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Abstract

Steel is a fundamental structural material; however, its production poses significant en-
vironmental challenges, accounting for 4-5% of global carbon dioxide emissions. With
an average carbon footprint of 1.9 tons of CO; per ton of steel produced, the industry
urgently requires sustainable alternatives. This research investigates electrolysis as a
low-carbon substitute, categorizing these technologies by operating temperature: low-
temperature aqueous hydroxide electrolysis (AHE), medium-temperature molten salt
electrolysis (MSE), and high-temperature molten oxide electrolysis (MOE). In the MOE
process, metal oxides decompose into molten metal and oxygen using inert (neutral) an-
odes. The findings indicate that iron oxide reduction in molten systems follows a stepwise
mechanism: Fe,O3 — Fe304 — FeO — Fe. Key parameters, including current efficiency,
applied voltage, and overpotential, significantly dictate overall energy efficiency. Further-
more, increasing the temperature and reducing the viscosity of the molten salt accelerates
the reaction by facilitating oxygen ion transport. Finally, the presence of calcium oxide
(CaO) on the cathode was found to shorten the reduction path and accelerate the process
through the formation of calcium ferrite (Caz Fe;Os).

Keywords: molten salt; electrolysis; aqueous hydroxide; chloride salts; iron production

1. Introduction

Iron and steel are the foundational materials of modern civilization, playing an indis-
pensable role in global infrastructure, transportation, and industrial manufacturing [1]. The
scale of this industry is immense; in 2023, global crude steel production reached approx-
imately 1888 million tons. As shown in Figure 1, this production is highly concentrated,
with China alone accounting for 54% of the world’s total output, followed by India (7.4%)
and Japan (4.6%).

Despite its economic importance, the iron and steel sector faces a critical sustainability
crisis. The traditional blast furnace-basic oxygen furnace (BF-BOF) route, which relies
heavily on coal and coke for iron oxide reduction, is one of the largest industrial sources
of greenhouse gases. Conventionally, iron is extracted from its ores through coke-based
reduction in blast furnaces operating at temperatures exceeding 1500 °C [2]. It is respon-
sible for approximately 4-5% of total global CO, emissions [3], with an average carbon
footprint of 1.92 tons of CO; per ton of steel produced. As international environmental
regulations tighten, the industry is under extreme pressure to transition toward “Green
Steel” technologies.
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Figure 1. Global steel production by country/region in 2023.

The application of electrochemical methods to metal extraction is not a new concept but
rather a proven industrial standard in other sectors. Molten salts are widely recognized as
effective for metal production [4-7]. For instance, 100% of primary aluminum is produced
via the Hall-Héroult process, which utilizes the electrolysis of alumina in a molten cryolite
bath. Similarly, magnesium production has a long history of utilizing molten salt electrolysis
of anhydrous magnesium chloride (MgCly), a method recognized for its ability to produce
high-purity metal while offering a pathway to significantly lower CO, emissions compared
to traditional thermal reduction methods.

Adapting these mature electrolytic principles to iron production offers a direct,
electricity-driven alternative to carbon-based reduction. This research reviews the current
landscape of iron production technologies, categorizing them into three primary routes
based on their operating temperatures: room-temperature Aqueous Hydroxide Electroly-
sis (AHE), moderate-temperature Molten Salt Electrolysis (MSE), and high-temperature
Molten Oxide Electrolysis (MOE). By examining their electrochemical mechanisms, en-
ergy efficiencies, and technical challenges, this study aims to provide a roadmap for the
stabilization of sustainable ironmaking processes.

Electrochemical reduction technology can be categorized into three types based
on the operating temperature: room-temperature (20-200 °C), moderate-temperature
(600-1000 °C), and high-temperature (1000-1600 °C) electrolysis. Room-temperature elec-
trolysis includes Aqueous Hydroxide Electrolysis (AHE) [8,9]. Moderate-temperature
molten electrolysis typically refers to molten salt electrolysis (MSE) [10], while high-
temperature molten electrolysis usually denotes molten oxide electrolysis (MOE) [5,11].

During an electrochemical process, metal oxides can be directly decomposed into
metal and oxygen using molten oxides as an electrolyte. Considering that molten oxide
electrolyte dissociates the feed oxide MO into its constituent ions, the target cathode and
anode reactions can be written as follows Equation (1) [12]:

M) 4+ pem 5 M

1
Ol™) — ne” + 302 (g) @

The reduction process in MOE resembles the Hall-Héroult method used for aluminum
production, involving the electrochemical breakdown of aluminum oxide dissolved in a
molten fluoride solvent containing cryolite. However, the two methods differ significantly
in the oxidation reaction that occurs at the anode. In the MOE process, oxygen is produced
because an inert anode is used. This inert anode must possess outstanding characteristics
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to withstand the harsh conditions of high temperature, the corrosive nature of molten slags,
and the oxygen gas generated [13].

Alternatively, molten oxide electrolysis (MOE) can be used to extract metals from
metal oxides. MOE is essentially the electrochemical deposition of metals from molten
oxide electrolytes [14]. This method required operating at temperatures above 1538 °C
and consumed a large amount of energy [15]. However, high operating temperatures
require substantial energy input, leading to more complex cell designs [16]. Preparing
metallic iron using chloride, molten carbonate salt systems, and alkaline solutions with
lower melting points offers notable benefits [15]. This is called MSE. Alternatively, the
electrochemical reduction (electroreduction) of iron oxide can be performed in aqueous
electrolytes at relatively low temperatures (approximately 110 °C or below). This low-
temperature electroreduction method offers advantages in energy efficiency and a simpler
system design and process flow [17].

MOE or MSE electrolytic cells have a very simple design. They consist of two electrodes
(anode and cathode) separated by molten salts and oxide electrolytes. (The choice of anode,
including graphite [18], metals [16], alloys [12], and ceramics, depends on the actual needs.
Graphite or solid metals are usually selected as the cathode. Developments in industrial
technologies have increased the demand for iron and steel production. In recent years,
research in this field has shown significant progress. Accordingly, this research focuses on
iron or steel production technologies, focusing on aqueous alkaline solutions, molten salt
electrolysis, and molten oxide electrolysis to investigate various low-carbon methods. The
research progress, important characteristics, key influencing parameters, and the challenges
and prospects of these technologies were reviewed.

