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A B S T R A C T

As the urgency for decarbonization of economies around the world is becoming more pressing, green energy
carriers synthesized with renewable energy are emerging as tradable commodities for connecting regions with
abundant renewable energy to those with high energy demand. Among the various options, metals – especially
iron – have been identified by the scientific community as promising green fuels due to their high volumetric
energy densities. However, there persists a gap in comprehensive thermodynamic analyses despite the growing
interest. This study provides a rigorous thermodynamic assessment of an iron-based circular energy economy
for carbon-free power supply. The circular system encompasses the storage of renewable energy through the
thermochemical reduction of iron oxide powder to metallic iron powder, intermediate storage, energy release
in iron-fired power plants via thermochemical oxidation of the iron powder, and long-distance inter-regional
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transport. Each sub-process of the iron-based energy cycle is described and evaluated using comprehensive
thermodynamic models, addressing technical implications and thermodynamic limitations. Two technological
options for the hydrogen direct reduction of iron oxides – namely, the shaft furnace and the flash reactor
hydrogen direct reduction – are compared. The thermodynamic assessments reveal that the flash reactor is
superior to the shaft furnace concept, primarily due to the elimination of additional process steps for particle
size adjustments. Moreover, the study underscores the feasibility of iron-fired power plants as a means to
retrofit and decarbonize existing coal-fired power plants. The analysis shows that iron-fired power plants attain
higher efficiency levels than coal-fired power plants, even under non-ideal conditions. Regarding transport,
industrial practices and regulations for handling iron and its oxides are well established globally, providing
further confidence in the feasibility of the approach. The findings indicate that integrating an iron-based
circular energy economy with the repurposing of existing infrastructure presents a compelling option. This
approach effectively addresses the temporal and spatial mismatch between energy demand and supply serving
as a critical enabler for renewable energy transport and long-term storage, which is essential for a successful
energy transition.
Nomenclature

Abbreviations

AYR Adiabatic yield reactor
CFD Computational fluid dynamics
CFPP Coal-fired power plant
DRI Direct reduced iron
EC Energy carrier
EAF Electric arc furnace
FGD Flue gas desulfurization
FGR Flue gas recirculation
FR Flash reactor
GOD Gas oxidation degree
HDR Hydrogen direct reduction
HEX Heat exchanger
IFPP Iron-fired power plant
IIMA Internat. Iron Metallics Association
IMO Internat. Maritime Organization
IMSBC Internat. Maritime Solid Bulk Cargoes
IYR Isothermal yield reactor
MW Molecular weight
RE Renewable energy
SF Shaft furnace
TRL Technological readiness level

Symbols

𝑑 Distance, m
𝐸 Energy, J
𝐸𝐸 Elementary effect
ℎ Specific enthalpy, J kg−1

𝐻𝑅 Reaction enthalpy, Jmol−1

𝐻𝑉 Heating value, J kg−1

𝐿𝐻𝑉 Lower heating value, J kg−1

𝑚 Mass, kg
�̇� Mass flow rate, kg s−1

𝑁 Molar amount, mol
𝑝 Pressure, bar
�̇� Heat flow, W
𝑃 Power, W
𝑇 Temperature, °C
𝑋 Degree of oxidation/reduction
𝑥 Mass fraction
𝑦 Molar fraction
2

Greek symbols

𝛼 Relative peripheral losses
𝛽 Relative boiler losses
𝛾 Relative auxiliary losses
𝛥 Difference
𝜖 Effectiveness
𝜂 Efficiency
𝜆 Equivalence ratio
𝜇 Mean
𝜎 Standard deviation
𝜙 Step size
𝜔 Increment

Subscripts

ato Atomization
aux Auxiliary
b Boiler
comb Combustion
cond Condenser
cyc Cycle
ely Electrolysis
env Environment
f Fuel, formation
fg Flue gas
fh Fuel handling
is Intermediate storage
isn Isentropic
mat Material
ms Main steam
misc Miscellaneous
net Net
ox Oxidation
pel Pelletization
per Peripheral
R Reactor
recov Recoverable
red Reduction
rel Release, relative
rep Reproduction
rs Reheated steam
sto Store
s Steam
sl Slag
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tg Turbine/generator
tot Total
tra Transport
u Unburned

Chemical symbols

C Carbon
CO Carbon monoxide
CO2 Carbon dioxide
Fe Iron
FezO Wüstite
Fe3O4 Magnetite
Fe2O3 Hematite
Fe𝑥O𝑦 Mixture of iron (oxides)
H2 Hydrogen
H2O Water
N2 Nitrogen
NO𝑥 Nitrogen oxides
O2 Oxygen

1. Introduction

The substantial emissions of greenhouse gases that result from the
use of fossil fuels require rapid, substantial, and sustained reductions
to mitigate the intensifying adverse impacts on our climate [1], par-
ticularly on vulnerable populations [1–3]. Governments worldwide are
confronted with the challenge of ensuring energy security, meeting
the growing demand for energy, and concurrently reducing greenhouse
gas emissions. This transition to clean energy requires a significant
increase in the utilization of renewable energy (RE) sources and end-use
electrification [4]. Despite a vigorous expansion of RE, accounting for
90% of the global growth in electricity in 2022 [5,6], the rise in emis-
sions from coal led to a 0.9–1.3% net increase in global energy-related
O2 emissions [5,6], reaching a new peak. Global coal-based power
eneration accounts for approximately 10.2 PWh in 2022, constituting
6.6% of global power generation, making it the world’s primary source
f electricity [6]. The global operating capacity of coal-fired power
lants (CFPPs) is around 2.1 TW [7], with the majority of operating
lants being less than 20 years old [7]. Additionally, about 0.5 TW are
urrently announced, permitted, or under construction [7]. These plans
tand in contrast to the resolution of the 2015 Paris Climate Change
onference [8], which aims to limit global warming to 1.5 °C (at most
°C), and the recent agreement from the 26th United Nations Climate
hange Conference (COP 26) [9], at which an acceleration of the
hase down of CFPP was concluded by a relevant group of countries.
onsequently, given the typical 50 year lifespan of CFPPs, many power
lants are to be decommissioned well before their end of life leading to
ssets worth trillions of dollars becoming obsolete. This scenario offers
n opportunity to re-purpose this soon-to-be idle infrastructure by
etrofitting the power plants for carbon-free electricity generation with
reen iron. Moreover, due to the inherent intermittency of RE sources,
he development of a secure and decarbonized power sector requires

much larger-scale controllable green power supply than currently
xists [10–13]. As a characteristic example, Germany illustrates the
roader energy storage limitations faced by many developed nations. If
ermany was to meet its average power demand solely with its existing
nergy storage facilities, such as pumped hydroelectric (24GWh in
023 [14]) and battery storage (11GWh in 2023, mainly small home
attery storage systems [14]), these energy storage facilities would
e depleted in roughly forty minutes (based on the 2023 grid load
f 457 TWh [15]). This constraint is not unique to Germany; other
uropean countries and also Japan face similar challenges. Various
3

eographical, sociological, or technological factors limit these nations’
otential for energy self-sufficiency. In Germany’s case, imports ac-
ounted for 76% of its total primary energy supply in 2022 [16],
nd projections suggest that it will remain a net energy importer in
he foreseeable future [17]. Against this backdrop, chemical energy
arriers (ECs), synthesized using RE sources, present a viable solution
or connecting regions with abundant RE to low-cost production sites
nd end-users of green ECs via global value chains [12,13,18,19].
n this respect, hydrogen and hydrogen-based ECs have been widely
ecognized as potential means to bridge this gap, as supported by
everal assessments [20–26], international strategies and collaborations
27–30] as well as funding programs [31,32].

Metal fuels, particularly iron, are a promising alternative due to
heir exceptional volumetric energy densities, favorable storage, and
ransport characteristics [33–38]. Recent studies have confirmed iron’s
otential, including initial techno-economic assessments [39–41]. The
ron-based energy cycle involves the thermochemical reduction of iron
xides with green hydrogen, allowing electrical energy from renewable
ources to be stored chemically as iron. The stored energy can be con-
erted back into electricity by thermochemical oxidation in retrofitted
FPP [42]. A process scheme of this iron reduction-oxidation cycle is
hown in Fig. 1. This approach holds great potential for contributing to
he required on-demand power generation and offers a cost-effective
oute to rapid implementation through the reuse of existing infras-
ructure. Furthermore, synergy effects with developments in the steel
ndustry towards sustainable steel production [43–51] can be utilized
or the regeneration of the iron oxides. Finally, transporting the iron
xides back to the reduction sites is necessary to close the cycle. Unlike
ydrogen-derived ECs, no water is exported from the production sites
ince no molecular components of water are bound to iron. This can
e a decisive criterion for potential exporters of green ECs with water
carcity [52].

While there is growing interest in the use of iron as an EC, the
iterature still offers a limited number of cycle analyses [37,39,53,54].
irven et al. [53] conducted an initial estimation of power-to-power
fficiency, which includes release, storage, and transport, and found
n efficiency of approximately 20%. Debiagi et al. [37] estimated the
omplete cycle efficiency to be in the range of 26% to 31%, while Neu-
ann and da Rocha et al. [39] computed a power-to-power efficiency

f 16% to 29%, which includes long-distance transport. On the other
and, Kuhn et al. [54] performed an initial assessment using simplified
rocess models, incorporating both thermodynamic (i.e. thermody-
amic equilibrium) and physical (i.e. melting point of iron/iron oxides)
onstraints, leading to a cycle efficiency of 27%, neglecting transport
osses. Specific assumptions regarding these efficiency estimations can
e found in Table 1.

Prior research offers initial efficiency estimates for iron as an EC
or carbon-free electricity generation. However, these estimates are
ubject to considerable uncertainties due to limited details in the
odeling of sub-processes. The objective of this study is to improve

nd refine these initial cycle assessments by developing comprehensive
hermodynamic models that evaluate the oxidation process in iron-
ired power plants (IFPPs) for carbon-free electricity generation, and
he thermochemical reduction process in shaft furnace and flash reactor
lants with green hydrogen for the regeneration of iron oxides, taking
nto account required pre- and post-treatment steps (i.e. pelletization
nd atomization). The models are interconnected through transport and
ntermediate storage, which may lead to losses such as partial oxidation
f the iron. Through the evaluation of these individual models, as well
s the overarching interconnected model, sub-process efficiencies and
verall power-to-power-efficiency is quantified. Further, constraints,
otential bottlenecks, as well as essential operation parameters are
dentified.

To achieve the stated objective, the manuscript is structured into
ight main sections. The applied methods and computational tools



Applied Energy 368 (2024) 123476J. Neumann et al.
Table 1
Compilation of relevant efficiency estimates with respect to the presented iron-based energy cycle for carbon free electricity generation and thermochemical reduction of iron
oxides with green hydrogen.

Storage Release Transport Cycle Comment Reference

Electrolysis Reduction

70% 91% 43% – 27% No transport losses [54]
70–80% 80% 50% 93–96% 26–31% ≈3000 km transport distance [37]

46–60% 46–50% 91–99% 16–29% 3000–18 000 km transport distance [39]
≈55% ≈38% 94–99% ≈20% 1000–10 000 km transport distance [53]
Fig. 1. Schematic of an iron reduction-oxidation cycle for renewable energy storage and release for carbon-free electricity generation, including intermediate storage, reproduction,
and transport of the iron (oxides).
used are briefly outlined in Section 2. Thermodynamics and tech-
nological options relevant to the hydrogen direct reduction of iron
oxides are discussed in Section 3. In Section 4, the iron oxidation
process and strategies for adapting existing CFPPs to iron operation is
presented. The interlinking sub-processes, including intermediate stor-
age, transport, and other handling aspects, are discussed in Section 5.
Within Section 6, metrics for assessing the performance are introduced.
Building on the previous sections, in Section 7 both the individual sub-
processes and the overarching iron-based energy cycle are evaluated
and discussed. The manuscript ends with a comprehensive conclusion
that summarizes the main findings and implications.

