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Steelmaking industries have been facing strict decarbonization guidelines. With

a net zero carbon emissions target, European policies are expected to be

accomplished before 2050. Traditional steelmaking industry still operates by

the carbothermic reduction of iron ores for steel production. Consequently, the

steel sector is responsible for a large amount of CO2 emissions, accounting for

up to 9% of the CO2 worldwide emissions. In this scope, the electrochemical

reduction or electrolysis of iron oxides into metallic iron in alkaline media arises

as a promising alternative technology for ironmaking. Significant advantages of

this technology include the absence of CO2 emissions, non-polluting by-

products such as hydrogen and oxygen gases, lower temperature against

the conventional approach (~100°C versus 2000°C) and lower electric

energy consumption, where around 6 GJ per ton of iron manufactured can

be spared. The present minireview discusses the progress on the

electrochemical reduction of iron oxides in alkaline media as a green

steelmaking route. A historical overview of the global steelmaking against

recent developments and challenges of the novel technology is presented,

and the fundamental mechanisms of iron oxide reduction to iron and alternative

iron feedstocks are discussed. Factors affecting the Faradaic efficiencies of the

alkaline electroreduction of iron oxide suspensions or iron oxide bulk ceramics

are also explored, focusing on the concurrent hydrogen evolution reaction.

Overall, if scrutinized, this technology may become a breaking point for the

steel industry sector.
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Introduction

The Sustainable Development Goals proposed by the United

Nations General Assembly and the European Green Deal provide

an integrated roadmap for making the World and EU’s economy

more sustainable, emphasizing the role of transition to clean and

renewable energy sources and carbon-neutral technologies. Large

industries, like steel, face strong pressure to lower greenhouse gas

emissions (Elavarasan et al., 2022). Thus, high investments in

developing alternative technologies, preferably relying on

renewable energy, are required. About 1951 million tonnes of

crude steel were produced worldwide in 2021, with expected

growth in the upcoming years (World Steel Association, 2022).

The Blast Furnace coupled with a Basic Oxygen Furnace (BF-

BOF) is responsible for 71% of the total steel production during

the conventional carbothermic reduction of iron ores with coke

to “pig iron” at high temperatures (1,500°C and 1,650 °C when

considering BOF). The remaining 29% are related to non-coke-

based technologies such as the Electric Arc Furnace (EAF) and

the Direct Reduced Iron (DRI). Despite the associated CO2

emissions, the BF-BOF is expected to continue to be the

primary route for steelmaking in the upcoming years due to

the high mass production capacity and cost-effectiveness

(HORIZON 2020, 2020; Fan and Friedmann, 2021). The

resulting emissions account for about 7–9% of the global CO2

emissions. Due to the demanding steel production rate,

3.0 billion tonnes of CO2 emissions are estimated for 2050

(Mousa, 2019). Thus, the steelmaking industry is under great

strain to improve its technology regarding the use of less raw

materials, less energy consumption, lower emissions of particles

and gas, and opening new routes for CO2-lean steelmaking.

Electrolysis of metal oxides for metal production arises as a

greener approach to conventional extraction methods, offering

advantages such as the absence of CO2 emissions, non-polluting

by-products such as hydrogen and oxygen gases, and lower

electric energy consumption (13 GJ/ton of Fe against 19 GJ/

ton (Beer et al., 2000; Allanore et al., 2010b). Electrolysis is a

conventional technology nowadays for producing aluminium

(Mandin et al., 2019), zinc (Monhemius, 1980), and other

metals. Several potentially positive impacts of electrolytic iron

production were identified in SIDERWIN project (SIDERWIN,

2022), including 87% reduction in direct CO2 emissions, 31%

reduction in energy use, the ability to involve iron oxide-

containing residues like red mud, and potential compatibility

with renewable energies.

A brief historical perspective

Attempts toward electrolytic iron production undertaken in

the last century have identified several challenges. It was firstly

reported in patents considering alkaline solutions (Estelle, 1915;

Angel, 1952), followed by electroplating in acidic baths (Shafer

andHarr, 1958; Izaki, 2010; Gamburg and Zangari, 2011) for iron

strips and electrotypes manufacturing in the early 30s. Electrolyte

ferrous solutions (FeSO4 or FeCl2 at pH ranges of 0.5–5.5) were

electrolyzed at temperatures below 100°C. However, light grey

and brittle deposits were frequently obtained, even with the

addition of Al-Mg-Na sulphates, Fe(BF4)2 or Fe(H2NO3S)2.