2. Electrochemical Basics

From a fundamental perspective in electrolysis processes, the amount of material de-
posited on the cathode is a direct function of the gram equivalent of that element; a quantity
obtained from the ratio of the chemical gram equivalent to the electrochemical gram equiv-
alent and forming the basis for the definition of Faraday’s constant (F ~ 96,485 C/mol).
Accordingly, Faraday’s law relates the mass of material produced (m) to the electric charge
passed and the change in ionic capacity (z) (Equations (2) and (3)). However, in process
engineering, a more critical parameter for evaluating efficiency is the material release rate
(n°®), which is obtained by taking the time derivative of the mass balance (Equations (4)
and (5)). Kinetic analysis of these relationships indicates that although increasing the
current intensity (I) is the primary driver of the acceleration of the process, the production
rate is inversely related to the ionic capacity of the metal (z); “This means that extracting
metals with high capacity (higher electron capacity) will thermodynamically require the
expenditure of more electrical charge. In this equation, m = mass of deposit (g), M = molar
mass (g/mole), I = current (A), t = time (s), z = metal ion valence, F = Faraday constant,
and n° = Production rate (mol/s) [19].
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3. Key Parameters Affecting Electrolysis
3.1. Current Efficiency and Energy Consumption

The ratio of the mass of material produced during electrolysis (m’) to the theoretical
mass predicted by Faraday’s law (m). This parameter is directly affected by operating
conditions, including time, applied current, and solution properties. The current efficiency

Equation (6) is as follows:
!/

CcE="" %100 6)
m

In this formula, m’ is the actual mass produced, and m is the predicted theoretical
mass. An increase in current efficiency indicates a more efficient electrolysis process [20].

It should be noted that while current efficiency and specific energy consumption are
defined by common electrochemical principles, their practical relevance differs significantly
across the three electrolysis routes discussed in this review. In aqueous hydroxide electroly-
sis (AHE), current efficiency is strongly affected by competing parasitic reactions such as
hydrogen evolution, whereas in molten salt electrolysis (MSE) and molten oxide electroly-
sis (MOE), ohmic losses, gas bubble effects, and electrode stability play a more dominant
role. Consequently, the relative importance of these parameters must be evaluated in a
route-specific context rather than through generalized electrochemical definitions.

Specific energy consumption is the amount of energy used to produce one kilogram of
a substance. Its Equation (7) is as follows:

_ V.t
SCE = Y.L
Or 7)
_ V .100.F.Z
SCE = VAWEZ

In these formulas, V is the applied voltage, I is the electric current, t is the time, and
Z is the capacitance. The lower the specific energy consumption, the more economically
efficient the process.

The total voltage required for electrolysis comprises several components: the break-
down voltage VD, the cell resistance voltage VR, the concentration-gradient voltage VG,
and the excess voltage VO. The total voltage is calculated from Equation (8).

Va=Vp+Vr+Vg+ Wy (8)

This parameter is directly related to energy consumption and process efficiency. Re-
ducing either of these voltages increases electrolysis efficiency.

3.2. Decomposition Potential

The breakdown potential is the minimum voltage required to drive an electrochemical
reaction in an electrolytic cell. In practice, the applied voltage must exceed this value for
ions at the electrodes to undergo reduction or oxidation. This potential represents the value
at which sufficient energy is provided to overcome the thermodynamic and operational
barriers to the electrolysis reaction. To calculate the breakdown potential, the difference
between the reduction and oxidation potentials in the relevant reactions is determined,
and additional voltages due to resistances and other barriers are added. The relationship
between the breakdown potential and the change in Gibbs free energy is also given by
Equation (9) [21]:

Vb =Ec—Ea )

In this context, EC refers to the cathode electrode potential, EA to the anode electrode
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potential, and VD to the decomposition potential. The decomposition potential depends on
several factors, including;:

> System temperature: As it rises, the kinetic energy of ions and the rate of electrochemi-
cal reactions increase, while the decomposition potential decreases.

> Ion concentration: Changes in electrolyte concentration affect mass transfer and
concentration potentials, thereby increasing the decomposition potential.

> Electrode material: Surface properties and electrode materials can affect activation
energies and mass transfer barriers, thus changing the decomposition potential.

Overpotential affects electrolysis because a voltage higher than the thermodynamic
potential is required to drive an electrochemical reaction. It is the voltage difference
between the electrode’s actual potential and its theoretical potential required to initiate
and sustain the reaction. Overpotential arises from barriers such as surface reactions,
mass-transfer limitations, and electrical resistance. Overpotential activation refers to the
activation energy needed to start an electrochemical reaction. In an electrochemical system,
ions must overcome this energy barrier to participate in the response. This energy is
supplied by overpotential. The following Equation (10) expresses it:

Nactivation = %Li’l (110) (10)
In this relation, R is the gas constant, T is the absolute temperature, n is the number of
moles of electrons transferred, F is the Faraday constant, iy is the current flowing, and iy is
the base current (equilibrium current).
The excess potential is directly related to the Gibbs free energy AG and the electric
potential of the cell, E. Based on the Gibbs-Helmholtz Equation (11):

AG = —nFE (11)

where AG is the change in Gibbs free energy, n is the number of moles of electrons trans-
ferred, F is the Faraday constant, and E is the cell potential. The higher the excess potential,
the greater the Gibbs free energy required to drive the reaction. Reducing the excess poten-
tial can reduce energy consumption and increase electrolysis efficiency [22]. The practical
impact of decomposition potential strongly depends on the electrolysis route: in AHE it
is dominated by competing hydrogen evolution, whereas in molten systems it is mainly
governed by ionic transport and melt conductivity.

3.3. Ohmic Overpotential Effect

The ohmic overpotential arises from electrical resistance in the electrodes, the elec-
trolyte, and the cell connections. The higher the system’s ohmic resistance, the greater the
overpotential required to maintain the current. The ohmic overpotential can be obtained
from Ohm’s law Equations (12) and (13):

Nohmic = 1. R (12)

R= pX‘l (13)

In this formula, R is the total resistance of the system, and i is the current. Improving
the electrolyte’s electrical conductivity and reducing ohmic resistance at the junctions can
lower the ohmic potential [19,23]. In molten salt and molten oxide electrolysis, overpotential
losses are strongly amplified by electrolyte viscosity and gas bubble accumulation at the
electrode—electrolyte interface.
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3.4. Concentration Overpotential

The mass-transfer excess potential arises from the difference in reactant concentration
at the electrode surface and in the solution. When the rate of ion consumption at the
electrode surface exceeds the rate of ion supply from the solution, a concentration gradient
forms, thereby increasing the excess potential. This mass transfer potential is more common
in fast reactions or in systems with concentrated electrolytes. The formula for the mass
transfer excess potential is given by Equation (14):

RT C
Nconcentration = ﬁLn <CO> (14)

In this relation, Cy is the concentration of the material at the electrode, and C is the
concentration of the material in the solution. Overpotential is a key factor in the efficiency
of electrochemical processes. The higher the overpotential, the more energy is consumed
to perform electrolysis. Increasing overpotential can reduce processing efficiency, as more
electrical energy is wasted as heat. For this reason, one goal of optimizing the electrolysis
process is to minimize overpotential, which can be achieved by improving electrode surface
conditions, selecting an appropriate electrolyte, and reducing ohmic resistance [19,23].