2. Methods

For the in-depth analysis, comprehensive thermodynamic models
are developed with the process modeling software EBSILON®
Professional [55], which offers an extensive library of process com-
ponents and material data for working fluids and fuels. Accounting
for thermodynamic state changes, mixing/separation, and chemical
reactions, the software is used to solve mass and energy balances
for all interlinked sub-processes. NASA polynomials [56] for the ther-
modynamic properties of relevant species are already built into the
software. Most of the relevant process units are predefined and avail-
able in EBSILON, while user-defined models for the reaction units are
implemented. The sub-process models are linked within the EBSILON
4

framework, resulting in an overarching cycle model that is solved
for stationary conditions. To construct phase diagrams and investigate
thermodynamic equilibria for the reaction systems, the thermochemical
software and database package FactSage [57], is employed. These
thermodynamic constraints are then integrated into the sub-process
models within EBSILON. For a detailed assessment of individual sub-
processes and the overarching energy cycle, several efficiencies are
defined and added as performance indicators to the model. Lastly,
local and Morris sensitivity analyses are performed, which serve as
approximations for global process sensitivities of target quantities with
respect to input variables. All sub-process models are parameterized
carefully, and the underlying assumptions and validation cases are
detailed in subsequent sections.

3. Storage: Hydrogen direct reduction

This section provides background on the governing reactions and
equilibrium limitations for the reduction of iron oxides with green
hydrogen (hydrogen direct reduction, HDR). Features of co-current and
counter-current reactor setups are briefly discussed and two promising
direct reduction concepts, i.e. shaft furnace hydrogen direct reduction
(SF-HDR) and flash reactor hydrogen direct reduction (FR-HDR), are
introduced.
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Fig. 2. Resulting heating value of iron as function of reduction degree, assuming a
step-wise reduction/oxidation. Note the non-equidistant scaling of the abscissa.

3.1. Thermodynamics of hydrogen direct reduction

The global crude steel production contributes to approximately 7%
of worldwide carbon dioxide (CO2) emissions [58]. This substantial
contribution mainly stems from the primary steelmaking route, i.e. with
iron ore as main input; a production route traditionally reliant on coal.
In particular, a large share of the emissions arises from the ironmaking
step in blast furnaces. Coke is oxidized to generate heat and carbon
dioxide, which is in turn converted into carbon monoxide (CO) through
the Boudouard reaction. Carbon monoxide is the main reducing agent
in blast furnaces that converts iron oxides, typically hematite (Fe2O3),
into elemental iron (Fe), as illustrated in Eq. (1):

Fe2O3 + 3CO → 2 Fe + 3CO2 𝛥𝐻R(25 ◦C) = −23.6 kJmol−1 . (1)

However, the use of natural/synthesis gas in shaft furnaces for solid-
state reduction presents a promising alternative, particularly in regions
with access to low-cost natural gas. This so-called direct reduction pro-
cess significantly reduces the CO2 emissions (i.e. by 40-60% [59]) as-
sociated with ironmaking. Moreover, green-hydrogen ironmaking aims
at fully replacing carbon monoxide as reducing agent with hydrogen
(H2), which emits water (H2O) instead of CO2 as a byproduct as shown
in Eq. (2):

Fe2O3 + 3H2 → 2 Fe + 3H2O 𝛥𝐻R(25 ◦C) = 98.8 kJmol−1 . (2)

The global reaction (Eq. (2)) is a stepwise process, which proceeds
above 843K from hematite to magnetite (Fe3O4, Eq. (3)), then to
wüstite (Fe𝑧O, Eq. (4)), and finally to metallic iron (Eq. (5)) [60].
The non-stoichiometric iron monoxide wüstite can exist in different
modifications due to point and cluster defects and pseudo-phases (𝑧 ∈
[0.96 − 0.82]) [61]. Based on the applied thermodynamic data [56], it
is assumed that wüstite only exists as Fe0.947O (𝑧 = 0.947):

Fe2O3 + 1∕3H2 → 2∕3 Fe3O4 + 1∕3H2O , (3)

𝑧Fe3O4 + (4𝑧 − 3)H2 → 3 FezO + (4𝑧 − 3)H2O , (4)

FezO + H2 → 𝑧Fe + H2O . (5)

The progression of the reduction (and oxidation) can be quantified with
a degree of reduction (oxidation) 𝑋red (𝑋ox) [62], which is given by

𝑋red = 1 −𝑋ox = 1 −
𝑁O,bound

1.5 ⋅𝑁Fe,total
, (6)

where 𝑁Fe,total represents the molar amount of iron and 𝑁O,bound cor-
responds to the molar amount of oxygen bound to the iron.

For the modeling and evaluation of the sub-processes and the over-
arching cycle, the stored energy within the iron (oxides) is an important
5

Fig. 3. Baur-Glässner diagram for the Fe–O–H system. The diagram was derived using
FactSage 8.2 [57], utilizing the FactPS and FTOxid databases.

criterion, which is quantified by the heating values (HVs) of the cor-
responding iron and its oxides. Fig. 2 displays the heating value as
a function of the previously introduced reduction degree, assuming
a stringent stepwise reaction (i.e. reactions (3), (4), (5)). It becomes
clear that most of the stored energy is available by the reaction of iron
to wüstite, and only a small amount of the total available energy is
accessible within the last reaction from magnetite to hematite. Table 2
provides further details on the thermochemical data, such as melting
points and HV of iron and its oxides.

Fig. 3 presents the Baur-Glässner diagram [63,64], which depicts
the Fe–O–H system. This diagram displays the stability regions of iron
and its oxides as a function of temperature and gas oxidation degree
(GOD). It is evident that the stability areas of iron and wüstite increase
with rising temperature and declining GOD. For example, at reaction
temperatures of 700 °C and 900 °C, having GODs lower than 29% and
35%, respectively, is a necessary condition to ensure the stability of
iron. However, this diagram only depicts the thermodynamic equilib-
rium, giving a certain temperature and GOD. In practical applications,
the gas composition evolves, so that a hydrogen surplus is needed to
achieve complete conversion to iron, especially for a co-current setup.
The available hydrogen is quantified in the hydrogen equivalence ratio:

𝜆H2
=

available hydrogen quantity
stoichiometric required hydrogen quantity ,

𝜆H2
=

𝑁H2

3 ⋅𝑁Fe2O3
+ 4 ⋅𝑁Fe3O4

+ 1 ⋅𝑁FezO

[mol
mol

]

. (7)

Fig. 4 illustrates the minimum combinations of reaction temperature
and hydrogen equivalence ratio necessary for complete conversion
to iron (i.e. 𝑋red = 1) assuming a co-current flow reactor concept
(i.e. flash reactor concept) for different GODs at the inlet of the reactor,
forming a Pareto front. For instance, at a GOD of zero and reaction
temperatures of 700 °C and 900 °C, hydrogen equivalence ratios of 3.53
and 2.85 are required, respectively. A GOD of 0.1 necessitates hydrogen
equivalence ratios of 4.91 and 3.58. In a counter-current configuration,
the theoretical minimum hydrogen amount with a GOD of zero at the
gas inlet corresponds to 𝜆H2

= 1, but it is crucial to note that practical
applications may encounter constraints related to reaction kinetics and
transport phenomena and also here, a hydrogen surplus is necessary.

3.2. Technological options for ironmaking

Within the framework of the proposed iron-based energy cycle, two
HDR concepts, the shaft furnace (SF-HDR) and the flash reactor (FR-
HDR), are being further evaluated. The former has been chosen due to
its comparatively high technological readiness level (TRL), while the
latter is evaluated owing to its ability to process particles sizes that
align with the oxidation step of the investigated green iron redox cycle.
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Table 2
Thermochemical properties of iron and its oxides [56,57]. The heating values correspond to a complete oxidation to hematite using the given enthalpies of formation
𝛥𝑓𝐻0(25 ◦C) [56]. Densities are taken from [37].

Name Molecular formula MW Density Melting point 𝛥𝑓𝐻0 HV 𝑋ox 𝑋red
[gmol−1] [kg m−3] [°C] [kJmol−1] [kJ kg−1] [%] [%]

Iron Fe 55.85 7870 1539 0 7380 0 1
Wüstite Fe0.947O 68.88 5740 1371 −266.27 1796 70.4 29.6
Magnetite Fe3O4 231.53 5180 1597 −1118.38 510 88.9 11.1
Hematite Fe2O3 159.69 5260 NA −824.25 0 1 0
Fig. 4. Mandatory conditions of reaction temperature and hydrogen equivalence ratio
vary among different gas oxidation degrees (GODs) at the inlet of an adiabatic reactor
to achieve complete conversion to iron for a co-current reactor setup. The diagram was
derived using FactSage 8.2 [57], utilizing the FactPS and FTOxid databases.

Among the different reactor concepts for direct reduction [43]
aimed at achieving carbon-neutral ironmaking, the shaft furnace pro-
cess emerges as a highly promising candidate. This process is already
operated at an industrial scale [65] with natural gas as reducing agent,
and an operation with 100% hydrogen is feasible and currently planned
in multiple projects [48,49,66]. However, one limitation of the shaft
furnace reduction process in the context of the iron-based energy cycle
is the prerequisite of iron oxide pellets as feedstock. These pellets
require preparatory processing, which adds additional costs and energy
requirements. In order to yield the required fine iron powder for oxi-
dation, the reduced iron pellets must be melted in an energy-intensive
electric arc furnace, followed by water-atomizing the melt.

A promising alternative to this concept has been developed by
Sohn et al. [50], referred to as flash or suspension ironmaking. The
distinguishing feature of this process is its ability to directly utilize fine
iron oxide particles, preventing the need for additional pre- and post-
treatment. This eliminates the requirement for pelletization and iron
powder production, aligning it seamlessly with the described iron-based
energy cycle. Further ironmaking concepts are in principle suitable for
the iron-based energy cycle. For example, ironmaking processes based
on the fluidized bed technology have reached commercial readiness
levels and handle iron ore fines directly [67,68]. Nevertheless, these
processes require sinter feeds, with particle sizes typically ranging from
0.1 to 2mm [69]. Recent developments suggest the possibility of han-
dling iron ore ultrafines directly [70,71]. However, the major drawback
of the fluidized bed technology in ironmaking applications remains the
sticking tendency of the bed, leading to its defluidization [72,73]. Even
partial sintering may require post-treatment of the particles for further
use in combustion applications. Therefore, flash-based iron making
rather than fluidized bed technology is retained for the assessment in
the present work.

A radically different ironmaking technology is the electrochemical
route. Instead of the intermediate production of hydrogen by water
6

electrolysis and its use in the thermochemical reduction of iron oxide,
iron is obtained directly through the electrolysis of iron ore. This
technology holds great promise for significantly reducing energy re-
quirements and costs [74–76]. Besides molten oxide electrolysis [77],
electrowinning in alkaline [78–80] or acidic [81] media is an attractive
option, in particular due to the much lower operating temperatures
needed (≈100 °C). However, the technology readiness is currently too
low, resulting in too large uncertainties for the scope of this work.
Subsequently, the two selected processes are described in more detail.

3.2.1. Shaft furnace hydrogen direct reduction (SF-HDR) and peripheries
The investigated plant encompassing the pelletization, shaft furnace

reduction, water electrolysis, and iron powder production (melting and
atomization) is shown in Fig. 5. For each process step, characteristics
and significant assumptions are provided subsequently.

Pelletization: The process of iron oxide pelletizing includes three
principal stages: the preparation of raw material, the formation of green
pellets (referred to as balling), and the induration of green pellets to
withstand the thermo-mechanical stresses during the reduction [82–
84]. The raw material preparation phase entails the mixing of iron
oxides, binders, and water. Bentonite, an inorganic binder predomi-
nantly comprised of Al2O3, SiO2, is mixed together with iron oxides
and water to fabricate green pellets by balling of the components.
The presumed mixture is 90 wt.% iron oxides, 5 wt.% bentonite, and
5 wt.% water, a common ratio in shaft furnace plants [85]. As per
Bhagat [82], the induration process consists of four phases: drying
(≈250 °C), preheating, firing (≈1300 °C), and cooling. In cases where
iron oxides have not been entirely oxidized (𝑋ox < 1), extra heat is
emitted until complete oxidation (𝑋ox = 1) is attained. This surplus
heat aids in the preheating phase, subsequently reducing the energy
demand for firing. While conventional fuels such as natural gas, coal,
and oil are almost exclusively used today, the induration of pellets can
also be fueled by green ECs such as biomass or hydrogen [86]. In this
study, green hydrogen has been selected as the firing agent.