The pitted iron deposits were observed under acidic

conditions, since Fe2+ and Fe3+ co-exist in the acidic

electrolytic bath, forming a redox cycle loop between the iron

species, lowering the overall Faradaic efficiency (Pourbaix, 1974;

Allanore et al., 2010c; Izaki, 2010). Few studies have been

performed in recent years, except for a few efforts with

fluorborate (Su et al., 2009) and sulphate (Díaz et al., 2008)

acidic media. The electrolytic iron production was then mainly

investigated considering the alkaline conditions. However, little

attention has been paid to this process mostly due to the doubtful

mechanism of reduction to Fe (Gorbunova and Liamina, 1966).

Until now, questions about the relatively low electrolysis

temperature (≈100 °C), insulating properties of Fe2O3 (Morin,

1951; Lee et al., 2012), 10−14 S/cm, the low solubility of the iron

oxides, and presumably single reduction step

(Fe2O3 + 3H2O + 6e− → 2Fe0 + 6OH−), have been the reasons

to doubt the prospects of this electrolytic process (Cornell and

Schwertmann, 2003; Allanore et al., 2007, 2008).

Significant advances have been made in the last two decades.

Iron oxide electrolysis in alkaline aqueous solutions is now

considered one of the most promising technologies for iron

production (Monteiro et al., 2016; Müller et al., 2016; Ivanova

et al., 2017; Cavaliere, 2019). Several large R&D projects have

been approved during the last decade seeking alternative CO2-

free technologies with low energy consumption, such as IERO,

ULCOS, LowCarbonFuture, GREENSTEEL, among many others

(U.S. Department of Energy, 2014; Lavelaine et al., 2016; Quader

et al., 2016; Draxler et al., 2020). The ongoing project on low-

temperature electrolysis for steel production, SIDERWIN

(SIDERWIN, 2022), has been strongly encouraged by the

European Commission under the Horizon 2020, where the

first pilot-scale plant for iron production by electrolysis of

iron oxide-containing suspensions is being developed.

Fundamental mechanisms and
current research trends

Experimentally, there are two approaches for

electroreduction (Figure 1): the electrodeposition of Fe on a

working electrode (WE, e.g., Ni (Figure 1A) from iron oxide-

based suspensions; or the electroreduction of a bulk iron oxide-

based cathode (porous or dense, Figure 1B). Cathodes

morphologies before and after reduction are also represented

in Figure 1, attending to each type of electroreduction. The iron

formation mechanisms and corresponding microstructural

evolution are discussed below.
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Electroreduction from iron oxide-based
suspensions

The overall electroreduction mechanism involves two stages:

reduction of Fe(III) to Fe(II) species followed by further

reduction and cathodic deposition of iron (Gorbunova and

Liamina, 1966; Armstrong and Baurhoo, 1972).

Thermodynamic studies (Diakonov et al., 1999) proposed the

hydrolysis of Fe2O3 in alkaline solutions to Fe(OH)−4 . However,

the low solubility of Fe2O3 in alkaline conditions (~2 × 10−3 M at

18 M NaOH, 100°C (Picard et al., 1980b)) raised concerns

regarding this mechanism. Since then, significant advances in

understanding this process have been made. Today the main

emphasis is given to a dissolution/redeposition route and solid-

state mechanism. Thus, the preliminary dissolution of Fe2O3 and

formation of Fe(OH)−4 is considered (Picard et al., 1980a; Le and

Ghali, 1993; Beverskog and Puigdomenech, 1996; Diakonov

et al., 1999; Allanore et al., 2007; Yuan et al., 2009; Yuan and

Haarberg, 2009), as Fe2O3 + 3H2O + 2OH−#2Fe(OH)−4 . The

second step consists of the reduction of the Fe(OH)−4 to Fe(OH)−3
in solution, Fe(OH)−4 + e− → Fe(OH)−3 +OH−, followed by

complete reduction and cathodic deposition of Fe, Fe(OH)−3 +
2e− → Fe0 + 3OH− (Le and Ghali, 1993; Beverskog and

Puigdomenech, 1996; Allanore et al., 2007).