3.5. Temperature and Pressure Effect

Temperature and pressure serve as fundamental thermodynamic and kinetic drivers
that directly dictate the performance and efficiency of the electrolysis process. Increasing
the operating temperature typically enhances ionic conductivity within the electrolyte
and accelerates electrochemical reaction kinetics, thereby significantly improving overall
energy efficiency. However, these benefits must be balanced against technical constraints:
excessively high temperatures can lead to the accelerated degradation of electrode materials,
increased evaporation of the electrolyte, and undesirable shifts in its chemical composition.

While the direct effect of pressure on the liquid electrolyte itself is typically negligible
due to the low compressibility of molten salts, the behavior of the evolved gases constitutes
a critical operational parameter. In these systems, physical limitations often arise from the
high viscosity of the molten media, which acts as a barrier to efficient gas transport. High
viscosity slows down the nucleation, coalescence, and detachment of gas bubbles from the
electrode surface. This phenomenon can lead to:

> Increased Ohmic Resistance: A dense layer of gas bubbles (the “bubble effect”) reduces
the effective surface area of the electrode and increases the voltage drop.

> Mass Transport Limitations: Slow gas removal can inhibit the forward reaction and
facilitate undesirable side reactions.

> Solubility Changes: According to Henry’s Law, increasing pressure enhances the
solubility of produced gases (such as oxygen) within the melt. While this might affect
phase stability, it can also increase the risk of back-reactions, where dissolved gases
react with the newly reduced metal, thereby lowering the current efficiency.

Consequently, optimizing the interplay between temperature (to reduce viscosity and
enhance mobility) and pressure (to manage gas evolution) is essential for the stabilization
of high-throughput molten oxide electrolysis [23].

3.6. Competitive Electrode Reactions

In electrochemical iron production systems, the target redox reactions are often ac-
companied by competitive electrode reactions that reduce current efficiency and increase
overall energy consumption. At the cathode, hydrogen evolution reaction (HER) commonly
competes with metal ion reduction, particularly in aqueous electrolytes, where hydrogen
reduction occurs at relatively low overpotentials. At the anode, oxygen evolution reaction
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(OER) dominates and requires significantly higher activation energy due to the forma-
tion of strong O-O bonds. The relative kinetics of these competing reactions depend on
electrolyte composition, operating temperature, electrode material, and applied potential,
and their suppression or control is essential for improving the efficiency and selectivity of
electrochemical iron production processes.

Cathodic potential is the potential required for the reduction in ions at the cathode
surface. One of the cathodic reactions described by Equations (15) and (16) in water
electrolysis is the release of hydrogen gas, in which hydrogen ions H* are converted
to hydrogen molecules H; by receiving electrons. This reaction typically occurs at low
voltages, and the standard potential for hydrogen reduction is 0 volts. In contrast, oxidation
reactions occur at the anode. One of the common reactions (see Equation (17)) at the
anode is the oxidation of hydroxide ions, OH™, to oxygen gas during water electrolysis.
This reaction requires more energy because the formation of strong bonds in the oxygen
molecule increases the activation energy, thereby raising the anodic potential relative to
the cathodic potential. Hydrogen release is one of the processes that occur during the
electrolysis of aqueous solutions, especially water. In this process, hydrogen ions on the
cathode surface are converted into hydrogen molecules by receiving electrons, which are
then released as a gas [23].

2H' +2¢~ — H, () (15)
2H,O — Oy +4H™' +4e~ W = where E° = —1.23V (16)
40H™ — 2H,0 +20, +4e~ W = where E° = —0.4V (17)

4. The Difference Between Electrolysis in an Aqueous Medium and
Molten Salt

Electrolysis of iron (ERI) is a new technique for creating metallic iron from iron oxides.
It uses electrical energy to reduce metal oxides to metals. ERI offers benefits such as low
energy use and high efficiency. It also reduces greenhouse gases such as CO,. ERI includes
several methods for producing iron from oxides. These methods employ molten-salt
systems and other electrolytic environments. Figure 2 depicts the modern iron production
process, which includes H2-DRI and ERI.

—

Aqueous Hydroxide
Electrolysis (AHE)

—N—
Electrolytic Reduction Molten Salt Electrolysis
of iron (ERI) (MSE)
. )
Iron Extraction Methods
Hydrogen Direct .
Reduction iron (H2- El Mtoltlen‘Ox;/([igE
DRI) ectrolysis ( )

.4

.4

Figure 2. Classification of modern iron production processes.

One crucial point in the electrolysis process is selecting the appropriate environment.
Some materials are electrolyzed in aqueous solutions, whereas others require electrolysis in
a molten salt environment. The reason for this difference is in the reduction and oxidation
potential of these materials. Table 1 shows the reduction potential of various metals with
respect to hydrogen. In aqueous electrolysis, aqueous solutions containing metal and non-
metal ions are decomposed at the electrodes. Metals such as copper (Cu) and silver (Ag),
which have a higher reduction potential than hydrogen, are easily reduced in an aqueous
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environment. In this case, water acts as a solvent and an ion carrier, and electrochemical
reactions occur at the electrode surfaces. In this type of electrolysis, elements with a reduc-
tion potential lower than that of hydrogen can be reduced in an aqueous environment by
applying an additional potential of approximately 1.1 V. In contrast, metals such as sodium
(Na), potassium (K), and aluminum (Al), which have very low reduction potentials (less
than —1), require molten salt electrolysis conditions. These metals cannot be electrolyzed in
aqueous media because their reduction potentials are very negative and require much more
energy to reduce them. These elements are produced at a much more negative potential at
the hydrogen cathode in aqueous media. For this reason, molten salt presses are essential
for the electrolysis of these metals.

Table 1. The standard reduction potential (E°) of various metals ions.

