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This study addresses the direct reduction of iron ore with hydrogen and solar energy as the process heat source
for clean iron/steel making and decarbonation of the metallurgical process. A novel rotary-type solar reactor was
designed, constructed and tested for demonstration of hydrogen-based direct iron ore reduction under real direct
solar irradiation. Such a solar reactor concept for clean ironmaking has never been implemented before. The
reactor was first simulated to determine the temperature field, gas velocity, and Hy mole fraction contours in the
directly-heated cavity for design validation. The on-sun experimental study focused on reactor testing and
performance analysis (including Fe products yields and quality). The effect of increasing temperature
(>900-1000 °C at the cavity center, depending on cavity size) or Hy flow rate (0.5-1-2 NL/min), and decreasing
particle size on promoting the reduction extent was emphasized. Two different cavity designs and materials
(stainless steel and mullite) were also considered to show their impact on the process performance. Using a
ceramic cavity with smaller diameter allowed reaching higher temperatures over 1000 °C at its center, with
faster heating rates and enhanced conversion. High Fe,O3 particle conversion up to 100 % was obtained based on
continuous quantification of the Hy consumed by the reduction reaction. Solid products analysis (XRD, SEM/
EDX) confirmed the production of pure Fe by the solar-driven process, therefore offering a promising route
toward sustainable solar metallurgy.

1. Introduction or natural gas-based DRI process still generates GHG emissions and re-

quires carbon capture and storage (CCS) to reduce its carbon footprint.

Decarbonation of the iron and steel making industry represents a
major challenge to reduce the CO, emissions from this energy-intensive
sector. Steel is mainly produced by reducing iron ore through the blast
furnace — basic oxygen furnace route (BF-BOF) or by recycling steel
scrap in an electric arc furnace (EAF). Iron and steel sector releases ~7 %
of total CO, emission and 16 % of total industrial emission [1]. The BF-
BOF route uses approximately 18 GJ/t of energy supplied from coal, and
has an emission intensity of ~1.87 tcoa/tsteel, 70 % of greenhouse gas
(GHG) emissions coming from the reduction step using coke and coal
[2-4]. As an alternative route, direct reduction of iron (DRI) consists in
extracting oxygen from chemical reduction of iron ore (in pellet and/or
lumpy form) or other iron bearing materials in solid state reactions, thus
without involving its melting as in the blast furnace process. The so-
produced sponge iron is then melted with carbon in EAF to produce
steel. Different reducing agents can be considered such as Hy and CO
produced from reformed natural gas, syngas, or coal. However, the coal
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Using carbon-free or bio-based reducers (e.g., Hy, NH3, biogas, biomass,
etc.) is thus a suitable option to eliminate CO, emissions of the reduction
step. For instance, the DRI process with Hy is based on the following
global reduction reaction [5]:

FeyO3 + 3Hz — 2Fe + 3H0(g) AH° = 97.5 kJ/mol (€D)]

Below 570 °C, magnetite (Fe3Oy4) is the only formed intermediate
before reduced iron. Above 570 °C, hematite (Fe;O3) is first reduced to
magnetite and wuestite (FeO), and the reduction of FeO to Fe is the
limiting step of the overall reaction kinetics. The reduction mechanism
of iron ore with Hj or syngas has been previously investigated [6-8] and
several parameters affect the kinetics [8-11]. The use of NH3 reducer
was also considered [12]. Hydrogen reduction for steelmaking repre-
sents a COy-free approach, provided that green hydrogen from renew-
ables can be produced in sufficient amounts [13]. The most common
route for green Hj is electrolysis of water, but other routes not relying on
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Fig. 1. Scheme of the windowed directly-irradiated cavity-type solar reactor designed for the continuous reduction of iron ore: (a) 3D cross-section, (b) 2D view of
the solar reactor and operating principle with gas flow inlets/outlet and particle injection/recovery.

electricity can be considered such as solar thermochemical water-
splitting [14] or pyrolysis/gasification processes [15,16].