A second proposed reduction mechanism involves the

adsorption of Fe2O3 particles at the WE’s surface. Around

3 min of the WE immersion in a Fe2O3 suspension was

enough to form Fe deposits after a potentiostatic

electroreduction (−1.2 V vs. Hg|HgO) in a separate particle-

free cell (Allanore et al., 2010a). The adsorption effect is

caused by electrostatic forces, since the Fe2O3 particles have a

slightly positive zeta potential in strong alkaline media, in

contrast with the negatively charged WE (Siebentritt et al.,

2014). This second route is expected to occur simultaneously

with the first route, despite not being mentioned very often.

Alkali concentration, cell operating temperature, and iron oxide

load are the main factors determining the contribution of each

mechanism to the overall process. Working electrodes (WE) as

FIGURE 1
Microstructural evolution of the Working Electrode (WE) during the electrochemical reduction to Fe in 10 M NaOH and at 90°C in a (A) Fe2O3

ceramic suspension and as a (B) Fe2O3 ceramic bulk cathode.
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graphite (Allanore et al., 2007; Yuan et al., 2009; Tokushige et al.,

2013; Feynerol et al., 2017; Maihatchi et al., 2020), Cu rod (Zou

et al., 2015a), Fe rod (Ivanova et al., 2015), stainless steel plates

(Koutsoupa et al., 2021a; 2021b) or Ni grids (Lopes et al., 2020,

2021, 2022) are usually used. Dendritic/star-like shape Fe

deposits are often obtained after the electrochemical reduction

of iron oxides in alkaline suspensions (Figure 1A).

Bulk electroreduction

The bulk electroreduction refers to in situ conversion of iron

ore pieces or lumps, acting as a cathode (or WE), to Fe. The

microstructure of such cathodes is often decisive for

electroreduction. The low electrical conductivity of Fe2O3

(10−14 S/cm (Morin, 1951; Lee et al., 2012)) requires a

mechanical connection between the iron oxide piece and the

electrochemical cell. A three-phase interlines (3PIs) model is

often used for explaining the electrochemical reduction of typical

solid insulators (Deng et al., 2005; Xiao et al., 2007; Zou et al.,

2015b). Thus, the insulating Fe2O3 can only be reduced after

establishing an interface with an electrical conductor (e.g. metal

attached to the pellet acting as a current collector) and

simultaneously with an electrolyte. Electrically conductive

metals such as Ni (Ivanova et al., 2017; Lopes et al., 2018) or

steel (Allanore et al., 2008) are frequently used as current

collectors.

Chronoamperometry studies of iron electroreduction allow

understanding of the bulk shrinking behaviour of iron oxide-

based cathodes during Fe formation, where three well-defined

regions are visible in the current density vs. time plot (Allanore

et al., 2010c; Zou et al., 2015b). Corresponding steps include: i)

electrolyte entrance to the external layer of the cathode and

expansion of the 3PIs model along the surface; ii) cathode surface

reduction to form metallic Fe; iii) the unreduced core is finally

reduced to Fe leading to a shrinking of the cathode. The current

density is then stabilized, resulting in the “shrinking-core

reaction process” proposed by Zou and his co-workers.

Magnetite Fe3O4 phase (103 S/cm (Cornell and

Schwertmann, 2003; Lee et al., 2012)) is often observed as an

intermediate phase during Fe2O3 electroreduction. It is

responsible for boosting the current density in the second step

of the shrinking-core process. Most authors consider the

dissolution-electrodeposition route even in the case of bulk

electroreduction (Sato et al., 1970; Schmuki et al., 1996;

Allanore et al., 2010c; Zou et al., 2015b, 2015a; Ivanova et al.,

2017), where Fe3O4 phase undergoes a reductive dissolution to

Fe(II) aqueous species as Fe(OH)−3 (Allen et al., 1980). The Fe(II)
species react with the neighbouring bulk Fe2O3 promoting new

Fe3O4 phase formation. However, other authors (He et al., 2011;

Haarberg and Yuan, 2014) consider a solid-state Fe3O4 reduction

to Fe. Zou and his co-workers do not completely exclude this

route but strongly highlight the main reduction pathway as the

dissolution-electrodeposition (Zou et al., 2015b; 2015a). Other

Fe(II) species forming during Fe3O4 reduction (HFeO−
2 , etc) are

also considered and predicted by Pourbaix diagrams (Pourbaix,

1974; Le and Ghali, 1993). On the other hand, Fe(OH)2 is mostly

present at working temperatures below 65°C (Schrebler Guzmán

et al., 1979; Le and Ghali, 1993; Zhang and Park, 1994).