Standard Potential Half-Reduction

Classification Desire to Evacuate (Volts) Reaction Feature Description
+1.69 0.5F +e~ — F~
+1.69 Au"+e” = Au
+1.36 Ch +2e~ —Cl™

Reducible ions

Cathode (Nobel) from aqueous +1.09 Br, + 2e™ — Br™
solutions 0.86 Pt4+ +4e” = Pt More noble (tendency to decrease)
+0.8 Agt+e” — Ag
+0.77 Fe3* + 3¢~ — Fe?*
+0.34 Cu®* +2¢~ — Cu
Reference electrode Reference electrode 0.00 H* +e~ — 0.5H,
—-0.13 Pb%** + 2¢e~ — Pb
—-0.14 Sn’* + 2e~ — Sn
—0.25 Ni?* +2e~ — Ni
Ions that can be rose !
reduced using —0.28 Co?* +2¢e~ — Co
excess potential 044 Fe2* + 26— —s Fe
—0.74 Cr¥* +3e~ — Cr v
Anode (aCtiVe) —0.76 Zn2+ +2e~ = 7n More active (tendency to oxidize)
—~1.18 Mn?* + 2e~ — Mn
—1.66 AP +3e~ — Al
Reducible ions —2.36 Mg?* +2e~ — Mg
from molten salt _271 Nat + e~ — Na
solutions
-2.9 CaZ* +2¢~ — Ca
—2.92 Kt+e  —K

5. Classification of Electrolysis Processes
5.1. Aqueous Hydroxide Electrolysis (AHE)

Figure 3 illustrates the Pourbaix diagram, which illustrates the electroreduction of
iron oxide in acid and alkaline aqueous electrolytes [17]. Aqueous hydroxide electrolysis
(AHE) involves the electrochemical reduction in a suspension of Fe;O3 in an alkaline
electrolyte NaOH, which is carried out under low temperature conditions (110 °C). In this
cell configuration, a rotating graphite cathode improves fluid dynamics, thereby increasing
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the rate of surface reactions. Because it releases oxygen at the anode and reduces thermal
energy consumption, this method is recognized as a strategic, energy-efficient technique
in the roadmap for green iron production. A new, sustainable method for producing iron
via low-temperature electrolysis is introduced, using conductive Fe;O3/carbon colloidal
electrodes on a porous nickel foam substrate. In this process, flowable Fe,O3/carbon
colloids are electrolyzed at 100 °C under a constant voltage of —1.7 V in a 50% (w/w)
NaOH electrolyte. The product is pure iron powder, and the only byproduct is oxygen
gas, which can be collected [24]. Hematite solubility increases with temperature and alkali-
hydroxide concentration. Further, hematite is more soluble in NaOH than other alkali
hydroxides such as KOH and LiOH. However, the low solubility of iron oxide in both
solvents may make it challenging to perform a quick transformation to obtain Fe-ions for
electrodeposition [17].

potential /V

Figure 3. Diagram of the Pourbaix equation for a 25 °C, 1 bar, Fe-H,O system. The solid blue lines
indicate the thermodynamic stability boundaries between different iron species, and the dashed lines
represent the theoretical stability limits of water.

A major limitation of aqueous hydroxide electrolysis is the occurrence of parasitic
reactions at the cathode—electrolyte interface. In addition to the competing hydrogen evolu-
tion reaction (HER), the coexistence of Fe?* /Fe3* redox couples can promote charge losses
through reversible iron redox cycling, while dissolved oxygen may chemically oxidize
Fe?* back to Fe>* (Fe?* + 1/20, — Fe>" + O%7), thereby reducing the effective current
efficiency for metallic iron deposition. These parasitic processes become increasingly signif-
icant at low overpotentials, elevated temperatures, and insufficient control of electrolyte
composition [17,19].

5.2. Molten Salt Electrolysis Process (MSE)

Molten salt electrolysis is a modern technique for extracting metals, particularly
iron, using molten salt electrolytes. In this process, molten salts serve as the electrolyte,
typically composed of chlorides, carbonates, metal hydroxides, or metal oxides. Molten
salt electrolysis falls into two categories based on the electrolyte used and the cell operating
conditions. The first, conducted at roughly 600-1000 °C, reduces iron oxides to metallic
iron. This process, called molten salt electrolysis (MSE), uses a molten salt electrolyte as
the conductive medium between the anode and cathode. Oxygen ions are released as O™,
migrate toward the anode, and are reduced to gaseous oxygen. Meanwhile, iron ions move
toward the cathode and are reduced to metallic iron [25]. This method directly converts
metal oxides into pure metals with high efficiency. It is important because it consumes less
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energy and can operate at lower temperatures compared to other methods. It is commonly
used to produce metals like iron, titanium, and their alloys [24]. The general schematic of
this process is shown in Figure 4.

o I / Control unit
X - K
- 5

Thermocouple

Anode

Cathode\ /
I’_"‘*— Graphite

Molten salt
electrolyte

Output: Metallic Fe

_t

Inert Glass (N./Ar)

Figure 4. Schematic diagram of the electrolysis device.

Previous research has investigated the production of iron from molten salts such as
NaCl-KCI and NaF-KCl containing FeCl, [26]. To produce iron, Fe;O3 was dissolved
in these molten salts, including both chloride and fluoride types [27]. The solubility of
Fe;O3 can be increased by adding AlCl;. Haarberg and colleagues [10] studied the elec-
trochemical properties of iron in CaCl,—CaF,. There has been considerable study of Fe?*
electrochemical behavior in eutectic mixtures of NaCI-KCl in various systems such as
KCI-LiCl, MgCl,-KCl-NaCl, CaCl,—CaF,, and ZnCl,-NacCl [4,28-30]. Moreover, they stud-
ied the electrochemical behavior of Fe3* in an emulsion of LiCl-KCI-NaCl [31]. Various
factors affect the electrochemical behavior of Fe** in molten salts, including temperature
and salt composition. In addition to providing insight into Fe?" and Fe3* reduction mech-
anisms, these studies provide information essential to optimizing iron production from
molten salts. Electrolysis of iron in CaCly-CaF; (20-80 mol%) with 1 mol% Fe,O3; was
performed using a rotating iron cathode (210 rpm) at 890 °C via the galvanostatic method.
The cathode was a rotating iron rod, and the anode was a sintered magnetite rod. The cell
was operated under argon to remove air. The process achieved over 90% current efficiency,
producing pure iron with over 92% purity [10]. In a different study, the electrochemi-
cal behavior of Fe;O3 dissolved in molten 82.5 CaCl,-17.5KF (mol%) was examined at
827 °C. During these experiments, pure iron precipitated from iron (III) complexes, with
precipitation controlled by diffusion. The diffusion coefficient of iron(Ill) species in this
melt was calculated from voltametric data and was 9.7 x 10~° cm?/s. Small amounts of
Fe3;04 were detected in the iron product, likely due to the reduction in Fe;O3 by carbon
(from a carbonaceous plant) [28]. To address this, researchers electrolytically reduced iron
(IIT) oxide pellets in molten sodium hydroxide at 530 °C. The resulting iron contained
2% oxygen and was suitable for remelting. The electrolytic cell operated at 1.7 V with a
neutral nickel (Alloy 201) anode. By controlling the activity of sodium oxide in the melt,
the cell maintained a voltage below the electrolyte’s decomposition threshold. The main
reactions involved oxygen ionization, its transfer to the anode, and discharge at the anode,
leaving iron at the cathode. Reducing a 1 g of iron oxide pellet at a current density of
520 mA /cm? took about 1 h. The iron yield was approximately 90% by weight, with an
energy consumption of around 2.8 kWh/kg. Figure 5 shows a schematic of the cell [30].
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FURNACE FURNACE