Shaft furnace hydrogen direct reduction: Iron oxide reduction via a
shaft furnace reactor is a recognized technology that has been globally
adopted in numerous plants [87]. Iron oxide pellets, with diameters
typically ranging from 10mm to 15mm [82], are introduced into the
reactor’s upper section where they encounter the hot reducing agent,
green hydrogen in this case, in a counter flow motion. The sensible
heat of the off-gas from the furnace top is utilized in a heat exchanger
(hydrogen preheater). A substantial portion of the water present within
the cooled off-gas is separated using a downstream condenser. This step
is followed by the mixing of the residual hydrogen stream with freshly
produced hydrogen from water electrolysis. The resulting hydrogen
stream, which still carries some residual water, is fed into the lower
part of the reactor. The process concludes with the further processing
of the hot iron pellets to produce fine iron powder.

One significant challenge associated with shaft furnace hydrogen
direct reduction stems from the absence of an intrinsic energy source.
The reduction of iron oxides via hydrogen is endothermic, as illustrated
by Eq. (2). This leads to a progressive cooling of the pellets through-
out the reactor, possibly leading to insufficient reduction degrees and
diminished conversion efficiency due to the need for extended resi-
dence times. Various options, without the inclusion of the injection
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Fig. 5. Schematic of the investigated SF-HDR plant including water electrolysis, and pre- and post-treatment. The cooling cycle for the condenser is not included in the figure.
Table 3
Compilation of recent studies on SF-HDR, presenting their key assumptions and varying scopes. Sensitivity analysis has been conducted in some of these studies [45,88] to assess
the impact of different assumptions. The provided values correspond to the reference cases of each study.

Reference Vogl et al. [44] Bhaskar et al. [45] Rechberger et al. [47] Rosner et al. [88] This study

Scope

Pelletizer #

Shaft furnace # # # # #

Electric arc furnace # # # #

Atomizer #

Reactor inlets

Gas Temp. [◦C] 800 500 980 775 800
GOD [−] 0 0 0.1 0.02 0.01

Solids Temp. [◦C] 800 800 NA 25 700
Inerts [%] 5 5 0 10 5

H2 equil. ratio 𝜆H2
[−] 1.5 1.5 ≈1.4 1.54 1.5

Reactor outlets
Gas Temp. [◦C] 800 250 NA 351 316

Solids Temp. [◦C] 800 800 730 700 800
𝑋red[−] 0.96 0.96 0.95 0.94 1

External heat supply Elec. Elec. NG,H2 H2 + O2 Inj. Elec.+H2
Electrolysis efficiency (based on LHVH2

) 72% 74% 63% 72%a 70%
Reactor modeling approachb IYR IYR AYR AYR AYR

Total spec. energy demand [MWh t−1] 3.48 3.72 3.73 4.24 3.58

a Own assumption since the assessment was performed excluding the electrolyzer.
b IYR: Isothermal yield reactor, AYR: Adiabatic yield reactor.
of an external fuel such as natural gas, could mitigate this issue.
One such strategy could involve the preheating of the iron oxide
pellets introduced to the shaft furnace to counteract the cooling of
the pellets. Secondly, operating the process using surplus hydrogen
(i.e. large hydrogen equivalence ratios 𝜆H2

), which could serve as a
heat carrier. Thirdly, injecting oxygen into the shaft furnace could
provide additional heat via the exothermic reaction between oxygen
and hydrogen [88]. The emerging significance and growing interest
in hydrogen direct reduction in shaft furnaces have motivated the
publication of initial assessments [44,45,47,88], which include thermo-
dynamic evaluations of the process. The scope of these studies varies
and they propose different process conditions. The key assumptions for
the different studies are summarized in Table 3 including the reference
parameterization of the considered shaft furnace process in this study.

The analysis of Table 3 reveals the presence of a multitude of
varying inlet conditions (e.g. reducing agent temperature ranging from
500 to 980 °C, initial pellet temperature ranging from 25 to 800 °C and
outlet conditions (e.g. top gas temperature ranging from 250 to 800 °C,
pellet temperature ranging from 700 to 800 °C), alongside different
7

heat supply methods (such as electrical, natural gas combustion, hy-
drogen combustion, or oxygen injection into the shaft). These factors,
combined with the different scopes of the studies, result in signifi-
cant variations in specific energy demands per tonne of reduced iron,
ranging from 3.48 to 4.24MWh t−1. These substantial deviations can
primarily be attributed to variations in scope, heat recovery efforts,
electrolyzer efficiencies, and the nature of the external heat supply. It
should be emphasized that all studies listed, including the present one,
focus on exploring the potential of SF-HDR concepts. While they may
not provide a highly precise description of the shaft furnace reactor,
they are ensuring that the process is not equilibrium-limited (cf. Fig. 3).
However, it becomes evident that there is a lack of integration between
kinetic studies [89–92], advanced computational fluid dynamics (CFD)
simulations of SF-HDR performance [93–97] under different opera-
tional conditions (e.g. residence times, temperature profiles, pressure,
GOD, 𝜆H2

, pellet sizes) and sophisticated, yet manageable, reactor
models for process simulation and optimization.

Melting and atomization: Iron powders in large quantities are pro-
duced by melting and subsequently atomizing the superheated melt
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Fig. 6. Schematic of the investigated FR-HDR plant.
Source: Adapted based on [105].
with water [98]. Hot reduced iron pellets are fed directly into an
electric arc furnace (EAF) [99,100], where they are heated and melted
at 1600 °C along with a slag former (CaO 50 kg t−1iron [101]). Nevertheless,
the prevailing approach in modern EAF ironmaking involves maximiz-
ing the utilization of fossil ECs, in addition to electric energy, to enable
shorter tap-to-tap durations [100]. A drawback is the high energy
content (sensible and chemical energy of unburned fuel) leaving the
EAF referred to as off-gas [100]. However, for the EAF in this study it is
assumed that 100% of the required melting energy is supplied through
green electricity, eliminating the losses associated with the off gas. It
is worth noting that heat losses resulting from radiation and cooling
requirements for the panels account for approximately 10% of the total
energy input [100]. The hot melt is then conveyed to an atomizer. Here,
the liquid iron is dispersed up into a fine spray that quickly solidifies
into powder [102]. The median particle size is primarily influenced by
the water pressure and jet angles [103]. For the atomization process
under investigation, a water to melt flow ratio of 2.5 and a water
pressure of 250 bar is presumed, leading to median particle sizes on
the range of 30 μm [98]. Generally, water atomization is more cost-
effective than other atomization methods, such as gas atomization, due
to the lower cost of the medium (water) and reduced energy use for
pressurization [104]. However, the limitations of water atomization
include powder purity and particle shape. The process often results in
more irregular shaped particles compared to gas atomization with some
oxygen content due to partial oxidation of the iron by water [104].

3.2.2. Flash reactor hydrogen direct reduction (FR-HDR)
An alternative technology with lower energy demand and capi-

tal investment requirements is the FR-HDR process developed at the
University of Utah [50,59,106–108]. This innovative concept offers
significant potential as it can directly utilize fine iron ore particles
without any additional pre- and post-treatment, eliminating the need
for pelletization and the powder production in the context of the iron-
based energy cycle. The fine particle size (average particle sizes in the
range of 20 μm [106] to 45 μm [108]) enables very rapid reaction rates,
resulting in short residence times (in the order of seconds) compared
to the longer residence times (minutes to hours) in shaft furnace or
fluidized-bed reactors. Unlike other direct reduction furnaces, the flash
reactor reduction technology is a high-intensity process, free from the
problems associated with operating at high temperatures [107], such
as particle sticking in fluidized bed reactors [72,73,109,110] or shaft
furnace reactors [111–113]. The investigated FR-HDR plant is depicted
8

in Fig. 6. The starting point is fine iron oxide powder (the outcome of
the preceding oxidation process) serving as the feedstock, which under-
goes preliminary heating in an iron oxide preheater. Subsequently, this
preheated powder is directed into the flash reactor, where it reacts with
a stream of hydrogen, resulting in the formation of iron and water, as
illustrated by Eq. (2). The endothermic characteristics of the reduction
reaction necessitate an auxiliary heat source, which can be generated
internally by utilizing some of the reducing agent (H2) via partial
oxygen combustion, using part of the by-product oxygen from the
electrolyzer. Subsequently, the reactor effluent undergoes separation in
a cyclone. The hot iron, upon exiting the cyclone, undergoes cooling via
an air heater, which harnesses the residual heat to pre-warm the iron
oxide feed using air as a secondary medium. The heated hydrogen dis-
charged from the cyclone is used within a regenerative heat exchanger
(hydrogen preheater) to pre-warm the gaseous reactants before they
enter the flash reactor. A majority of the water content in the recycle
stream is removed via a condenser, and the residual hydrogen is merged
with the hydrogen produced by the electrolyzer. The flash reactor is
the crucial component of the process. Experimental findings [108] and
numerical evidence [114] suggest that full conversion of iron oxides
to iron using hydrogen at atmospheric pressure is plausible. The flash
reactor is conceptualized as a sequence comprising a combustor, a
heating section (adiabatic mixer), and a reaction section (adiabatic
yield reactor), as shown in Fig. 6.

Furthermore, there are indications that flash-reduced iron particles
exhibit a lower susceptibility to oxidation atmospheres in compari-
son to their conventional direct-reduced iron counterparts [115]. The
higher reduction temperatures inherent in the flash reduction pro-
cess yield iron powder with decreased specific surface areas [115].
This enhancement in oxidation resistance presents potential advantages
for transportation, intermediate storage, and handling procedures by
mitigating unwanted oxidation.

4. Release: Iron-fired power plant (IFPP)

A promising method for heat and power generation referred to as
the dry cycle, involving the combustion of metal fuels, has recently
been proposed [33,35,116]. In this section essential background infor-
mation on the key reactions and equilibrium considerations governing
iron dust air flames is provided, along with the implications of current
knowledge in this field. Additionally, the potential and implications for
retrofitting a CFPP into an IFPP is evaluated using a generic CFPP as
the basis for subsequent assessments.
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4.1. Thermodynamics of iron combustion

Among potential metal fuels such as aluminum [38] and magne-
sium [117,118], iron is particularly noteworthy due to its heteroge-
neous oxidation temperature being lower than the boiling point of iron
and its oxides [33]. This distinctive characteristic theoretically prevents
the formation of iron/iron oxide particles in the gas phase (i.e. the
formation of nanoparticles), thereby enabling efficient post-combustion
collection of the solid oxides. As a result, iron represents a highly
promising candidate for the dry cycle process. The oxidation of iron
and its oxides to hematite is presented below:

Fe + 3
4
O2 →

1
2
Fe2O3 , (8)

FezO + 1
4
𝑧O2 →

1
2
𝑧Fe2O3 , (9)

Fe3O4 +
1
4
O2 →

3
2
Fe2O3 . (10)

In the same manner as for the reduction of iron oxides, an oxygen
equivalence ratio 𝜆O2

can be defined by

𝜆O2
=

available oxygen quantity
stoich. required oxygen quantity ,

𝜆O2
=

𝑁O2

0.75 ⋅𝑁Fe + 0.25 ⋅𝑁Fe3O4
+ 0.25𝑧 ⋅𝑁FezO

[mol
mol

]

. (11)

Contrary to the combustion of coal or natural gas, simple combustion
calculations for iron do not yield satisfactory theoretical adiabatic
combustion temperatures. This is attributed to the fact that the stable
phases of iron and its oxides are heavily dependent on both the temper-
ature and the available oxygen, as depicted in Fig. 7, which presents
the Fe - O phase diagram for a partial oxygen pressure of 0.21 bar.
urther insights can be gained by analyzing the diagram together with
he adiabatic equilibrium combustion temperatures, represented by the
olored lines in Fig. 7. In the figure, an air temperature of 25 °C (blue
9

line) and 400 °C (red line) are distinguished. Interestingly, the highest
temperatures occur during fuel-rich conditions, i.e. for 𝜆O2

= 0.76 and
O2

= 0.73 at air temperatures of 25 °C and 400 °C, respectively. Fig. 7
lso indicates that the combustion of iron in air can involve phase
hanges, such that the initially solid iron particles can burn either in the
olid phase or as liquid droplets. These characteristics entail challenges
or process control, such as the formation and emission of unwanted
anoparticles, which are to be minimized. From a technological per-
pective, it has to be further shown whether suitable flow control can
revent adhesion of iron/iron oxides to the combustor walls or heat
xchanger surfaces, which is to be avoided to sustain a stable operation
f the process. Otherwise, it could become necessary to maintain com-
ustion temperatures below the melting points of iron and its oxides.
owever, achieving this could require very high oxygen equivalence

atios, which increase the auxiliary power demand and consequently
educes the net efficiency of the power plant. A promising alternative
olution to this challenge is to decrease the oxygen concentration of
he oxidation atmosphere, which can be readily accomplished through
lue gas recirculation (FGR). The dashed lines in the diagram represent
he adiabatic combustion temperatures for an oxygen concentration
f 10%. Under these process conditions, the theoretical combustion
emperature can be kept below the melting points with moderate air
quivalent ratios. The impact of these process conditions on power
lant operation will be further explored later.