Another relevant aspect of the electrochemical reduction of

bulk cathodes refers to the porosity increase of around 30–50%

when Fe is formed (Allanore et al., 2008; 2010c), promoted by

significant density change from Fe2O3 phase (5.26 g/cm
3) to Fe

(7.86 g/cm3). The space between the Fe particles becomes wider

with the growth of these Fe microstructures in a dendrite shape,

increasing the porosity of the metal (Zou et al., 2015a). The

electrolyte presence was found between themetal iron oxide layer

interface (Allanore et al., 2010c), which can also be crucial when

considering the initial porosity of the bulk cathodes. Thus, the

processing conditions should ideally provide some connectivity

between even residual pores to ensure the percolation of the

electrolyte and ionic species inside the cathode towards the

current collector (Zou et al., 2015b). When cellular iron

oxide-based designed cathodes with open porosities higher

than 37 vol% are used (Ivanova et al., 2017; Lopes et al., 2019,

2021, 2022), the electroreduction is facilitated, and the forming

Fe crystals preserve the original cellular-based ceramics

microstructure, suggesting that the reductive dissolution to

Fe(II) occurs in sub-micrometer distances. The porosity of

37 vol% was found to ensure the best performance towards

electroreduction, while maintaining suitable mechanical

properties of the ceramic cathodes, leading to complete

conversion of the ceramic cathode to metallic Fe (Lopes et al.,

2019). The Fe microstructure evolution when considering dense

or porous bulk ceramic cathodes is demonstrated in Figure 1B.

Factors affecting the faradaic
efficiency of the electroreduction

Hydrogen evolution reaction (HER;

2H2O + 2e− → H2 + 2OH−) has a parasitic effect on iron

electroreduction due to the superimposed cathodic potential

region with the reduction to Fe. In fact, the first couple of

hours of a cathodic polarization are ascribed to hydrogen

adsorption at the cathode, leading to a higher overvoltage

(Brossard and Huot, 1991; Allanore et al., 2007). HER is the

main factor responsible for the loss of Faradaic efficiency,

lowering the quality of Fe deposits. Although it is not possible

to eliminate, minimizing HER until a certain level is feasible. The

choice of the cathode is of great relevance when considering the

electrodeposition from suspensions. Noble metals (Pt, Pd, or Nu)

have low HER activity, while Fe, Ni, Co, Au, and Ag have

moderate activity. On the other hand, Zn, Ti, Zn, Pb, or Sn

have high overpotentials (Ivanova et al., 2015; Rashid et al.,

2015). The use of rotation disk electrodes (RDE) (up to
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3,000 rpm) lowers the Faradaic efficiencies from 96%

(<1,000 rpm) to 76% (3,000 rpm) due to the combined effect

of air and H2 bubbles at its surfaces (Yuan et al., 2009). RDE also

restrict the transport of the suspended particles around the WE

(Allanore et al., 2010b). Stirring conditions below 2000 rpm allow

to maintain high current efficiency, according to Yuan et al.

Moreover, the bubbles can also have a negative impact on the

electroreduction by dropping the current density due to the

vibration of the ceramic cathodes (Allanore et al., 2010c).

However, increasing the porosity of the cathode for the bulk

electroreduction allowed the bubbles to escape through the pores,

representing one alternative way to minimize this effect (Ivanova

et al., 2017).

HER potentials tend to increase for higher cathodic values

when the alkaline electrolyte concentrations increase (Nickell

et al., 2006). Some authors have been employing 18 M NaOH

electrolyte solutions (Allanore et al., 2008, 2010c; Yuan et al.,

2009; Tokushige et al., 2013) to minimize the HER effect.