Sheathed Thermocouple ———s+
~—— Ni connecting rod

Inconel 600 reactor ———{

Ni crucible
Inert Ni anode

Molten NaOH

Fe:Ostablet Ni basket

Figure 5. Schematic of an electrolysis cell, Reprinted with permission from Cox and Fray [31],
Copyright 2008, Springer Nature.

In another report, iron and oxygen were electrochemically produced in a NayCO3-K,CO3
eutectic melt at 750 °C using a solid iron-oxide pellet cathode and an inert NijoCuy;Fe
alloy anode. They examined the detailed reduction mechanism of solid Fe,O3 in the melt
and how the reduction potential affected the carbon content of the iron product. The
results showed that the reduction in Fe;O3 occurred in three stages, with the formation
of intermediate products, including NaFe,O3 and NaFeO;. Depending on the applied
cathodic potential, the carbon content ranged from 0.035 to 0.76 wt%. It was also observed
that higher carbon content in iron products could be achieved through electrolysis at higher
cell voltages or more negative potentials [3].

The electrochemical reduction in Fe; O3 in NaCl-CaCl, melts at 800 °C was investigated.
The decrease in Fe;O3 has been reported to proceed in three steps, in which two electrons
are transferred per step, yielding metal (Fe;O3 — Fe304 — FeO — Fe). By-products
such as Fe3O4 and Fe,O were also observed. To determine the optimal conditions, an
electrolysis voltage between 0.3 and 1.2 V was selected, yielding high efficiency and low
energy consumption. By applying a voltage of 1.2 V, metallic iron with a particle size of
5 um and a current efficiency of 95.3% was obtained. Additionally, the energy consumption
was reported to be 3.35 kWh/wt. The schematic of a three-electrode electrochemical cell is
shown in Figure 6 [15]. Calculated Gibbs free energy vs. temperature is shown in Table 2
and the resulting curves are shown in Figure 7.

In a follow-up study, researchers developed a method to produce iron by directly
reducing iron oxide, whether in pellet or powder form, using hydrogen generated in situ
within a molten-salt electrolyte. To do this, water is introduced into the molten-salt reactor
as a hydrogen source, hydrolyzing the molten lithium chloride electrolyte and creating
hydrogen cations (protons) in the melt. These protons can be discharged at a low cell
voltage of only 0.97 V to produce hydrogen gas, which then reduces iron oxides in the
melt. The electrolysis was performed at 660 °C, about 50 °C above the nominal melting
point of LiCl. The voltage used in this process is notably less than the over 1.5V typically
required for hydrogen production by water splitting at lower temperatures. Additionally,
the hydrogen produced is immediately used to reduce iron oxide to iron, eliminating
concerns about hydrogen storage and transport. Another significant advantage of this
technology is that H; is generated at high temperatures, where hydrogen reduction of iron
oxides is thermodynamically more favorable [32]. Direct reduction in Fe,O3 powder, rather
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than porous Fe, O3 pellets, can simplify the process and lower energy consumption. It can
also enhance the kinetics of molten-salt hydrogen reduction by increasing the interface area
between Fe,O3 particles and the melt, thus facilitating hydrogen reduction [15].

+

Ar outlet —_ +———== Electrode leads

Mullite tube
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(Higher than electric
furnace heating area)
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Figure 6. The schematic of a three-electrode electrochemical cell, Reprinted from [15] under the terms
of the Creative Commons Attribution license (CC BY).

Table 2. Calculated Gibbs free energies and decomposition voltages of Fe,O3 using HSC Chemistry,
version 9.0 (Metso Outotec, Pori, Finland).

Decomposition Reaction

(Temperature 800 °C) AG° (Kilojoules Per Mole) E°/V (vs. 0,/0%7)
6Fe;O3 = 4Fe304 + O3 (g) 185.922 —0.45
2Fe304 = 6FeO + O; (g) 369.346 —0.96
2FeO =2Fe + O, (g) 388.841 —1.01
2NaCl =2Na + Cl; (g) 624.593 —2.98
CaCl, = Ca + Cl, (g) 635.339 —3.29
2Ca0 =2Ca + O, (g) 1045.427 271

The production of an iron-nickel alloy with low chromium (Cr) and titanium (Ti)
contents from pretreated red mud via molten-salt electrolysis was investigated. Pretreat-
ment of red mud involves heating it with Na,COs in a graphite crucible at 1000 °C for 1 h,
followed by leaching and drying [33]. Electrolysis of the pretreated red mud’s FeO was
also examined. In another study, the molten salt electrolysis method was used to prepare
FeO using a molten salt system (1:1) of NaCl-KCl and raw materials Fe;O3 and Al,O3, with
a focus on how temperature affects the process. Fe,O3 and Al,O3 were weighed at a mass
ratio of 3:2, then thoroughly mixed. The electrolysis of Fe;O3 to FeO includes three steps:
the electric double-layer charging, the conversion of Fe;O3 to Fe3O4, and the conversion
of Fe3O4 to FeO. Higher temperatures can accelerate the reaction rate and improve elec-
trolysis efficiency. As the temperature increases, less Fe304 and more FeO are observed
in the sample. According to Figure 8, analyses via XRD, I-t curve, and SEM showed that
increasing temperature impacts the theoretical voltage of the electrolysis reaction and raises
the total potential supplied by the power supply. At higher temperatures, the molten salt
becomes less viscous, facilitating O, transport [18].
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Figure 7. Comparison chart of AG versus temperature for reactions.