To further reduce the carbon footprint of steel making, carbon-free
energy sources should be used, such as electrical power or concen-
trated solar heat, to replace fossil fuels. The integration of high-
temperature solar heat in industrial processes (SHIP) is a promising
option for decarbonation of energy-intensive industries. High-
temperature heat is delivered by concentrating solar thermal (CST)
systems to solar reactors in which endothermic thermochemical re-
actions can be carried out. For instance, the solar thermal reduction step
of Fe304 to FeO releasing Oy was investigated as part of two-step redox
cycles for H,O and CO» splitting [17,18]. The use of carbonaceous re-
ducers (CH4, wood or waste biomass) for complete solar reduction to Fe
was considered [19-22]. Besides, various solar metallurgical processes

for metals production (Mg, Zn, Sn, W, Cu, etc.) involving different
carbonaceous reductants such as solid carbon, biochar or methane were
also investigated [23-27]. Solar Hp-based reduction of Fe;O3 cohesive
fine powder was carried out in a vibrated fluidized bed solar reactor,
reaching 98 % of reduction in 50 min [28]. Recently, the production of
pure iron combined with agricultural waste biomass gasification was
demonstrated in a continuously-fed solar reactor [29], and the complete
reduction of iron ore with H, was achieved in a solar packed-bed reactor
at temperatures up to 1000 °C [30].

Hydrogen has a strong potential for decarbonation of the hard-to-
abate industrial and transportation sectors. Moreover, using solar en-
ergy for process heat in place of fossil fuels is a means to reduce the
dependence of metallurgical processes on conventional energy resources
and to avoid emissions of CO; and other pollutants, for the production of
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Fig. 2. Pictures of (a) solar reactor at the focus of a horizontal axis solar dish concentrator, (b) continuous particle flow with cavity rotation during cold injection
tests (particles entrained to the left due to cavity rotation), (c) cold rotating cavity with three thermocouples inserted from the back and reacted iron products (the
front diaphragm with small aperture closing the cavity during solar tests is not installed).

Table 1

Materials physical properties used in the CFD model.

Solid zones

Al,03-Si0, insulation

Stainless steel [48]

Density (kg m™>) 400 8030

Thermal 0.0196 + 0.000129-T 23.5 + 0.0016-(T-300) (T <
conductivity (W 1100 K)
m K 25.4 + 1.3-1072(T-1100) (T

> 1100 K)

Specific heat 4.107-T% + 1.3797-10>T2 + 472 +
capacity (J kg™! 1.5987289-T + 13.6-1072.T—2.82-10%/T?
K1 477.6995948

Fluid zones Argon Hydrogen

Density @298 K (kg 1.634 0.082
m™)

Thermal 2.353.10712.1% -4.91077-T? +
conductivity (W 1.289-107°8.12 + 7.856-107*T-5.25.10 >
m 1KY 4.837-107°.T + 0.00483

Specific heat 520.32 + 7.074-10°-T- 13359 + 2.0184.T-
capacity (J kg™! 3.664-107°.T2 1.2506-10~4.T2
K

solid metallic iron. As such, the replacement of carbon-based feedstocks
(such as coke and coal) combined with the use of concentrated solar heat
offers a sustainable alternative pathway for clean ironmaking.

In the field of solar thermochemical processes, different solar reactor
technologies have been developed for the processing of reactive parti-
cles through solid-gas reactions involved for instance in redox cycles for
solar fuels synthesis, thermochemical energy storage (TCES), or cement
production [31-36]. Particle reactors are usually based on packed or
fluidized beds [30,37,38], rotary kilns [39-41], or entrained flow re-
actors (cyclone, drop tube, vortex flow, particle cloud/aerosol, etc.)
[42-44]. Among these technologies, rotary reactors are particularly
attractive as they offer favorable heat and mass transfer due to particle
motion, versatility, and scalability since they are already widely
employed in many industrial processes involving particles. Different
types of solar-heated rotary kilns were developed at lab-scale for parti-
cles calcination (typically limestone calcination [39,45]) or thermal
reduction of oxides (for TCES [35] or ZnO to Zn reduction [41,46]).
However, such a solar reactor concept has never been implemented for
direct reduction of iron ore. In addition, continuously-fed reactors for
solar particles processing have scarcely been demonstrated.