Although increasing the concentration of the electrolyte seems

to decrease the HER impact and, consequently, the Faradaic

efficiency increase, it does not guarantee itself a high efficiency

level as, for example, ~70% of efficiency was obtained at 18 M

NaOH (Allanore et al., 2007) and ~80% at 10 M NaOH (Ivanova

et al., 2015). On the other hand, current efficiency drop from 39%

to 21% when potentiostatic cathodic polarizations of -1.15 V and

-1.50 V (vs Hg|HgO) are used, respectively, in 10 M NaOH

TABLE 1 Comparison of the Faradaic Efficiencies between traditional and alternative iron oxide feedstocks.

Iron feedstock Type of
electroreduction

WE Experimental
conditions

Faradaic efficiency Ref

Traditional
feedstock

Fe2O3 Suspension Graphite rotating
disk

18 M NaOH; T = 114°C;
1,000 rpm; j = 4000 A/m2; 33 wt%
Fe2O3

95% Yuan et al.
(2009)

Fe2O3 iron ore
lumps

Bulk Ore lump + Ni 18 M NaOH; T = 100°C;
E = −1.20 V (vs SHE)

53–100% Allanore et al.
(2010c)

Fe2O3 Suspension Graphite rotating
disk

18 M NaOH; T = 110°C;
1,000 rpm; j = 1,000–6000 A/m2;
33 and 40 wt% Fe2O3

95% (40 wt% Fe2O3 +
3000 A/m2)

Tokushige
et al. (2013)

Fe3O4 Bulk Fe3O4 pellets
sintered at
1,100–1,400°C + Ni
foil

10 M NaOH; T = 90°C; E =
-1.15 V (vs Hg|HgO)

85% (pellets with 22% of
open porosity)

Monteiro
et al. (2016)

Fe2O3 Suspension Graphite rod 18 M NaOH; T = 110°C; 600 rpm;
E = −1.66 V; 10 wt% of iron
oxides

86% (Fe2O3) Feynerol
et al. (2017)Fe3O4 5% (Fe3O4)

α-FeOOH 66% (α-FeOOH)

Fe2O3 Bulk Fe2O3 porous pellets
fired at
1,100–1,200°C + Ni
foil

10 M NaOH; T = 90°C;
E = −1.15 V and -1.50 V (vs
Hg|HgO)

39% (E = -1.15 V) Ivanova et al.
(2017)21% (E = -1.50 V)

Alternative
feedstock

Red Mud Suspension Graphite rod with
Ti/Pt grid

12.5 M NaOH; T = 110°C;
600 rpm; j = 45 A/m2; 333.3 g/L of
red mud

71% for red mud (45 A/m2) Maihatchi
et al. (2020)~80% for Fe2O3

(200–1000 A/m2)

Titanomagnetite
from iron sands

Bulk Iron sand + stainless
steel

18 M NaOH; T = 110°C; j =
1 A/cm2

Very low Bjareborn
et al. (2020)

Red Mud Suspension Stainless steel plate 18 M NaOH; T = 70–130°C;
500 rpm; j = 138 and 1100 A/m2;
10 wt% of red mud or Fe2O3

~80% for Fe2O3 regardless
the temperature (138 A/m2);
~10% (70°C) to 70% (130°C)
for red mud (138 A/m2)

Koutsoupa
et al. (2021a)

Pseudobrookite Bulk Fe2TiO5 + Ni plate 10 M NaOH; T = 80°C;
E = −1.30 V (vs Hg|HgO)

Very low Lopes et al.
(2022)

Pseudobrookite Suspension Steel rod 10 M NaOH; T = 80°C; 100 rpm;
E = -1.15 V (vs Hg|HgO); 100 g/L
of iron oxide

25%

Iron oxide residues
from Zn production

Suspension Graphite rotating
disk and silver rod

18 M NaOH; T = 110°C; 500 rpm
for rotating disk +100 rpm for
magnetic stirrer; E = -1.6 V

- Haarberg
et al. (2022)

Iron oxide residues
from Ni production

Suspension Graphite rotating
disk and silver rod

18 M NaOH; T = 110°C; 500 rpm
for rotating disk +100 rpm for
magnetic stirring; j = 0.6 A/cm2; 1:
90 g/L of residue

7%
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solutions (Ivanova et al., 2017). This aspect clearly demonstrates

the increased HER contribution at higher polarizations for the

same electrolyte concentration. The efficiency also increases for

higher iron oxide concentration in the alkaline suspension

(Allanore et al., 2007). In general, the Faradaic efficiency is a

complex parameter affected by the cell configuration, type of

electrodes, iron oxide load, current densities or cathodic

polarizations applied, and temperature.