800°C x ir
850°C ! ;r
900°C #’
\ 950°C ! ;r

Figure 8. The vertical axis of activated molecules increases with increasing temperature. Reprinted
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‘

from [18], under the terms of the Creative Commons Attribution license (CC BY).

The effect of molten salts containing calcium on the electrolysis of metal oxides for
metal production was investigated, as their presence can lead to CaO formation and
ultimately affect the metal-reduction process. Studies were conducted using a Fe,O3-CaO
cathode and a graphite anode in a NaCl-CaCl, molten salt electrolyte at 800 °C. They
showed that the addition of CaO to the Fe,O3 cathode leads to the rapid formation of
CayFe;O5 in the molten salt upon application of an electric current. The reduction in
CayFe;05 leads to FezOy, FeO, and finally iron. The presence of CaO accelerates the
electrochemical reduction, thereby promoting iron production. At a voltage of 0.6 V and
after 600 min, all CayFe,Os is converted to iron and CaCOs [34]. A new electrochemical
method for producing high-purity iron (99.92%) is presented. Molten salt electrolysis was
used to directly extract iron from Fe,Oj3 (iron oxide) in the CaCly-CaO system at 850 °C.
The results showed that the produced iron was highly pure, with purity increasing to
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99.995% via plasma melting. Additionally, they fabricated various iron structures, such
as compact films and dendritic particles, by varying electrolysis conditions (e.g., current
density and electrodeposition time). To further investigate this process, XRD and in situ
high-temperature analysis were employed. In Figure 9, it was observed that after immersing
the FepOj3 tablet in the CaCly-CaO melt, calcium ferrite compounds such as CaFe;O4 and
CayFe,O5 are formed, which indicates the effect of CaO in increasing the solubility of Fe; O3
and the formation of these compounds [35].

CaFe,0,
a 4 b ':::::::o’_’::?:::::
Ca,ke,05
FR— i Ca,0Cl !
< i CaO T
» = 2 |! Fe0s :
s x F | h
? 2 E | CaCl,2H,0 !
3 B & |beserrrsnansss '
& 238 = S0
5 z g 1 g
5 Z 9 g
= E g I
1 = 3)
No change ]
it
2
-0 O
50 500 700 850
20/degree Temperature/°C

Figure 9. XRD spectra of the CaCl,~Fe; O3 system at a temperature of 850 °C. (a) Phase transformation
process of the CaCl,—CaO-Fe; O3 system derived from (b). Reprinted from Pang et al. [36] under the
terms of the Creative Commons Attribution-NonCommercial-NoDerivs 4.0 International License
(CC BY-NC-ND 4.0).

Figure 10 of the output product on the cathode and the SEM analysis of the output
product show. In the optimized molten-salt electrolysis process, the final sample formed on
the steel cathode indicates the successful electrochemical reduction of iron metal. Macro-
scopic images of the solid samples clearly show the formation of dense deposits adhering
to the electrode. In the sample recorded in the semi-hot state, a molten, cooling metal mass
is visible, indicating proper adhesion of the product to the electrode and a high reduction
rate at the process’s operating temperature. From a process engineering perspective, these
features indicate stable operating conditions and proper control of electrolyte composition
and current intensity.

)

:

" $ . v X .‘ ‘ \ "5
-9 - %‘-ﬂk ' ): ~ . g d

\..

Figure 10. (a) Cooled output product (b) High-temperature output product after exiting salt melt
(c) SEM analysis of cathode output product (Image courtesy of H. Aghajani).
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The elemental mapping (EDS) results for Cl, Ca, and Fe also provide a clear picture of
the final product’s relative purity. The iron element is uniformly distributed on the surface,
and its strong presence indicates a high concentration of iron metal phase formation in this
area. In contrast, the elements chlorine and calcium are known as impurities originating
from the combination of the initial electrolyte and associated minerals.

5.3. Molten Oxide Electrolysis Process (MOE)

The third category of molten-salt electrolysis processes operates at 1000-1600 °C and
is called molten oxide electrolysis (MOE). It typically uses metal oxide electrolytes, where
iron oxides are reduced to liquid iron while releasing O, as a by-product at the anode. This
process takes place at high temperatures in a molten oxide system with a passive anode.
It is known for its high efficiency and for producing no greenhouse gas emissions in iron
production. This method is widely used to produce iron and steel sustainably with reduced
CO; emissions [24]. However, because of the high process temperatures, some metals can
corrode during anodic polarization, which limits the choice of suitable passive anodes for
their development [34]. The general schematic of this process is shown in Figure 11.

Refractory Tube

\
é A Gas Outlet
jlssszassss (LLLLLLL L )

Molybdenum Cathode (=) ————» Graphite Anode (+)
v, 7,

Reactor Shell —g

phite Crucible

2
Molten Electrolyte

Inert Gas Inlet (Oxide Salt)

Figure 11. Schematic of the test apparatus.

The focus was on the behavior of iron ions and the electrowinning of iron at tempera-
tures between 1400 and 1550 °C. To build a molten oxide electrolysis cell, the oxide mixture
is usually placed in a molybdenum or SizNy crucible [36], positioned on a graphite base
inside the furnace, with alumina shields placed on top of the crucible to reduce heat loss.
Brass caps with a water-cooled system are installed on top of the furnace, and argon gas is
supplied from the bottom. Molybdenum rods act as the working and reference electrodes,
protected by alumina tubes. All electrodes are inserted into the furnace through holes in
the cap and securely fixed. The furnace is heated to 1400-1600 °C, and during this process,
Fe, O3 is added via a pipe [37].

Performing electrolysis and electrochemical measurements in an oxide-based elec-
trolyte presents challenges. Since the system is oxide-based and the electrolyte must be
liquid, the operating temperature is very high, above 1200 °C. Pure iron has a melting point
of 1535 °C, and depending on the electrolysis temperature, the iron produced will be solid
or liquid. Finding a suitable electrolyte with appropriate properties (such as viscosity and
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conductivity), selecting the right materials for the electrochemical cell, producing liquid
iron, determining the electrode kinetics and reaction mechanism, and finding an inert
anode that produces oxygen are some of the main challenges of this process. The research
used a mixture of molten oxides SiO;, MgO, Al,O3, and CaO as well as Fe;Oj3 as the iron
source. Iron can be deposited from molten electrolytes containing Fe;O3 onto molybdenum
cathodes, although the current efficiency was very low [37].