In this study, a novel continuous-flow solar reactor based on rotary

cavity was designed and developed, enabling direct iron ore particles
feeding in the heated chamber and reaction products extraction. The
production of renewable iron was never demonstrated before in a
particle-fed solar reactor prototype under real concentrated solar flux.
The reactor was modelled, constructed, and tested at the focus of a high-
flux solar concentrator, targeting continuous iron production. The
experimental performance evaluation included determination of chem-
ical conversion of iron ore, reaction progress monitoring through
continuous gas analysis, and solid products characterization. The ex-
periments aimed to demonstrate the process feasibility of iron ore direct
reduction and the reactor reliability under real concentrated solar flux,
with relevant scalability potential, thus paving the way toward sus-
tainable iron and steel production.

2. Experimental methods
2.1. Solar reactor design

The whole experimental system is composed of a solar concentrating
system, a solar reactor, a particle feeding system (for iron ore injection),
a solid recovery unit, and a gas analysis system for measuring outlet Hy
concentration. The novel solar reactor is based on a rotating cavity
concept enabling the continuous injection and extraction of particles
under controlled atmosphere (Fig. 1a). This design was developed for
experimental testing of direct iron ore reduction at the focus of a hori-
zontal axis solar furnace, and to determine the product yields as a
function of the main operating parameters such as temperature, oxide
particle size, or gas flow rates.

The cavity is made of stainless steel (304L) with an internal helical
path (thread step: 21.11 mm, depth: 2.98 mm fixed empirically) to guide
the particles during their progression on the wall along the cavity length
from their injection at the back to the front of the reactor. In addition,
the internal wall of the cavity is slightly inclined (5.89° angle) to favor
the flow of particles toward the front, thus exhibiting a conical like
shape (cavity inner diameters: 60 mm back and 80 mm front, outer
diameter: 92 mm, length: 97 mm, volume: 376 cm®). The cavity back is
closed by a 5 mm thick stainless-steel plate with a central opening for the
passage of the screw feeder. The cavity front is covered by a diaphragm
made of alumino-silicate insulation with an 18 mm diameter aperture to
let enter the concentrated solar radiation (with a 120° opening angle).
This aperture allows for maximum radiation absorption inside the cavity
receiver, while minimizing re-radiation losses toward the environment.
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Fig. 3. Steady-state distribution profiles of (a) temperature, (b) gas velocity, and (c) H mole fraction of the reactor 2D cross section.

The whole cavity is insulated by alumino-silicate fiber boards (poly-
crystalline mullite/alumina wool, diameter 260 mm, length 200 mm) to
reduce conductive heat losses, as shown in Fig. 1b.

As a variant, another cavity made of refractory ceramic was also
tested to study the effect of the cavity material on the particle flowability

and on the ore conversion at higher temperatures. The considered cavity
has a smooth internal wall with a 3° tilt angle (inner diameters: 55 mm
back and 65 mm front, outer diameter: 80 mm, length: 102 mm, volume:
289 cm®). High-temperature resistant mullite material was selected (62
% Aly03, 33 % SiOs, 0.5 % Fe;03, 0.5 % TiOs, density 2.2 g/cm®, 20 %
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Table 2
Experimental conditions and results of the iron ore direct reduction with H, in the continuously-fed solar reactor using different cavities (Runs #1-4: stainless steel
cavity, Runs #5-7: mullite cavity).

Run Iron ore Ar flow H, inlet T2 average Iron ore Mass of Theoretical Hy Actual Hy Conversion Total
# particle rate flow rate  value at mass recovered iron  consumption for consumed by reached, reaction
size (NL/ (NL/ steady state injected (g) product (g) complete Fe;O3 the reaction OFe203 duration
min) min) ({9} conversion (NL) (NL) (min)
Inlet 1
+ Inlet
2
1 1-2 mm 1+05 1 940 40 29.44 16.16 14.01 86.7 % 55.60
2 1-2 mm 1+05 1 930 30 21.26 12.12 11.04 91.1 % 62.32
3 <0.25 mm 1+05 1 920 39 24.55 15.76 14.95 94.9 % 67.28
(powder)
4 1-2 mm 1+1 0.5 930 30 23.79 12.12 7.22 59.6 % 61.68
5 1-2 mm 1+05 1 1030 30 21.37 12.12 11.38 93.9 % 55.25
6 <0.25 mm 1+0.5 1 1040 39 26.06 15.76 15.10 95.9 % 68.82
(powder)
7 1-2 mm 1+1 2 1020 31.9 20.56 12.92 12.91 99.9 % 42.85
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Fig. 4. Evolution of (a) DNI, reactor pressure, and gas flow rates, and (b) reactor temperatures, outlet H, mole fraction, and conversion during iron ore particles
reduction with H, (Run #1: 40 g, 1-2 mm particle size).