Although the rapid heating and cooling processes during the com-
ustion of iron particles may not adhere to equilibrium conditions,
he Fe–O binary phase diagram remains a useful reference for antic-
pating potential phase changes. However, real-world combustion ap-
lications may significantly deviate from these theoretical equilibrium
redictions, which is subsequently further outlined.

.2. Iron dust flames

There exists a considerable amount of fundamental research on
etal flames, including iron, as reviewed by Bergthorson et al. [33]
Fig. 7. Phase Diagram of the Fe–O–System at an oxygen partial pressure of 0.21 bar. The black lines distinguish regions containing different species, while the colored lines represent
he theoretical adiabatic combustion temperatures based on thermodynamic equilibrium for different air temperatures and oxygen concentration. The phase of molten iron oxides
onsisting of Fe𝑧O and Fe2O3 is denoted as L. The diagram and the adiabatic equilibrium temperature are based on FactSage 8.2 [57], utilizing the FactPS and FTOxid databases.
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and more recently by Goroshin et al. [119]. Besides the pioneering
research on metal fuels carried out at McGill University in Canada,
recent research programs on the subject emerged in the Netherlands,
Germany, Sweden, France, USA, and China. Although progress has been
made with respect to the understanding of the combustion of iron and
other metals, many scientific questions have yet to be answered. In the
following, the most important application-relevant aspects of iron dust
flames are summarized.

While other solid fuels, such as coal and biomass, release volatile
matter which promotes flame stabilization, iron burns in a non-volatile
manner, i.e. chemical reactions and the associated heat release occur
at the single particle scale. Iron particles are therefore sometimes
referred to as micro-reactors or flame-in-a-flame [119]. There exist
significant differences between such non-volatile iron dust flames and
the conventional volatile solid fuel flames or gaseous flames as pointed
out by Goroshin et al. [119]: The iron particles (or droplets) can
significantly exceed the gas temperature. Fuel concentration and tem-
perature profiles differ since the fuel (i.e. iron) does not diffuse, and
the flame structure becomes distorted due to thermal inertia and phase
transitions of the iron. In consequence, the flame’s speed and temper-
ature show a much weaker response to the fuel-oxygen equivalence
ratio as compared to gas flames. Compared to conventional hydro-
carbon fuels, flame speeds of iron dust flames are rather low, such
that some authors used additional gaseous fuel (e.g. CH4) to achieve
flame stabilization [120]. It has further been shown that smaller par-
ticles (few microns) promote flame speed and also enhance flame
stabilization [119]. Generally, due to the high densities of iron and
its oxides, iron microparticles need to be significantly smaller than
coal or lignite particles to achieve similar sinking velocities ((5 −
40 μm) for iron, compared to (200 μm) for coal [42]). In terms of
emissions, the combustion of iron powder does not produce green-
house gases and, despite the high temperatures, showed only minor
NOx formation [36,41]. As mentioned before, one of the main is-
sues are nanoparticle emissions [121–123], which originate from the
evaporation of hot iron droplets during high temperature oxidation.
Experiments have shown that nanoparticle formation can effectively be
suppressed by lowering combustion temperatures, e.g. through lowered
oxygen concentrations [124–126] (achievable for instance by FGR).

In the past, iron dust flames have been established experimentally
in different configurations, such as counterflow flames [127], Bunsen
flames [33,120,128], laminar lifted flames [129], or top-fired swirled
10
tornado flames [126]. Furthermore, demonstration-scale reactors are
already being operated [41]. Of the aforementioned works, the study
by Baigmohammadi et al. [126] already provides relevant informa-
tion for the design of industrial metal combustors. The authors have
demonstrated operation of a lab-scale 5 kW top-fired combustor with
iron and confirmed self-sustained operation both for freshly atomized
and recycled/regenerated iron powders. Stable operation could also
be shown for reduced oxygen atmospheres. Only during start-up of
the combustor, electric heaters were required to reach at a suitable
system temperature, but they could be switched off after this initiation
phase. Varying the equivalence ratio showed an effect on the conver-
sion efficiency (oxidation degree) of the iron particles in the study.
Nevertheless, it is to be expected that the complete particle burnout
becomes an optimization target at later stages and will be improved
significantly as the technology matures.

4.3. Reference coal and iron-fired power plant (CFPP & IFPP)

Modern CFPPs with steam of 600 °C/620 °C and up to 300 bar achieve
net efficiencies of up to 47% [130,131]. Future CFPPs with even
higher steam parameters are projected to reach efficiencies above 50%
[131,132]. For the ensuing analysis, a generic ultra-supercritical CFPP
is assumed. The plant, schematically shown in Fig. 8, has a gross power
𝑃rel,gr of 800MW. A generic bituminous coal with a lower heating value
(LHV) of 30MJ kg−1 is considered as fuel. The key design parameters
are given in Table 4. The steam cycle is simulated using fundamental
principles, whereas certain auxiliary components like flue gas desulfu-
rization, coal milling, and fuel handling and dedusting are modeled in
a simplified manner. The energy requirements for these auxiliary units
are based on established literature values. The specified CFPP exhibits a

Table 4
Key design parameters for the reference CFPP.

Parameter Value Parameter Value

�̇�ms 561 kg s−1 �̇�coal 57 kg s−1

𝑇ms 600 ◦C �̇�air 697 kg s−1

𝑝ms 275 bar 𝜆O2 ,𝑐𝑜𝑎𝑙 1.2
�̇�rs 500 kg s−1 𝑝cond 0.045 bar
𝑇rs 620 ◦C 𝑇fg,out 140 ◦C
𝑝rs 61 bar 𝑃net 800MW
Fig. 8. Schematic diagram of the generic coal-fired power plant.
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Fig. 9. Schematic diagram of the IFPP and the composite curves for the combustion chamber effluents and air (𝜆O2
= 1.2, full oxidation to Fe2O3, no FGR).
net efficiency of 44.8%, with individual efficiencies of 93.9%, 51.3%,
and 93.1% for the boiler, turbine/generator, and auxiliary efficiency,
respectively.

Janicka et al. [42] conducted the first comprehensive case study
on retrofitting an existing CFPP for operation with green iron. They
utilized a highly detailed and sophisticated model of a state-of-the-
art CFPP, incorporating all essential control loops and real operation
conditions of the equipment. They concluded that the conversion of a
CFPP to iron operation is not only feasible but likely leads to efficiency
improvements, with several moderate modifications:

• Conversion of the fuel feeding system for operation with iron,
• Redesign of the solid fuel burners,
• Flue gas dedusting to reliably remove the oxidized microparticles,
• Removal of redundant components such as mills, desulfurization,

and supposedly the de-NOx system,
• Revision of the cleaning and protection systems to remove de-

posits from heating surfaces.

It can be assumed that most of the above measures can be solved
by means of conventional mechanical engineering approaches [42].
However, further research is necessary with respect to the redesign of
solid burners. Besides the stabilization of turbulent iron dust flames in
general, aspects such as the influence of preheating of the iron powder
or polydispersity [133] on the turbulent flame behavior needs to be
understood.

The model outlined here for an IFFP (as shown in Fig. 9) has
specific characteristics. While it does not consider detailed heat transfer
analysis, it does have several additional features. These include a
cyclone separation system for particles, a bulk-solid heat exchanger
designed to recuperate sensible heat from solid reaction products, and
crucially, a FGR system. The FGR system is particularly noteworthy as
it can be employed to fine-tune both, reaction temperature and oxygen
concentration. This adaptability allows for customization of reaction
conditions to reflect the latest insights and indications concerning the
combustion of iron in industrial burners. For example, it enables the re-
duction of nanoparticle formation by controlling oxygen concentration,
and adjusting the theoretical combustion temperatures.

Furthermore, an IFPP benefits from the absence of constraints such
as the sulfuric acid dew point, which typically is in the range of
11
140 °C [134]. This enables substantial more exploitation of the sensible
heat from the reaction products compared to a CFPP. An examination
of the composite curves of reaction educts and products (illustrated
in the top right of Fig. 9) reveals that the available heat exceeds
the energy needed to warm the cold air by a significant margin.
This surplus energy is re-coupled to the process by a condensate pre-
heater (component 7 in Fig. 9). This increases the net efficiency of
the proposed IFPP. The combustion chamber is conceptualized as a
dual-stage yield reactor. During the initial stage of reaction (burners),
the oxidative process is constrained to yield magnetite (𝑋ox = 0.89),
taking thermodynamic equilibrium considerations into account. Fol-
lowing the superheater/evaporator, oxidation to higher degrees can be
achieved at lower temperatures in the second reaction section (reaction
chamber, see Fig. 7). For the cyclone separation process, a pressure
drop of 𝛥𝑝cyc = 0.05 bar is assumed, a value estimated through initial
calculations as outlined in [135]. Furthermore, it is assumed that
1% of the solid reaction product exits the combustion chamber as
nanoparticles, which are then separated by cloth filters with a pressure
drop of 0.02 bar. This is half the value previously considered by Janicka
et al. [42], who relied exclusively on cloth filters for particle separation.
Lastly, it is assumed that 0.5wt% of the particles from the first reaction
section fall as slag into the ash hopper below. The implications and
impact of these assumptions are evaluated in subsequent sections of
this study.

5. Transport, intermediate storage, and handling

Iron oxides and direct reduced iron (DRI), whether in briquetted or
fine forms, are frequently handled using standardized protocols for bulk
solids on a worldwide industrial scale. However, special precautions
and considerations are required by these materials’ unique charac-
teristics to guarantee safe and efficient transportation, storage, and
handling. In this section, an overview of the current best practices is
presented, drawing on established experiences and standards specific
to DRI.

Transport: In 2021, maritime transport of iron oxide/ores reached
1517 million tons, making up 28% of the total dry bulk shipped [136].
The International Maritime Organization (IMO), a United Nations
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specialized agency, oversees the international shipment of solid bulk
cargoes. According to the International Maritime Solid Bulk Cargoes
(IMSBC) code [137], the main hazard with maritime transport of fine
iron ores is liquefaction: Forces during transport cause the spaces
between moist grains to contract, reducing friction and leading to so-
called liquefaction if moisture exceeds certain levels. This can hinder
maneuverability and may even cause a ship to capsize.

In 2022, a total of 25.7 million tons (22.2 in 2021) of DRI were
shipped, with 15.7 million tons transported by land and 10 million tons
transported by sea [87]. The reliable transportation of DRI by rail may
require special containers for dusty, trickling and moisture-sensitive
goods, which are being actively developed by the industry [138]. The
IMSBC code [137] classifies three different forms of DRI (DRI A, B,
C), where DRI C corresponds to particle sizes less than 6.35mm, and
provides recommendations for their safe handling and maritime trans-
port. The hazards associated with DRI and its derivatives are twofold.
First, it reacts with air, leading to heat generation, auto-oxidation, and
incandescence. Second, the material reacts with moisture, generating
explosive hydrogen air atmospheres [139]. To mitigate these risks,
the IMSBC code specifically advises that DRI C cargoes (known as
fines) should be transported under an inert protective blanket. Fur-
thermore, the concentration of oxygen must be regularly monitored
and controlled within safe limits. Additionally, the cargo shall be kept
within the permissible moisture content at all times (0.3% limit on
moisture, with the exception that the cargo shall be certified as having
been aged for 30 days) [137]. According to the International Iron
Metallics Association (IIMA), over 10 million tons of DRI fines have
been shipped in the last decade [140]. Furthermore, the IIMA argues
that the requirement for the introduction of an inert blanket is not
relevant for DRI fines, since the primary hazard for fines is hydrogen
evolution, and not self-heating. This hazard can be better counteracted
by mechanical ventilation to prevent accumulation of hydrogen [140].