Alternative iron feedstocks and their
suitability

An overview analysis of potential feedstocks for electrolytic

iron production is given in Table 1. Hematite is a reference iron

oxide feedstock for the electrochemical reduction studies in

alkaline media showing high efficiencies (>85%), except at

high cathodic polarizations (e.g. 39% at −1.15 V) due/to HER

contribution. Iron (hydroxy-) oxides such as Fe3O4 and α-
FeOOH (goethite) also can be used as raw material in

suspensions (Feynerol et al., 2017), with consequently lower

current efficiencies due to the magnetic behaviour of the

particles and high viscosity that restricts the evolution of O2

bubbles, respectively. Latest studies on alternative feedstocks

include the use of industrial iron-rich waste as red mud from

the Bayer process (Maihatchi et al., 2020; Koutsoupa et al., 2021a,

2021b) and iron-rich residues from the Zn and Ni electrowinning

industrial production (Haarberg et al., 2022). The use of iron-rich

waste is of high interest due to the possibility of waste

valorisation, which is strongly supported by the European

Commission and contributes to the circular economy.

Faradaic efficiencies of red mud reach about 70%, but only

when low current density is applied (45–138 A/m2) in

concentrated electrolytes (>12.5 M). On the other hand,

titanomagnetite from natural ironsands (Bjareborn et al.,

2020) showed low efficiencies. In fact, significant challenges

are imposed when considering various alternative feedstocks.

The presence of non-conductive phases suppresses the

electroreduction to metallic iron. Ni and Zn residues from

industrial production show low efficiencies (<7%) even when

considering pre-treatments of both wastes. Several iron-oxide

based compositions have been the research aim under the

SIDERWIN European project for electrolytic iron production

in alkaline media. The impact of Al- (Lopes et al., 2019, 2020),

Mg- (Lopes et al., 2021), and Ti- (Lopes et al., 2022) additions to

iron-oxide ceramic cathodes and/or suspensions have been

investigated. The dissolution of the mentioned species to the

electrolyte leads to the partial blocking of the cathode surface,

restricting further reduction to Fe. The Ti- blocking effect

strongly affects the conversion of the synthetic pseudobrookite

mineral (Fe2TiO5), where simply Fe3O4 phase (intermediary

phase) was found at -1.15 V (Lopes et al., 2022). Strong

cathodic polarizations were required for producing Fe from

Fe2TiO5 suspensions with consequent impact on the faradaic

efficiencies (<25%) due to HER.

Concluding remarks

Fast implementation of clean energy technologies in

steelmaking requires developing cost-effective approaches.

Although the recent research results and trends show that

metallic iron production by electrolysis is a feasible

approach, many experimental challenges still need to be

resolved. Up to now, high and reproducible Faradaic

efficiencies have been achieved mostly when using pure iron

oxides as a feedstock. The presence of impurities harms the

current yield, and the detailed relevant mechanisms and

corresponding mitigation strategies are still to be discovered.

At the same time, the possibility of achieving high Faradaic

efficiency while using red mud as an iron feedstock was recently

demonstrated, confirming the potential sustainability of the

proposed technology and its contribution to the circular

economy. It must be noticed that, in commonly used

alkaline conditions, the efficiency of iron electroreduction is

compromised only by the cathodic evolution of hydrogen gas,

which may be considered the fuel of the future, with no carbon

footprint, highest enthalpy of combustion, and releasing water

as a by-product during energy release. Thus, even if the current

efficiency of iron production is still relatively low, the

electrolysis process can be potentially adapted to the

intermittency of renewable energies and optimized towards

iron electroreduction or green hydrogen production,

depending on the actual power conditions. This opens new

prospects for this approach as a green alternative to traditional

steelmaking, where breakthrough technologies are urgent and

necessary. The electrolytic iron production arises as a

competitive technology against the conventional technology

by saving 6 GJ/ton of Fe produced, representing a turning point

in the metallurgical industry in the near future. de Beer, 2000.
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