open porosity, stable up to 1600 °C). Moreover, it is more resistant to temperatures to promote the reduction reaction kinetics.
thermal shocks than pure sintered alumina. The main expected benefit The reactor chamber is closed at the front by a hemispherical
of using ceramics instead of the metallic cavity was to operate at higher transparent glass window to operate under controlled atmosphere. A
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Fig. 5. Evolution of (a) DNI, reactor pressure, and gas flow rates, and (b) reactor temperatures, outlet Hy mole fraction, and conversion during iron ore particles

reduction with Hy (Run #2: 30 g, 1-2 mm particle size).

flow of inert gas (Ar with >99.999 % purity, 1 NL/min) is injected
through the window (via a gas inlet located at the front) to purge the
window area. An additional Ar flow (0.5 NL/min) is injected upward
from the reactor bottom to sweep the cavity exit zone and carry the
produced steam toward the reactor outlet located at the top, as shown in
Fig. 1b. The particle feeder is composed of a stainless-steel screw (di-
ameters: 14x8 mm, step: 10.5 mm, length: 545 mm) and an airtight
hopper (0.9 L) through which the reactive gas (Hy with >99.9999 %
purity) is injected (Fig. 1a). Hence, both the ore particles and Hy enter
together the cavity from the backside center. After exiting the cavity at
the front side, the reacted particles fall by gravity inside a collection tank
located underneath. The gas flow rates are regulated by mass-flow
controllers (Brooks Instruments model SLA5850S, range: 0-2 NL/min,
precision: +0.2 % of full scale). The rotation of the cavity and of the
screw feeder is ensured by two direct current motors with controllable
rotational speed (depending on the applied voltage), and positioned at
the rear of the reactor (Fig. 1a). Prior to experiments, a calibration of the
motors was performed to adjust the residence time of particles in the
cavity (fixed by the rotation speed of the cavity) and the feeding rate of
particles (fixed by the rotation speed of the screw feeder).

The reactor is positioned at the focal point of a horizontal-axis solar
furnace composed of a sun-tracking heliostat and a 2 m diameter

parabolic concentrator (with 0.85 m focal distance), providing solar flux
density with a Gaussian distribution and peak flux of 16 MW/m?. The
incident solar flux can be regulated thanks to a shutter positioned be-
tween the heliostat and the parabola, which is used to control the
heating rates and the operating temperature in the reactor.

The reactor temperatures are measured by three type K thermocou-
ples inserted from the backside of the cavity measuring the temperatures
at three distinct locations (position of T1: 90 mm, T2: 55 mm, and T3: 10
mm from the back cavity wall). The thermocouple most exposed to solar
radiation is shielded with an extra alumina protective sleeve and slightly
bent (to be placed nearer to the wall and not at the cavity center axis).
These thermocouples provide the temperature of the surrounding wall/
solid due to thermal radiative equilibrium. In addition, an optical py-
rometer (Heitronics KT15, 4.9-5.5 pm, range: 400-1900 °C, emissivity
set to 1) is positioned at the reactor front and measures the temperature
in the region around the tip of the screw exiting inside the cavity
(through a CaF, window fixed at the top of the glass window). The
reactor pressure is measured by different sensors (Keller PAA23, range
0-2 bar, accuracy: +0.5 % of full scale), measuring the pressures inside
the cavity and at the gas inlets/outlet (P1-P4).

The outlet gas flows through a condenser and a desiccant column to
remove water formed by the reduction reaction, and the H
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reduction with Hp (Run #3: 39 g, <0.25 mm particle size).

concentration is then continuously measured by a gas analyzer (Emerson
NGA2000) equipped with a thermal conductivity detector (scale: 0-50
%, precision: +1 % of full scale). All the process parameters (gas flow
rates, temperatures, pressures, gas concentrations) are recorded by a
Beckhoff data acquisition system every 1 s.