In addressing the logistics associated with the considered iron-based
energy cycle, one must account for the increased mass of the oxidized
iron due to the oxygen-binding during the oxidation process. Upon full
oxidation of pure iron (𝑋ox = 0) to hematite (𝑋ox = 1), the mass of
the resultant iron oxide increases by 43%. This substantial increment
in mass must be factored in while determining the energy requirements
for the return journey of the depleted EC.

The energy required for long-distance transportation 𝐸tra utilizing
bulk solid vessels can be normalized by the transported cargo weight
and the transport distance, leading to 6–8 kWh (1000 km tcargo)−1.

hese specific fuel demands are estimated based on the data provided
n [141] for Capesize and very large bulk carriers, assuming a nominal
peed of 14.5 knots and the maximum continuous rating of the engine
ith an efficiency of 50% [142]. Presently, maritime transport is pre-
ominantly dependent on fossil fuels, specifically heavy fuel oil [136].
owever, the sector is actively pursuing decarbonization [136].

ntermediate storage: DRI fines can be stored in stockyards, ware-
ouses, or hoppers [140]. When storing DRI fines in stockyards or
arehouses, proper precautions should be taken. For storage in silos or
oppers, monitoring the hydrogen concentration in the enclosed space
nd employing mechanical ventilation are recommended to ensure
afety [140]. The storage of iron oxides generally does not require
pecial precautions due to their stable nature. However, when residual
ron fuel energy is present (𝑋ox < 1) within the iron oxides, further

oxidation can result in energy losses and may affect the overall effi-
ciency of the overarching cycle. In such cases, it might be advantageous
to implement storage solutions that reduce exposure to environmental
factors such as humidity and air.

Handling: Preventing any potential contact with water is vital when
handling DRI fines to avoid adverse reactions. Regardless of the lo-
cation, be it the production site, ports, or end-user’s stockyard, han-
dling procedures permit the use of standard bulk material handling
12

equipment of various types, sizes, and capacities [140]. However, the
handling and transfer process at each stage may generate some fine
dust [140]. The handling of fine iron particles carries a potential explo-
sion hazard [53,143–145], which is less severe compared to aluminum
fines [53,143]. The explosion severity is reduced when small amounts
of Fe2O3 or Fe3O4 [145] are presents, which might be the case due to
ncomplete reduction or re-oxidation due to contact with air.

The above considerations showcase that iron and iron oxide fines
an be shipped, stored, and handled with standardized protocols for
ulk solids on a global industrial scale. However, the degree of re-
xidation may vary depending on factors such as the handling proce-
ure, the origin and the morphology of the material [146]. As such,
t is necessary to consider and evaluate any changes in the oxidation
tate that occur during transport and storage for the evaluation of the
ron-based energy cycle. This can be quantified with a change in the ox-
dation/reduction state during transport or intermediate storage 𝛥𝑋ox,is.
urthermore, in the context of the introduced iron-based energy cycle,
tomized iron powder might be transported, shipped, and handled.
nlike conventional DRI, atomized iron powder has a lower porosity
nd decreased reactivity. The metal powder particles are typically
overed by thin oxide layers due to their exposure to air or oxygen-
ontaining atmospheres, with layer thicknesses typically reported to
e in the range of 5–7 nm for plain iron [147]. This corresponds to a
egligible volume fraction of approximately 0.1% considering a sphere
ith a diameter of 30 μm.

When it comes to storing, transporting, and handling iron, there
s a trade-off between the efforts to prevent oxidation and allowing
ome losses. While using hermetically-sealed containers or bags can
ffectively prevent oxidation (high effort), exposure to humidity and
xygen (low effort) in the atmosphere may result in some oxidation and
onsequently depletion of the energy carrier. The impact of potential
e-oxidation on the cycle efficiency is later evaluated.

. Performance evaluation criteria

The evaluation of the previously discussed process models, which
nvestigate the oxidation process in IFPPs for carbon-free electricity
eneration, as well as the thermochemical reduction process in the
ontext of SF-HDR and FR-HDR plants, is performed based on their
nergetic efficiencies. The subsequent section defines performance met-
ics for the individual sub-processes, as well as the comprehensive
nterconnected system of the aforementioned iron-based energy cy-
le. The referenced variables are provided in the schematic of the
nvestigated iron-based energy cycle in Fig. 1.

.1. Storage: Hydrogen direct reduction of iron oxides

The net efficiency of the reduction concepts as outlined earlier is
efined by the increase in iron fuel energy 𝐸FexOy

(𝐸FexOy
= 𝑚FexOy

⋅
𝑉FexOy

) within the iron (oxides) during the reduction process (taking
nto account the starting and attained reduction degree), relative to the
otal required energy 𝐸sto,tot of the process:

sto,net =
𝐸FexOysto,out − 𝐸FexOysto,in

𝐸sto,tot
. (12)

To pinpoint the sources of efficiency loss, the net efficiency is divided
into the reduction efficiency 𝜂sto,red, which considers the energy demand
f hydrogen production required for the reduction in relation to the
ncrease in chemical energy stored in the iron fuel, and a peripheral
fficiency 𝜂sto,per , which accounts for all necessary peripheral energy
equirements in relation to the total energy demand of the HDR plants:

sto,net = 𝜂sto,red ⋅ 𝜂sto,per , (13)

sto,red =
𝐸FexOysto,out − 𝐸FexOysto,in , (14)
𝐸sto,red
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𝜂sto,per =
𝐸sto,red

𝐸sto,tot
= 1 − 𝛼red,heat − 𝛼red,aux − 𝛼pel − 𝛼EAF − 𝛼ato . (15)

The peripheral efficiency given in Eq. (15) can be represented by the
relative energy requirements for providing the process heat for the
reduction 𝛼red,heat , auxiliary energy inputs for plant balance 𝛼red,aux and,
f applicable, additional energy requirements for the pelletization 𝛼pel,
he EAF 𝛼EAF, and the atomizer 𝛼ato.

.2. Release: Iron-fired power plant

The net efficiency of a CFPP is determined by the net electrical en-
rgy 𝐸rel,net (gross electrical energy 𝐸rel,gr minus the necessary auxiliary
lectrical energy 𝐸rel,aux) divided by the product of the fuel mass 𝑚f and
he fuel’s lower heating value 𝐿𝐻𝑉f [134]:

rel,net =
𝐸rel,net

𝑚f ⋅ 𝐿𝐻𝑉f
. (16)

In the same manner as for the storage process, the net efficiency
is separated into individual efficiencies such as the boiler efficiency
𝜂rel,b, the turbine/generator efficiency 𝜂rel,tg, and the auxiliary power
efficiency 𝜂rel,aux (the necessary electrical auxiliary power):

𝜂rel,net = 𝜂rel,b ⋅ 𝜂rel,tg ⋅ 𝜂rel,aux . (17)

The energy from the fuel is not completely transferred to the steam due
to various losses, such as losses from unburned combustibles 𝛽u, losses
rom the sensible heat of the slag 𝛽sl, flue gas losses 𝛽fg, and heat losses
rom the steam generator to the environment 𝛽env:

rel,b =
∑

𝑚s,𝑗 ⋅ 𝛥ℎ𝑗
𝑚f ⋅ 𝐿𝐻𝑉f

= 1 − 𝛽fg − 𝛽env − 𝛽u − 𝛽sl . (18)

The turbine/generator efficiency is the ratio of the gross electrical
output (which includes mechanical losses of the turbine shaft and
generator efficiency) to the supplied steam energy:

𝜂rel,tg =
𝐸rel,gr

∑

𝑚s,𝑗 ⋅ 𝛥ℎ𝑗
. (19)

he auxiliary efficiency represents the energy requirements of the
uxiliary units relative to the gross electrical energy, and it can be
xpressed as unit-specific losses 𝛾𝑖:

rel,aux =
𝐸rel,ne

𝐸rel,gr
= 1 −

∑

𝑖
𝛾𝑖 . (20)

Common boiler losses and auxiliary energy requirements are specified
in Tables 5 and 6, respectively, which are in line with the parameteri-
zation performed.

Table 5
Typical relative boiler losses based on fuel energy for CFPPs.

Reference Spliethoff [134] Strauss [148] This study

Flue gas losses 𝛽fg 3.8–5.3% 6–10% 5.3%
Boiler radiation 𝛽env 0.25–0.3% 0.2–1% 0.3%
Unburned material 𝛽u 0.3–0.5% 0.5–1.5% 0.5%
Slag 𝛽sl 0.04% 0.2% 0.1%

Boiler efficiency 𝜂rel,b 93.9–95.6% 87.3–93.1% 93.8%

Table 6
Typical relative auxiliary energy demand based on the gross generator power.

Reference Spliethoff [134] Strauss [148] This study

Pumps 𝛾pump 3.3–4.5% 3.8% 3.4%
Fans 𝛾fan 1.3–2% 1.6% 1.4%
Mills 𝛾mill 0.4% 0.2% 0.3%
Fuel handling 𝛾fh 0.3% NA 0.3%
FGD 𝛾fgd 0.8–2% 1% 1.5%

Aux. efficiency 𝜂rel,aux 90.8–93.9% 93.4% 93.1%
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The aforementioned performance evaluation criteria can also be
applied to a carbon-free IFPP. However, unlike in conventional CFPPs,
where unburned combustibles contribute significantly to the boiler
losses (cf. Table 5), the circularity of the iron fuel eliminates such
losses. Instead, partially oxidized iron powder (𝑋ox < 1) is directed
o subsequent stages of the process, such as intermediate storage and
ransport. The remaining iron fuel energy within the ash, which de-
cends from the boiler to the ash hopper, is regarded as boiler losses
ue to unburned combustibles (𝛽u). Similar to the storage process,
he reduction in iron fuel energy during oxidation, relative to the net
lectrical energy of the power plant, can be used to determine the
ggregated release efficiency, given by:

rel,net =
𝐸rel,net

𝐸FexOy rel,in − 𝐸FexOy rel,out
. (21)

Due to the introduced condensate preheater, the steam energy (∑𝑚s,𝑗 ⋅
ℎ𝑗) within Eqs. (18) and (19) is adapted to cover the additional
upplied heat to the steam cycle. Furthermore, there are no losses
ssociated with mills and flue-gas desulfurization (FGD) since the iron
uel possesses the appropriate morphology and does not contain sulfur.
dditionally, losses due to flue gas denitrification are not considered,
s recent studies have shown only minor NOx formation [36,41].

.3. Overarching iron-based energy cycle

The efficiency assessment of the described power-to-power cycle re-
uires a comprehensive balance of all energy inputs and outputs, which
nclude storage and transport, as well as potential losses throughout the
ycle. These losses stem from the storage or release process as well as
rom undesired oxidation during intermediate storage or from potential
aterial losses. The functional unit of the cycle is the electrical energy

eleased during the release step. In line with the proposed iron-based
nergy cycle (cf. Fig. 1) the cycle efficiency 𝜂cyc can be approximated
rom the efficiencies of the chained sub-processes according to:

cyc =
𝐸cyc,net

∑

𝑗 𝐸cyc,in,𝑗
≈ 𝜂sto ⋅ 𝜂is ⋅ 𝜂tra ⋅ 𝜂mat ⋅ 𝜂rel ⋅ 𝜂rep . (22)

he efficiencies related to storage (𝜂sto) and release (𝜂rel) correspond to
qs. (12) and (17), respectively. Additionally, the transport efficiency
tra represents the ratio of the required auxiliary energy for transport
tra,𝑖 (considering both directions, indicated by index i) to the total
nergy supplied to the cycle (∑𝑗 𝐸cyc,in,𝑗):

tra = 1 −
𝐸tra,1 + 𝐸tra,2
∑

𝑗 𝐸cyc,in,𝑗
. (23)

he intermediate storage efficiency 𝜂is accommodates potential losses
uring intermediate storage (partial oxidation) 𝐸is,i at both sites (ex-
orting and importing, denoted by index i) in relation to the available
hemical energy at each site:

is,i = 1 −
𝐸is,i

𝐸FexOy ,i
. (24)

The material efficiency 𝜂mat accounts for potential material losses dur-
ing the transport from the storage location to the importing site due to
inadequate handling (e.g. residual material in the vessels):

𝜂mat =
𝐸FexOy rel,in

𝐸FexOy tra,1,out
. (25)

Finally, the assumption is made that material losses, either due to
improper handling or the formation of nanoparticles, need to be replen-
ished. This is accounted for by the reproduction efficiency 𝜂rep, which
covers the energy requirements for preparing iron oxides 𝐸rep to be
reintroduced into the cycle to compensate potential material losses:

𝜂rep = 1 −
𝐸rep

∑ . (26)

𝑗 𝐸cyc,in,𝑗
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𝜂

The introduced interlinking sub-processes efficiencies can be summa-
rized to a miscellaneous 𝜂misc efficiency:

misc = 𝜂tra ⋅ 𝜂is ⋅ 𝜂mat ⋅ 𝜂rep . (27)

The efficiencies introduced above serve as evaluation criteria in
the subsequent assessments. All further results are obtained with the
software EBSILON®Professional [55], utilizing the thermodynamic ref-
erence data provided in Ref. [56].