To investigate the electrochemical reduction of silicon on iron and molybdenum
electrodes in a molten silicate medium (SiO,-Li;O-MgO) with the goal of forming silicon-
containing alloy layers. Molten oxide electrolysis can be used to synthesize these alloy
layers. This process is important due to the increasing need for silicon-containing alloys
in high-temperature applications, such as enhancing corrosion resistance and magnetic
properties. Silicon-containing iron is utilized in transformers and electric motors because of
its soft magnetic properties. The possibility of directly producing iron and iron-nickel alloys
in molten oxides will also be explored. Iron electrodeposition was conducted at 1723 K
using a graphite anode and a molybdenum cathode in a CaO-MgO-5i0,-Al,03-Fe; O3 bath,
and pure iron was obtained at the molybdenum cathode. Direct production of iron-nickel
alloys is also feasible. The potential-time diagram, where the cell voltage was initially 12V,
decreased to 3 V within 30 min, and remained nearly constant until the end of the process.
This voltage change occurred due to the formation of iron nuclei on the cathode and surface
modifications. The voltage fluctuations were also caused by gas bubble formation at the
anode and by changes in its effective surface area during electrolysis [36]. To investigate
the feasibility of directly producing Fe-Ni-Cr alloy via electrolysis of molten oxides, the
electrolytic deposition of Fe-Ni-Cr alloy in a molten oxide system was tested in two types of
electrolytes. In a molten CaO (47%wt)-MgO (6%wt)-Al,O3 (47%wt)-Fe; O3 (15%wt)-Cr,O3
(15%wt)-NiO (15%wt) bath, Fe-Ni-Cr alloy was successfully prepared by simultaneously
using molybdenum rods as cathode and anode at 1550 °C. The results demonstrated the
feasibility of producing a Fe-Ni-Cr alloy via the electrolysis of molten oxides. However,
due to low current efficiency, a shortage of suitable anode materials, and other issues, there
is still a long way to go before industrialization.

The kinetic parameters for the charge-transfer steps and the mechanism of Fe (III) ion
reduction were investigated using cyclic voltammetry and square-wave voltammetry. The
results showed that two steps are involved in the electrochemical reduction in Fe (III) ion:
Fe* + e~ — Fe?* and Fe?* + 2e~ — Fe. The quaternary (four-component) phase diagram
is used as a tool to investigate the range of possible compositions and melting points in
the said quaternary system [38]. NaF was also added to the oxide melt as a lubricant and
conductivity enhancer.

6. Discussion
6.1. Comparative Assessment of AHE, MSE, and MOE

The transition toward “Green Steel” is no longer a theoretical pursuit but an industrial
necessity, given that current production methods emit 1.9 tons of CO, per ton of steel. The
findings of this review highlight a clear trade-off between operating temperature, energy
efficiency, and material complexity across the three primary electrochemical routes: AHE,
MSE, and MOE. To facilitate a direct comparison, Table 3 summarizes the key technological
parameters of AHE, MSE, and MOE, including operating temperature, energy consumption,
current efficiency, product form, anode materials, technological barriers, and technology
readiness level.
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Table 3. Comparative overview of electrochemical iron production routes.

Parameter AHE (Aqueous Hydroxide MSE (Molten Salt MOE (Molten Oxide
Electrolysis) Electrolysis) Electrolysis)
Operating temperature (°C) ~25-110 ~600-1000 ~1400-1600

Chloride, fluoride, carbonate, Oxide-based melts

Concentrated alkaline or hydroxide molten salts (e.g., g i
Electrolyte system solutions (NaOH, KOH) CaCly—CaF,, NaCl-CaCl,, (Ca0 Alzcsfe HS:SZ MgO
NayCO3-K,CO3) Y
Fe,O3 suspension/ Solid Fe, O3 or dissolved Dissolved Fe,O3 in molten
Iron source . . . .
colloidal electrodes iron oxides oxide slag
s Solid iron (particles, Liquid or solid iron
Cathode product Solid iron powder films, pellets) (depending on temperature)
Typical current efficiency (%) ~40-70 (limited by HER) ~85-95 <50 (laboratory scale)
Specific energy consumption . ~
(kWh-kg—! Fe) 4-7 2.5-4 >5-8
Anode reaction/material OER; Ni-based or inert anodes Oz evolution; graphlte or O evolution; inert anqdes
metal/ceramic anodes (cermets, alloys, ceramics)
Competing hydrogen Melt viscosity, gas bubble Inert anode degradation,
Main technological barriers evolution, low accumulation, extreme temperature,
Fe, O3 solubility electrolyte management materials corrosion
Technology readiness level lab to pilot-scale advanced lab/pilot-scale early laboratory scale

(TRL)

Data shown in Table 3 compiled from Refs: AHE — [8,9,17]; MSE — [10,15,30,34];
MOE — [11,16,36,37].

A clear trade-off emerges between operating temperature, energy efficiency, mate-
rial requirements, and technology readiness level across the three electrochemical routes.
While increasing temperature generally improves ionic conductivity and reduces electro-
chemical overpotentials, it simultaneously imposes stringent constraints on electrode and
reactor materials, which currently limits the TRL of molten oxide electrolysis. In contrast,
hydrogen-based ironmaking technologies are considerably more advanced in terms of in-
dustrial readiness and materials simplicity; however, their deployment involves additional
system-level complexity and safety challenges related to hydrogen production, storage, and
explosion risk, which may offset their apparent technological maturity in the long term.

6.2. Key Technological Bottlenecks

While Aqueous Hydroxide Electrolysis (AHE) offers the simplest system design and
operates at low temperatures (~110 °C), its industrial throughput is fundamentally limited
by the low solubility of iron oxides in alkaline media. This necessitates high-purity, porous
raw materials to maintain efficiency. In contrast, Molten Oxide Electrolysis (MOE) provides
the most direct path to liquid iron production, bypassing several processing steps. However,
as noted by the authors, the extreme operating conditions (up to 1600 °C) impose severe
requirements on inert anode materials, which must withstand both the corrosive melt and
evolved oxygen.

Molten Salt Electrolysis (MSE) emerges as a balanced alternative, particularly when
utilizing additives like CaO to facilitate the formation of calcium ferrites (Caz Fe;Os), which
accelerate the reduction path. Yet, even in MSE, the “bubble effect” at the electrode
interface—driven by high melt viscosity—remains a significant bottleneck that increases
ohmic resistance and decreases current efficiency.
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A critical point of discussion is the competition between electrowinning and hydrogen-
based pyrometallurgy (H-DRI). Currently, H-DRI is often viewed as the primary rival to
electrochemical iron production.

