, it was determined that heat transfer mechanisms predominantly
control the reaction rate in the first stage, indicating its role as an important factor. Li and
Barati came to the same conclusion [132].

Furthermore, research was conducted on how the size of DRI pellets influences the
process, and different conclusions were reported [153,156]. Sadrnezhaad [157] stated that
the optimum size of the DRI pellets was around 7 mm for experiments. The optimum
feeding rate for the lowest energy consumption was 12.5 g·s−1 for continuous feeding
of DRI for a 25 kg induction furnace at 1550 ◦C. In addition, it was determined that a
DRI pellet with a metallization degree of 92.5% and carbon content of 1.6 wt.% could be
assumed to behave like an isolated gassing particle floating on the surface of the liquid
melt. The heating and melting process took a few seconds compared to the case with the
highly metalized DRI of 97%.

A notable reduction in melting rate can be observed for DRI particles with large sizes,
for instance, above 10 mm, according to González et al. [134], and when the arc length
is elevated [21]. However, with an increase in the initial particle size, the thickness of
the frozen shell, which plays a large role in the melting rate of DRI, can rise. In addition,
extended arc operation can harm the refractory of a furnace by creating intense hot spots
and reducing thermal efficiency through uncontrolled radiation. This issue can be mitigated
by employing foamy slag.

The productivity of an EAF that continuously melts DRI depends on the chemical
composition of DRI, the feed rate of the DRI, and effective slag foaming. The yield of liquid
steel when using DRI or HBI depends on the metallization degree, the total content of
gangue, and carbon injection. In general, achieving a higher yield of liquid steel requires a
greater degree of metallization in DRI or HBI.

7. Conclusions and Prospects

The DR-EAF route presents an alternative to the conventional BF-BOF route. The
production route of DRI can be divided into one that uses gas reductants (converted NG,
syngas, H2, etc.) and another that relies on coal. Investigating various H2-containing
reducing gases and their combinations can be relevant. In this regard, exploring alternative
H2 carriers like ammonia is viable, along with the potential to not only be a source of the
required H2 but also provide a solution against reoxidation.

In the case of DRI carburization, when carbon or carbon-containing gases (CO/CH4)
are applied to facilitate effective carburization, it is important that the gas mixture used
minimizes CO2 and optimizes the ratio of CO to H2. The presence of CH4 in the gas mixture
can also accelerate the carburization process at temperatures above 800 ◦C. Alongside this,
the presence of carbon in DRI from the perspective of EAF can have some benefits than
charged/injected carbon material.

Concerning reoxidation behavior, and based on the research results, several general
conclusions can be drawn. Significant reoxidation is usually not observed at low temper-
atures under air. However, in some cases, further reoxidation can occur more rapidly at
higher temperatures, up to 700 ◦C under air conditions. The reoxidation process can be ac-
companied by a degree of loss of metallization. As mentioned earlier, the briquetting of DRI
is one of the most efficient methods to prevent reoxidation. However, the pre-conditions
and environmental factors can influence the reoxidation behavior of HBI. Further research
on the reoxidation behavior of HBI could enhance understanding of its reoxidation mech-
anisms and enable the development of more effective mitigation strategies for handling
and transportation. This is particularly important as most existing studies have primarily
concentrated on the reoxidation of DRI rather than HBI. The analysis presented did not
fully explore the reoxidation behavior of DRI/HBI produced using H2 as a reducing agent
due to a scarcity of such findings in the existing literature. This gap highlights the potential
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value of research in this area, particularly regarding the establishment of handling and
transportation conditions.

Considering the possibility of further research prospects in terms of processing low-
quality iron ore with high gangue content, the DR-EAF route is advantageous for processing
high-quality iron ore (≥67% Fe), allowing flexible supplementation of DRI and HBI with
scrap based on market conditions. However, the availability of high-grade ores is limited.
In contrast, from the point of view of prospects, the DR-electric smelting furnace-BOF
route is more suitable for processing low-quality iron ore with high gangue content. This
route involves further refining the pre-melt in a conventional BOF and offers the additional
benefit of using smelter slag in the cement industry.
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