6.4. Morris sensitivity analysis

To understand how target variables are influenced by input vari-
ables effective modeling approaches integrate uncertainty/sensitivity
analyses. Sensitivity analyses methods can be categorized into local and
global approaches. The local methods, sometimes referred to as ‘‘one
factor at a time’’, are typically used to modify one input variable se-
quentially from a baseline configuration. However, these local methods
contrast with global methods, which require substantially more model
evaluations, the volume of which escalates with the increase in the
number of considered inputs. A particularly effective screening sensi-
tivity method, balancing precision and efficiency, was introduced by
Morris [149] and enhanced by Campolongo et al. [150]. It overcomes
the limitation to one fixed baseline configuration by executing a set
number of randomized local alterations at varying points combined
with statistical operations. The method is hereafter summarized based
on Refs. [149,150].

The Morris sensitivity analysis focuses on creating 𝑅 trajectory de-
signs to calculating elementary effects 𝐸𝐸𝑖,𝑗 associated with the 𝑗th in-
put factor. By performing statistical operations, a global approximation
is obtained. It is organized by the following main steps:

1. Input scaling and discretization: All input variables are nor-
malized to have a similar scale. This can be achieved, for in-
stance, by linear scaling. The 𝑘-dimensional space (𝑘 input vari-
ables) is transformed in a 𝑘-dimensional 𝜔-level grid (𝜔-levels for
each input variable). The total number of required simulations
is (𝑘 + 1)𝑅.

2. Trajectory design: A trajectory comprises points, where each
subsequent point differs from its predecessor by the fixed step
size 𝜙 = 1

(𝜔−1) in only one input variable. Out of 𝑀 random
generated trajectories, 𝑅 trajectories are selected based on max-
imizing their dispersion in the input space in line with the
approach proposed by Campolongo et al. [150].

3. Computing elementary effects: For every input variable 𝑗
(from 1 to 𝑘), the elementary effect, denoted as 𝐸𝐸𝑖,𝑗 (𝑖 =
1,… , 𝑅, 𝑗 = 1,… , 𝑘), is computed. This calculation involves
taking the difference between the function value at two points
differing by 𝜙 in the 𝑗th input variable and dividing it by 𝜙:

𝐸𝐸𝑖,𝑗 =
𝑓 (𝑥1,… , 𝑥𝑗 + 𝛥,… , 𝑥𝑘) − 𝑓 (𝑥1,… , 𝑥𝑗 ,… , 𝑥𝑘)

𝜙
. (28)

4. Moments of elementary effects: For each input variable, the
moments (i.e. mean 𝜇⋆

𝑗 and standard deviation 𝜎𝑗) of the ele-
mentary effects distribution are calculated:

𝜇⋆
𝑗 =

𝑅
∑

𝑖=1
|

𝐸𝐸𝑖,𝑗

𝑅
| , (29)

𝜎𝑗 =

√

√

√

√

√

1
𝑅

𝑅
∑

𝑖=1

(

𝐸𝐸𝑖,𝑗 −
𝑅
∑

𝑖=1

𝐸𝐸𝑖,𝑗

𝑅

)2

. (30)

Using the values of 𝜇⋆
𝑗 and 𝜎𝑗 , all input parameters are categorized

into three distinct groups: those with prominent linear effects without
interactions (large 𝜇⋆

𝑗 , low 𝜎𝑗), those displaying significant nonlinear or
interaction effects (high 𝜇⋆

𝑗 , high 𝜎𝑗), and those with negligible effects
⋆
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(small 𝜇𝑗 ). Additionally, the absolute values for the elementary effects
and the mean using the real parameter intervals without input scaling
are determined, which can support the interpretation.

The introduced Morris sensitivity analysis will be applied to the sub-
processes and the overarching cycle assessments. For all assessments,
𝑅 = 20 trajectories out of 𝑀 = 1000 randomized generated trajectories
are selected and 4-levels for each input (𝜔 = 4, linear scaling between
0 and 1) are considered.

7. Assessment and discussion

In this section, the energetic performance based on the metrics
(Section 6) of the introduced sub-processes (i.e. Storage: Section 3,
Release: Section 4) and the overarching cycle including transport and
intermediate Storage (Section 5) are provided and discussed. Addi-
tionally, local and Morris sensitivities of selected process parameters
are determined to identify the significant operation conditions and
assumptions.

7.1. Storage: Hydrogen direct reduction of iron oxides

General technological assumptions utilized for both green reduction
plants (SF-HDR in Fig. 10 and FR-HDR in Fig. 11) are summarized
in Table 7. Further process specific assumptions and the results are
outlined in the two following sections.

7.1.1. Shaft furnace hydrogen direct reduction
Based on the assumptions outlined in Section 3.2.1 and Table 7,

the net storage efficiency of the presented SF-HDR plant, including
its essential peripherals, is determined as 57.3% for the specified ref-
erence case. An comparison with existing literature (cf. Table 3) re-
veals that the specific total energy demand for the reference case at
3.58MWh∕t, falls within the range reported for direct shaft furnace
reduction plants, between 3.48MWh∕t and 4.24MWh∕t [44,45,47,88].
However, this study takes into account additional peripherals (i.e. at-
omizer, pelletizer), which are not considered in the previous studies.
The supplementary energy demand for the atomizer is rather small, but
the energy required for pelletization is notable, especially due to the
process’s reliance on hydrogen firing. Nonetheless, the overall impact of
pelletization is mitigated by directly coupling the pelletization process
with the shaft furnace, allowing the introduction of hot pellets into the
furnace.

Table 8 presents the results based on the defined performance
criteria. The storage reduction efficiency is 79.5%, exceeding the elec-
trolyzer efficiency of 70%. This superior performance can be attributed
to the additional heat requirements arising from the endothermic na-
ture of the reduction reactions. The net storage efficiency, however, is
compromised by a slightly lower peripheral storage efficiency of 72.1%.
A significant origin of this lower efficiency is due to the energy demand
for heating, accounting for approximately 5.5%. The energy required
for necessary pre- and post-processing for particle size adjustment also
plays a considerable role. Pelletization consumes 12.9% of the total
energy demand, while the downstream EAF melting process utilizes
8.5% of the total energy. Lastly, the final step – water atomization of
the hot melt to produce fine iron powder – has a minor energy demand,
with the atomizer pump contributing roughly 1%.

To identify critical process conditions and assumptions, a local sen-
sitivity analysis is conducted using the reference case as a benchmark,
and the broader Morris sensitivities with respect to the net storage
efficiency are determined. The local analysis, including the associated
parameters and their respective intervals, is depicted in a Tornado plot
on the left side of Fig. 10. Within the figure, the considered intervals
including the reference case are provided for each parameter next to
the bars. The results of the Morris sensitivity analysis are depicted on
the right side of Fig. 10 in the form of a scatter plot. Alongside the
individual data points, the absolute values of the mean of the elemen-
tary effects are also provided, aiding in a more nuanced interpretation.
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Table 7
General technological assumptions for the reduction plants.

Component Parameter Value Reference or comment

Pumps Isentropic efficiency 𝜂isn 75% [151]
Compressors Isentropic efficiency 𝜂isn 80% [151,152]
Condenser Approach temperature 𝛥𝑇 10K [153]
Heat exchangers Effectiveness 𝜖HEX 95% [154]
Heat exchangers Relative heat loss 𝑄rel,loss

a 2.5% [155]
Heat exchangers Pressure drop 𝛥𝑝HEX 0.1 bar [156]
Reactor Reduction degree in 𝑋red,in 0 100% Fe2O3
Reactor Reduction degree out 𝑋red,out 1 100% Fe
Reactor Relative heat loss 𝑄rel,loss

a,b 2.5% [107]
Electrolyzer System efficiency 𝜂LHV 70% [157]
Electric motors Efficiency 𝜂mot 95% [153]

a Heat loss relative to theoretical transferred heat without losses.
b Allocated to heater/burner upstream the reactor.
Fig. 10. Tornado plot (left) and Morris sensitivities (right) of selected parameters on the net storage efficiency for the SF-HDR plant. The considered parameter intervals are given
within the Tornado plot. The values next to data points in the right graph correspond to the absolute values of the mean of the elementary effects.
Fig. 11. Tornado plot (left) and Morris sensitivities (right) of selected parameters on the net storage efficiency for the FR-HDR plant. The considered parameter intervals are given
within the Tornado plot. The values next to data points in the right graph correspond to the absolute values of the mean of the elementary effects.
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Comparing these methodologies provides a holistic insight into the
system’s sensitivities.

As illustrated in the Tornado plot, the oxidation degree at the inlet
(𝑋ox,in) indicates a decline in the net storage efficiency by 1.3 percent-
ge points when magnetite (𝑋ox,in = 0.89) is used as feedstock instead
f hematite (𝑋ox,in = 1.0). This finding is consistent with the Morris
nalysis, which shows moderate mean elementary effect with an abso-
15

ute value of 14.2% (see value in brackets). This implies that for every M
.1 change in the oxidation degree, there is an average decrease in the
et storage efficiency of 1.42 percentage points. Additionally, the mean
xidation degree at the inlet has a minimal standard deviation, indicat-
ng minimal non-linearities and a limited influence from interactions
ith other input parameters. The importance of the achieved reduction
egree (𝑋red,out) is evident in both analyses. While the Tornado plot
hows a decrease in the net efficiency by 5 percentage points, the

orris analysis reinforced its significance with a pronounced absolute



Applied Energy 368 (2024) 123476J. Neumann et al.
Table 8
Results for the SF-HDR and FR-HDR plants with respect to the defined reference case.

Performance criteria Shaft furnace Flash reactor

Reduction efficiency 𝜂sto,red 79.5% 79.5%
Peripheral efficiency 𝜂sto,per 72.1% 80.1%
Relative energy requirements

Heat requirements 𝛼red,heat 5.5% 19.0%
Plant balance 𝛼red,aux 0.5% 1%
Pelletization 𝛼pel 12.9% 0%
Electric arc furnace 𝛼EAF 8.5% 0%
Atomization 𝛼ato 0.7% 0%

Net storage efficiency 𝜂sto,net 57.3% 63.7%

mean elementary effect of 28.7% and the highest standard deviation,
indicating by far the most interactions or nonlinearities associated with
the achieved reduction degree. This is primarily a consequence of the
significant peripheral thermal energy demand of the process, which is
further underscored by the sensitivities related to the relative heat loss
of the equipment 𝑄rel,loss, and the effectiveness for the heat exchangers
𝜖Hex. The system’s response to the operation pressure (𝑝R), indicates a
moderate to small sensitivity. The electrolyzer efficiency (𝜂ely) emerges
as a significant parameter in the Tornado plot (±3.5 percentage points),
showing significant variation in the storage efficiency. This observation
is supported by the Morris analysis, which quantified the highest mean
effect with an absolute value of 0.63%∕%, suggesting its consistent
influence across different operation points (trajectories). The sensitivity
in relation to the hydrogen equivalence ratio 𝜆H2

is moderate. Lastly,
the reactor temperature (𝑇R) displays stable behavior in the Tornado
plot and this is supported by the Morris sensitivity analysis. This low
sensitivity to temperature variations of the shaft furnace is attributed
to the direct integration between the shaft furnace and the EAF.

While the visual representation from the Tornado diagram illus-
trates the absolute impact for a unidimensional change from the ref-
erence case, the Morris analysis quantitatively refines these findings
by highlighting the central role of the electrolyzer efficiency and the
achieved reduction degree independent of the defined reference param-
eterization.