The research by Xie and Kamali suggests a potential synergy where hydrogen is
generated in situ within a molten salt reactor. This approach eliminates the logistical
challenges of hydrogen storage and transport while utilizing the favorable thermodynamics
of high-temperature hydrogen reduction.

Direct electrolysis (MOE/MSE) theoretically offers higher energy efficiency by us-
ing electrons directly to reduce iron ions, whereas hydrogen-based routes require the
intermediate step of water electrolysis followed by gas—solid reduction in a furnace.

Despite the ecological attractiveness of pure electrolysis, H-DRI benefits from being
more compatible with existing shaft furnace infrastructures. For electrolysis to become the
dominant technology, the industry must overcome the “anode problem” and the physical
limits imposed by melt viscosity on gas transport.

The analysis confirms that temperature and pressure are not merely environmental
conditions but active drivers of kinetics. Increasing temperature reduces viscosity, which is
essential for oxygen ion displacement. However, the management of evolved gas pressure
is vital; failing to clear gas bubbles from the cathode leads to increased voltage drops and
facilitates undesirable side reactions.

In conclusion, the path to decarbonizing the steel industry may not rely on a single
technology but on the strategic integration of these methods. The presence of and the control
of ionic capacity (z) remain fundamental to optimizing the electrical charge expenditure
required for high-purity iron extraction.

6.3. Industrial Feasibility and Scale-Up Considerations

Beyond laboratory performance metrics, the industrial feasibility of electrochemical
iron production is governed by scale-up challenges, continuous operation, electrode life-
time, and integration with renewable electricity. While aqueous and molten-salt systems
benefit from lower operating temperatures and comparatively simpler reactor designs,
maintaining stable long-term operation is limited by electrode degradation, electrolyte
management, and gas evolution at high current densities. Molten oxide electrolysis offers
the most direct route to liquid iron production; however, its industrial implementation
is currently constrained by extreme thermal loads, refractory corrosion, and the lack of
durable inert anodes capable of sustained operation. Across all electrochemical routes,
the intermittent nature of renewable power introduces additional system-level constraints,
necessitating flexible cell designs and advanced process control strategies to ensure stable
and economically viable operation at scale.

Beyond process efficiency and materials challenges, the potential reduction in global
warming potential (GWP) represents a key driver for the development of electrochemical
ironmaking technologies. Recent life cycle assessment studies indicate that electrowinning-
and molten-salt-based iron production routes can substantially reduce greenhouse gas
emissions compared to the conventional blast furnace-basic oxygen furnace (BF-BOF)
process, provided that low-carbon electricity is available. For example, Harpprecht et al. [39]
reported that the GWP of electrochemical iron production can be reduced by more than
50-70% relative to BF-BOF steelmaking, depending on the electricity mix and system
boundaries considered.

It should be noted that the environmental performance of electrochemical routes is
strongly coupled to the carbon intensity of the electricity supply. When powered by re-
newable or low-carbon energy sources, molten salt electrolysis and related electrowinning
processes offer a clear pathway toward near-zero-emission iron production. Conversely, if
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fossil-based electricity dominates, the overall GWP advantage may be significantly dimin-
ished. Therefore, the integration of electrochemical ironmaking with renewable electricity
systems is a critical prerequisite for achieving meaningful climate benefits and for position-
ing these technologies as viable alternatives to hydrogen-based direct reduction routes.

6.4. Comparative Analysis of Electrolysis and H-DRI Routes

At the system level, electrochemical iron production competes most directly with
hydrogen-based direct reduction (H-DRI), which has progressed more rapidly toward
industrial deployment due to its compatibility with existing shaft-furnace infrastructure
and comparatively simple material requirements. However, H-DRI relies on large-scale
hydrogen production, compression, storage, and transport, introducing additional energy
penalties and safety considerations related to hydrogen handling and explosion risk. In
contrast, direct electrolysis routes avoid intermediate reductants by utilizing electrons as
the primary reducing agent, offering a theoretically higher thermodynamic efficiency but
facing unresolved materials and scale-up challenges. Hybrid concepts, such as in situ
hydrogen generation within molten-salt electrolysis systems, may provide a promising
compromise by combining the material simplicity and kinetics of hydrogen reduction with
the system integration benefits of electrochemical processes, potentially reducing both
infrastructure complexity and overall energy consumption.

7. Conclusions

The iron and steel industry remains a cornerstone of global infrastructure; however,
its continued reliance on carbon-intensive production routes accounts for approximately
4-5% of global greenhouse gas emissions, with a specific footprint of about 1.9 tons of
CO;, per ton of steel produced. In this context, electrochemical ironmaking represents a
promising pathway toward deep industrial decarbonization.

This review critically examined three major electrochemical routes for iron
production—Aqueous Hydroxide Electrolysis (AHE), Molten Salt Electrolysis (MSE), and
Molten Oxide Electrolysis (MOE)—highlighting their respective advantages and technolog-
ical limitations. AHE offers the simplest system design and low operating temperatures
but remains constrained by the limited solubility of iron oxides and strict raw material
requirements. MSE, operating at intermediate temperatures, provides a balanced compro-
mise between energy efficiency and materials stability, with calcium-assisted pathways
significantly accelerating reduction kinetics through the formation of calcium ferrites. MOE
enables the direct production of liquid iron but faces substantial challenges related to
extreme operating temperatures and the long-term stability of inert anode materials.

The analysis demonstrates that temperature and pressure are not merely operational
parameters but key drivers of electrochemical performance. Elevated temperatures enhance
ionic mobility and reduce melt viscosity, facilitating oxygen ion transport, while inadequate
gas management can lead to bubble-induced ohmic losses and reduced energy efficiency.
Although electrochemical routes offer clear environmental advantages, they currently
compete with hydrogen-based direct reduction technologies, which benefit from higher
technological readiness. Hybrid concepts, such as the in situ generation of hydrogen within
molten salt systems, may provide a viable bridge between these approaches.

Opverall, the industrial deployment of electrochemical ironmaking will depend primar-
ily on the development of durable, cost-effective inert anodes and the realization of scalable,
continuous process designs. Addressing these challenges could enable electrochemical
technologies to play a central role in the transition toward low-carbon steel production,
effectively decoupling industrial growth from greenhouse gas emissions.
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