In the proposed shaft furnace process, the sub-processes are inter-
connected, enabling the exploitation of the latent heat of intermediates.
Disconnection of these processes results in a net storage efficiency
reduction by approximately 6.2 percentage points. This reduction is
split into 3.7% for the decoupling of the pelletizer and 2.5% for the
decoupling of the EAF, underscoring the critical role of these intercon-
nections in maintaining high net storage efficiencies. The later could be
advantageous with respect to transport (transporting DRI pellets instead
of DRI powder), but comes with the provided efficiency penalty.

7.1.2. Flash reactor hydrogen direct reduction
As pointed out in Section 3.1, the co-current flash reactor setup

requires higher hydrogen equivalence ratios to circumvent thermo-
dynamic limitations in the conversion of iron oxides to iron. This is
addressed by employing a hydrogen equivalence ratio 𝜆H2

of 3. The
reaction of hydrogen with oxygen, i.e. oxyfuel combustion, provides
the heat needed to reach a defined temperature of 1300 °C at the reactor
inlet, which is within the recommended range of 1150 - 1350 °C [106].
The internal oxyfuel combustion results in a gas oxidation degree of
10%, a factor considered in the chosen hydrogen equivalence ratio 𝜆H2
for the flash reactor (cf. Fig. 4).

For the defined reference case, the calculated net storage efficiency
is 63.7%, with the partial efficiencies detailed in Table 8. The storage
reduction efficiency, quantifying the increase in chemical energy stored
within the iron in relation to the required hydrogen, is consistent
in both scenarios, since the same reduction degrees at the inlet and
outlet are assumed. The alignment of particle sizes in the storage and
release steps removes the need for additional processes for particle
16

size adjustments, leading to an 8 percentage points higher peripheral
storage efficiency compared to shaft furnace reduction, thereby giving
an energetic advantage to the flash reduction plant. On the other hand,
the relative heating demand is notably higher (i.e. 19%), due to the
increased temperatures, hydrogen equivalence ratio, and considered
oxyfuel combustion.

In a manner similar to the previous evaluation of the shaft furnace,
a sensitivity analysis is conducted, and the results are illustrated in
Fig. 11. For a reliable comparison, the same trajectories for the SF-HDR
and the FR-HDR plant assessment are used within the Morris sensitivity
analysis.

The FR-HDR and SF-HDR plants, while bearing similarities, display
unique sensitivities, as detailed below. For the oxidation degree at the
inlet (𝑋ox,in), the flash reactor’s analysis reveals a sensitivity similar to
that of the shaft furnace reduction plant. Although the SF-HDR plant
did not exhibit a notable sensitivity concerning reactor temperature,
the flash reactor demonstrated a moderate sensitivity, spanning a range
of 1.3 percentage points in the Tornado plot. This observation is fur-
ther confirmed in the Morris plot, suggesting a moderate influence
with an absolute mean elementary effect of 0.01%∕K. Conversely, the
achieved reduction degree (𝑋red,out) ranked second most influential for
the SF-HDR plant, while its impact on the FR-HDR is moderate to low,
mainly due to the absence of peripheral process requirements. Beyond
the reduction degree, the electrolyzer efficiency (𝜂ely) in the SF-HDR
plant emerged as the most significant parameter. This is even more
pronounced in the FR-HDR due to the electrolyzer’s larger contribution
to total energy demand, with an absolute mean elementary effect of
0.84%∕%. Another distinguishing factor between the two systems is
the heat exchanger effectiveness (𝜖HEX). In the FR-HDR plant, this
parameter displayed the most substantial mean effect of 0.4%∕% and
the highest standard deviation in the Morris analysis, underscoring
its crucial role for the storage efficiency. This suggests that, relative
to the SF-HDR plant, heat recovery measures are more crucial for
the FR-HDR plant due to its elevated operational temperature and
the absence of downstream sub-processes benefiting from increased
intermediate temperatures. If the sensible heat from the iron (oxides)
cannot be recovered, the net storage efficiency drops by 5.5 percentage
points for the defined reference case, almost diminishing the energetic
advantage of the FR-HDR plant. Similarly, the hydrogen equivalence
ratio (𝜆H2

) in the FR-HDR plant exhibited markedly higher sensitivities,
with nonlinearities highlighted by an increased standard deviation, in
contrast to the SF-HDR plant.

In the section presented, the two HDR plants introduced were
evaluated, with FR-HDR outperforming SF-HDR. Further improvements
in net storage efficiency could be achieved by utilizing the waste heat
of the electrolyzer for applications such as district heating includ-
ing heat pumps [158], or by incorporating an organic Rankine cycle
to provide electrical energy for the system [159], thereby reducing
the net demand. Recent advances in water electrolysis technologies,
specifically the development of high-performance capillary-fed elec-
trolysis cells [160], have shown promise for further efficiency gains,
from which the investigated HDR plants could benefit. Subsequently,
the described IFPP is assessed before the interactions of the sub-
processes are evaluated within the overarching iron-based energy cycle
in Section 7.3.

7.2. Release: Iron-fired power plants (ifpp)

The starting point for the assessments conducted in this section are
four different scenarios for the IFPP introduced in Section 4, which
are summarized in Table 9. For the reference case, full oxidation
of pure iron to hematite without any restrictions is assumed. Sce-
nario 2, termed ‘‘limited oxidation’’, postulates that the provided iron
fuel is pre-oxidized, and the maximum achievable oxidation level is
constrained by the formation of magnetite. Scenario 3, named ‘‘tem-
perature control by 𝜆O2

’’, aims to keep the theoretical combustion

temperature slightly below the melting point of magnetite by altering
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Table 9
Assumptions for the four different IFPP operation scenarios.

Parameter Reference Limited oxidation Temp. CTRL 𝜆O2
Temp. CTRL FGR

Oxidation degree at inlet 𝑋ox,in 0.0 0.05 0.0 0.0
Oxidation degree at outlet 𝑋ox,out 1.0 0.89a 1.0 1.0
Theoretical combustion temperature 𝑇comb 𝑓 (𝜆O2

) 𝑓 (𝜆O2
) 1590◦Cb 1590◦Cb

a Corresponds to partial oxidation up to Fe3O4.
b Slightly below the melting point of magnetite.
Table 10
Results for the reference CFPP and the introduced IFPP scenarios. The gross electric power for all cases is 800MW. Minor discrepancies observed within the table can be attributed
to rounding errors.

Parameter and CFPP Iron-fired power plant (IFPP)

performance criteria Reference Reference Limited oxidation Temp. CTRL 𝜆O2
Temp. CTRL FGR

Fuel mass flow �̇�f [kg∕s] 55 220 264 222 221
Air mass flow �̇�air [kg∕s] 677 494 551 808 453
FGR mass flow �̇�FGR [kg∕s] 0 0 0 0 346
Oxygen equivalence ratio 𝜆O2

[−] 1.2 1.2 1.2 1.95 1.2
Preheated air temperature 𝑇air [◦C] 295 326 331 331 333
Mole fraction O2 at burner 𝑦O2

[−] 0.21 0.21 0.21 0.21 0.13
Combustion temperature 𝑇comb [◦C] 2034 1938 1887 1590 1590

Turbine/generator efficiency 𝜂rel,tg [%] 51.3 50.0 49.7 49.9 49.6
Boiler efficiency 𝜂rel,b [%] 93.9 98.4 98.2 98.0 99.1

Flue gas losses 𝛽fg [%] 5.2 1.1 1.1 1.5 0.4
Boiler radiation losses 𝛽env [%] 0.3 0.3 0.3 0.3 0.3
Unburned combustibles 𝛽u [%] 0.5 0.05 0.2 0.05 0.05
Slag losses 𝛽sl [%] 0.1 0.2 0.2 0.15 0.15

Auxiliary efficiency 𝜂rel,aux [%] 93.1 94.8 94.6 93.7 93.8
Pumps 𝛾pump [%] 3.4 3.4 3.4 3.4 3.4
Fans 𝛾fan [%] 1.4 1.5 1.7 2.56 2.47
Mills 𝛾mill [%] 0.3 0 0 0 0
Fuel handling 𝛾fh [%] 0.3 0.3 0.3 0.3 0.3
FGD 𝛾fgd [%] 1.5 0 0 0 0

Net efficiency 𝜂rel,net [%] 44.77 46.65 46.22 45.84 46.14
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the air equivalence ratio. Scenario 4, termed ‘‘temperature control by
FGR’’, parallels scenario 3 but achieves temperature control specifically
through the application of the introduced FGR system.

From a detailed comparison between the CFPP and the introduced
IFPP scenarios, as presented in Table 10, several key observations are
obtained. Firstly, the reference IFPP showcases a significantly higher
fuel mass flow of 220 kg s−1, four times that of the CFPP. However, it is
nteresting to note that the air mass flow for the reference IFPP is re-
uced to 494 kg s−1, a considerable decrease from the CFPP’s 677 kg s−1.
his shift in mass flows underscores the operational differences be-
ween the two configurations. Furthermore, the efficiency metrics,
ntroduced in Section 6, reveal that the reference IFPP shows a net
fficiency increase of 1.9 percentage points over the CFPP. This en-
ancement can be attributed to two primary factors: a higher auxiliary
fficiency, which benefits from the elimination of mills and fuel gas
esulfurization requirements, and an improved boiler efficiency. The
atter sees a significant reduction in flue gas losses (𝛽fg), dropping from
.2% in the CFPP to 1.1% in the reference IFPP. Nonetheless, the IFPP
oes not solely present advantages. The turbine/generator efficiency in
he reference IFPP is slightly lower at 50.0% compared to the CFPP’s
1.3%. This reduction is a consequence of integrating the surplus heat
rom the flue gas into a condensate side stream.

The introduced non-idealities for the IFPP operation lead to net
fficiency penalties ranging from 0.4 to 0.8 percentage points when
ompared to the reference IFPP. Despite these penalties, the efficiencies
emain superior to the reference CFPP by 1.1 to 1.5 percentage points.
he scenario involving pre-oxidized iron with constrained conversion to
agnetite results in a modest net efficiency penalty of 0.4 percentage
oints. This slight reduction can be explained by the assumption of
circular fuel flow, which does not associate the residual chemical

nergy in the main iron oxide stream exiting the power plant with
osses. Only the residual chemical energy within the slag contributes
o losses due to unburned combustibles. When comparing temperature
17
ontrol scenarios, either by the equivalence ratio or by FGR, the FGR
peration stands out. Both of them lead to significant higher result-
ng gas mass flows but temperature control by increasing the FGR
ass flow offers elevated boiler and auxiliary efficiencies but also

educes the molar oxygen concentration to 13%, potentially mitigating
anoparticle formation.

Lastly, the IFPP introduces topological modifications to incorporate
he excess heat in the flue gas into the steam cycle. Without the solid
esidual heat recovery and without integrating excess heat into the
team cycle, the net efficiency drops to 45.56%. While this is a signif-
cant decrease from the ideal scenario, it still represents a noteworthy
mprovement of 0.8 percentage points over the reference CFPP.

Fig. 12 presents a sensitivity analysis of the reference IFPP. On the
eft is a Tornado plot detailing the parameter ranges, while the Morris
ensitivities are depicted on the right. For the Morris sensitivity eval-
ation, the oxygen equivalence ratio (𝜆O2

) is set to 1.2. Additionally,
FGR rate, 𝑥FGR, is defined, representing the ratio between FGR mass

low and total air mass flow.
Notably, the proportion of nanoparticles, represented by 𝑥nan, show

egligible influence on the net release efficiency. This is attributed to
he utilization of the sensible heat they contain. The sensitivity related
o the mass fraction of slag losses (𝑥slag) is moderate, stemming from the
ssumption that particle and flue gas temperatures are identical post-
eaction. The influence would be pronounced if completely unburned
articles were to settle in the ash hopper. The sensitivity regarding
he reduction degree at the inlet reduction is very small. Assumptions
bout the cyclone’s pressure drop, 𝛥𝑝cyc, indicate moderate sensitivity.

rise in the cyclone’s pressure drop from 0.05 bar to 0.1 bar results
n a net efficiency reduction of roughly 0.27% (0.05 bar ⋅ 5.3%∕bar).
he oxidation degree at the outlet, 𝑋ox,out , exhibits a moderate to high
ensitivity, with its mean and standard deviation suggesting significant
on-linearities and interactions. The most influential factors are the
xygen equivalence ratio (𝜆 ) and the FGR rate (𝑥 ). As described
O2 FGR
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Fig. 12. Tornado plot (left) and Morris sensitivities (right) of selected parameters on the net release efficiency for the IFPP. The considered parameter intervals are given within
the tornado plot. For the Morris screening, a constant oxygen equivalence ratio of 𝜆O2

= 1.2 is considered. The values next to data points in the right graph correspond to the
absolute values of the mean of the elementary effects.
in more details in the IFPP operation scenario analysis, these oper-
ational parameters can be adjusted to modify combustion conditions
(temperature and oxygen concentration) with moderate impacts on the
net efficiency.

The in-depth evaluation of the IFPPs scenarios and sensitivities un-
derscores the potential of IFPPs as a promising option for decarbonizing
existing CFPPs (retrofit) by using green iron as fuel. This analysis
demonstrates the resilience of IFPP configurations in surpassing CFPP
efficiencies, even in suboptimal conditions.

It is worth mentioning that many CFPPs currently function as
co-generation plants, frequently supplying heat for district heating
systems. In such cases, transitioning to an IFPP is especially beneficial,
fostering decarbonization across multiple sectors (both heat and electri-
cal power). This transition ensures a carbon-neutral central heat supply,
which is crucial for many contemporary district heating systems [161].

7.3. Overarching cycle

The comprehensive cycle evaluation, which includes storage of RE
by either the SF-HDR or FR-HDR plants, intermediate storage, long-
distance maritime transport, and release in IFPP, is based on a reference
scenario, complemented by best and worst-case assumptions. These
scenarios are detailed in Table 11. Parameters not explicitly mentioned
are consistent with the previously established reference cases for the
introduced IFPP and HDR plants. For the reference scenario, a transport
distance of 5000 km is assumed. The analysis also accounts for losses
during intermediate storage at both exporting and importing sites, as
well as material losses. Material losses, whether due to mishandling
or nanoparticle formation during the release phase, are replenished at
the storage site. The energy demand, which covers mining, transport,
and mineral processing for reference hematite mines in Australia, is
set at 152.7MJ∕tore [162]. The results of the overarching iron-based
energy cycle, including overall cycle efficiency and efficiencies of sub-
processes, are illustrated in Fig. 13. This figure differentiates between
the SF-HDR and FR-HDR plants for the storage process.

As previously highlighted in the individual assessment of the IFPP,
the net release efficiency exhibits minor variations between 46.1% and
46.6% for both the best and worst-case scenarios. The reproduction effi-
ciency is nearly 100% across all scenarios, indicating that the additional
energy demand for reproducing the EC due to nanoparticle formation or
material losses is negligible. This aligns with the evaluation conducted
by Norgate et al. [162], which emphasizes that the energy requirements
for activities such as mining, transport, and mineral processing are
18

insignificant for iron ore.
Table 11
Overview of reference, best, and worst case assumptions for the overarching cycle.

Parameter Best Ref. Worst

Efficiency electrolyzer 𝜂ely,LHV [%] 75 70 65
Reduction degree storage 𝑋red,sto [−] 1.00 0.95 0.9
Oxidation interm. storage 1 𝛥𝑋is,1 [%] 0.00 0.01 0.02
Oxidation interm. storage 2 𝛥𝑋is,2 [%] 0.00 0.02 0.04
Transport distance 𝑑tra [103 km] 0 5 10
Fuel demand ship 𝑓𝑑tra [kWh (103 km tcargo)−1] 6 7 8
Oxidation degree release 𝑋ox,rel [−] 1 0.95 0.90
Mass fraction nanoparticles 𝑥nan [%] 0 1 2
Material losses 𝑥𝑚𝑎𝑡 [%] 0 0.5 1

Fig. 13. Sub-processes and overall cycle efficiency considering FR-HDR and SF-HDR.
The marks correspond to the reference parameterization and the interval to the best
and worst assumptions provided in Table 11.

For the overarching cycle incorporating the FR-HDR plant, the best-
case scenario is notably promising, with a storage efficiency of 68.2%.
Under these conditions, the overall cycle efficiency reaches 31.8%. The
worst-case scenario shows efficiencies of 58.2%, 94.1%, and 94.0%
for net storage, intermediate storage, and transport, respectively. The
overall cycle efficiency for this scenario is 23.4%. The reference sce-
nario for the FR-HDR cycle shows efficiencies of 63.2%, 97.3%, and
97.2% for net storage, transport, and intermediate storage, respectively,
leading to an overall cycle efficiency of 27.6%. The slight variance
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p

in transport efficiency between the HDR plants is attributed to the
efficiency definition of transport, which accounts for the total energy
demand of the cycle, differing for both options.

For the overarching cycle incorporating the SF-HDR plant, the best-
case scenario achieves a net storage efficiency of 61.0%. Under optimal
conditions, such as no transport and no oxidation during intermediate
storage, the overall cycle efficiency reaches 28.4%. The worst-case
scenario yields a net storage efficiency of 51.3%, an intermediate
storage efficiency of 94.1%, and a transport efficiency of 94.6%. In
aggregate, the overall cycle efficiency for this scenario is 20.7%. The
reference scenario for the SF-HDR cycle yields efficiencies of 56.1%,
97.6%, and 97.2% for net storage, transport, and intermediate storage,
respectively. The overall cycle efficiency for this scenario is 24.6%.

The Morris sensitivity analysis for the overall cycle efficiency is
presented in Fig. 14, accompanied by Table 12 detailing the absolute
means of the elementary effects. The graph underscores that the overall
behavior of the cycles incorporating either SF-HDR or FR-HDR is largely
consistent with respect to the investigated parameters, except for the
achieved reduction degree, which is significantly more pronounced for
SF-HDR. This aligns with the prior assessment of the individual HDR
plants. Notably, the electrolyzer efficiency exhibits high sensitivity in
both cases, with absolute means of 0.38% for FR-HDR and 0.29% for
SF-HDR. It is intriguing that oxidation during intermediate storage
at reduction sites has a higher absolute mean compared to oxidation
during intermediate storage at importing sites. This can be attributed
to the amplified energy penalty propagation throughout the chain for
unwanted oxidation at the exporting sites and the nonlinear relation-
ship between the oxidation degree and the heating value of the EC.
As observed in the scenario analysis above, the energetic impact of
nanoparticles is negligible.

This in-depth analysis offers a clear insight into the efficiencies
and sensitivities inherent to the iron-based energy cycle that integrates
both SF-HDR and FR-HDR plants. The evaluation highlights that the
greatest potential for enhancement lies within the HDR concept, with
FR-HDR consistently outperforming SF-HDR. Additionally, electrolyzer
efficiency and the minimizing of unwanted oxidation during intermedi-
ate storage emerge as most important. It is worth noting that transport
distance remains a fixed factor, determined by the chosen storage site.

The derived power-to-power efficiencies for the investigated iron-
based energy cycle are in the same order of magnitude as in re-
cent assessments of using hydrogen or ammonia as green ECs (20 -
30%, [163]). However, the literature on alternative ECs shows con-
siderable differences in assumptions. A thorough and fair comparison

Fig. 14. Morris sensitivity for the overarching cycle considering FR-HDR and SF-HDR
lants, considering the process parameters and intervals in Table 11.
19
between alternative ECs requires normalization of these assumptions,
which should be explored in future work. The results of this study,
especially the provided reference points in conjunction with the speci-
fied sensitivities, serve as a valuable framework for estimating the cycle
efficiency across different operational scenarios. This framework could
be crucial in future research to identify the role of iron within the
context of global-scale energy system modeling and assessments.

8. Conclusion

The transition to a sustainable energy economy requires innovative
solutions for the transport, long-term storage, and on-demand supply
of renewable energy. While short-term energy storage, such as bat-
teries, are increasingly prevalent, bridging day-night cycles and brief
periods of renewable energy scarcity, there remains a significant gap
in large scale seasonal energy storage solutions. These are essential for
overcoming the challenges of reduced renewable energy availability
during extended periods, particularly during the winter months, when
solar activity is low for extended periods while demand is high. In
this context, green energy carriers like hydrogen, ammonia, or iron
present viable options. Iron, in particular, has a high volumetric energy
density at ambient temperature and pressure and is non-toxic, mak-
ing it an exceptional energy carrier. Moreover, an iron-based circular
energy economy for carbon-free energy supply offers synergies with
the decarbonization of the steel industry and benefits from the reuse
of existing infrastructure. This alignment can lead to significant cost
savings and reduced implementation times. Current advancements in
the steel industry are focused on green reduction processes utilizing
hydrogen, which are often denoted as ‘‘no-regret’’ applications for
green hydrogen. These processes are expected to become economically
viable and widely adopted within the coming decade(s). When inte-
grated with the repurposing of existing transportation and electricity
generation infrastructure – such as retrofitting coal-fired power plants –
the iron-based energy cycle investigated in this study also emerges as a
‘‘no-regret’’ option. This approach serves multiple purposes: it mitigates
the challenges associated with local renewable energy scarcity, enables
long-term energy storage, and promotes power security.

Despite the growing interest in iron as an energy carrier, the litera-
ture features only few initial cycle evaluations. This study addresses
this deficiency by developing and assessing comprehensive thermo-
dynamic models for the individual sub-processes and the overarching
iron-based energy cycle. Moreover, thorough sensitivity analyses have
been performed to identify critical sub-processes and their respective
parameters. Subsequently, the key finding are highlighted.

Storage of renewable energy: The flash reactor hydrogen direct re-
duction is superior to the shaft furnace hydrogen direct reduction
(63.7% vs. 57.3% net storage efficiency for a reference case), primarily
by sidestepping additional particle size alignment processes. Sensitivity
analyses identify the electrolyzer efficiency as important for both hy-
drogen direct reduction plants, the achieved reduction degree for the
shaft furnace concept, and heat recovery measures for the flash reactor
concept.

Transport and intermediate storage: Iron and iron oxide fines can be
transported, stored, and handled using established protocols for bulk
solids. Existing infrastructure can be utilized (e.g. existing bulk solid
vessels) rather than building a new fleet (e.g. as required for hydrogen
transport), which might take decades. The extent of unwanted re-
oxidation of the iron (oxides) can differ based on handling methods
(i.e. low versus high effort). This undesired depletion affects the net
cycle efficiency at the reduction sites more significantly than at the
oxidation sites, due to increased energy demand for the transport and
additional inefficiencies during the release.

Release of renewable energy: The transformation of coal-fired power

plants (CFPPs) to iron-fired power plants (IFPPs) is thermodynamically
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Table 12
Absolute values of the Morris sensitivity means for the overarching cycle.

Parameter Electrolyzer Red. degree Oxidation during Ox. degree Material Nanoparticle Transport Specific
efficiency storage intermediate storage release losses formation distance fuel demand

𝜂ely [%] 𝑋red,sto [−] 𝛥𝑋ox,is,1 [−] 𝛥𝑋ox,is,2 [−] 𝑋ox,rel [−] 𝑥mat [−] 𝑥nan [−] 𝑑tra [103 km] 𝑓𝑑tra [a]

Cycle+ FR 0.38% 4.8% 30.6% 20.7% 7.8% 27.5% 1.2% 0.14% 0.1%
Cycle+ SF 0.29% 21.4% 27.5% 17.0% 8.5% 24.6% 1.0% 0.12% 0.08%

a kWh∕(103 km t).
A

S

R

advantageous. The results showcase the capability of IFPPs to outper-
form CFPPs in net efficiencies (up to 2 percentage points), even under
ess-than-ideal conditions such as incomplete conversion or limitations
n allowable combustion temperatures. For the latter, flue gas recir-
ulation appears to be a promising option for matching combustion
onditions to potential requirements.

verarching cycle: For the overarching cycle, net efficiencies (power-
o-power) range from 24.6% to 28.4% for the SF-HDR and 27.6% to
1.8% for the FR-HDR considering reference and best case assumptions.
otably, from an energetic point of view, the formation of nanoparti-
les does not have a meaningful impact on the cycle efficiency.

As the global need for renewable energy on demand intensifies,
nergy carriers like iron offer promising solutions to balance demand
nd supply, especially in regions with limited self-sufficiency. The study
ighlights that an iron-based circular energy economy is not just a
iable option but one that deserves increased focus, further research,
nd investment. Given its unique attributes and compatibility with
xisting industries and infrastructure, iron is well-suited to play a
ignificant role in the transition to a more sustainable, reliable energy
uture.
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