2.2. Materials and methods

Solar experiments were carried out to investigate the performance of
iron ore reduction and determine the oxide conversion during contin-
uous solar operation, while analyzing online the evolution of outlet Hy
concentration to monitor the reaction progress. Fig. 2 illustrates the
solar reactor operation during heating at the focus of the solar furnace,
as well as the inside of the rotating cavity with progressing particles after
their injection from the screw feeder.

To sum up the operating mode, the reactor was first solar heated
without particles injection, then Hy was added to reach the given con-
centration at the outlet. This allows checking that the inlet and outlet Hy
flow rates are equal. Once the outlet Hy concentration was stable and
equal to the inlet value (baseline), the iron ore particles were injected
via the feeding system, with outlet gas analysis to precisely quantify the
amount of Hy consumed by the reaction (i.e., continuous monitoring of
the oxygen removed from the oxide). The injection was done in several

steps and the cavity rotation was stopped for periods to warrant long
enough reaction duration. When the H; concentration reached back to
the baseline value, the iron product was extracted by rotating the cavity.
After reactor cooling, the iron product was recovered in the tank and
remaining dust in the cavity was removed by vacuum cleaner. Such an
operating mode was selected based on the high particle residence time
required to approach complete conversion. With an upscaled reactor
and higher cavity length, the particle residence time would be longer,
which would favor the reaction completion. In this lab-scale reactor
(with ~100 mm of cavity length), it was necessary to stop cavity rota-
tion for a period to allow complete conversion before injecting new
particles.

Iron ore pellets (supplied by ArcelorMittal) were used as a raw high-
grade material containing the following main impurities (H20: 1.6 %,
SiO2: 1.68 %, AlpOs: 0.36 %, CaO: 0.58 %, MgO: 0.30 %, TiOz: 0.15 %).
The raw pellets (spherical granules of 10-15 mm size) were crushed and
sieved in distinct size fractions to obtain the ranges of particle sizes used
in this study (1-2 mm and <0.25 mm with bulk densities of 1.57 and
2.07 g/cm?, respectively). For the raw powdered samples obtained after
crushing, the particle size distribution was measured by laser diffraction
analysis with dry dispersion method using a Malvern Mastersizer 3000
instrument. The powder showed the following granulometric charac-
teristics: area-weighted mean diameter D[3,2] = 17.1 pm, volume-
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reduction with H, (Run #4: 30 g, 1-2 mm particle size, 0.5 NL/min Hy).

weighted mean diameter D[4,3] = 94.2 ym, median diameter Dv(50) =
66.0 um, and 90" percentile diameter Dv(90) = 223.7 um. The BET
surface area (measured by Ny adsorption at 77 K after degassing at
100 °C overnight) was 0.96 m2/g for powder vs. 0.44 m?/g for particles,
and was mainly ascribed to the external surface because the materials
are not porous. The mass fraction of Fe;Os in iron ore was assumed to be
96 + 1 wt% (confirming the percentage of impurities), based on direct
reduction experiments by thermogravimetric analysis that was carried
out to determine the reducibility potential of the raw material [30].
Prior to solar tests, a given mass of the raw iron ore was weighted (with
+0.001 g precision) and loaded in the hopper of the feeding system for
injection in the reactor.

Powder X-Ray diffraction (XRD) analysis was performed on the fresh
and reacted samples using a Panalytical X’PERT PRO diffractometer
with the Cu Ka radiation (aCu = 0.15406 nm, angular range = 10-90°,
20, tube current 20 mA, potential 40 kV). The diffraction patterns were
used to identify the main iron phases in the collected products and to
assess the extent of ore reduction to metallic Fe. The morphology and
microstructure of the materials were observed by Field Emission Scan-
ning Electron Microscopy (FESEM - Zeiss sigma 300), completed by EDX
analysis (Energy Dispersive X-ray Spectroscopy, Aztec EDX — Oxford

Instruments, voltage of 15 kV) for elemental distribution.
The maximum iron oxide weight loss due to oxygen release, corre-
sponding to a complete reduction of Fe;Og3 to Fe, is expressed as:

mO,max/mFe203 =3e MO/MFe203 = 30% (2)
where Mg and Mgez03 are the molecular weight (g/mol) of oxygen atom
and Fe,Os3, respectively, mo max is the maximum mass of oxygen released
from iron oxide, and mgey03 is the initial oxide mass (g).

The iron oxide conversion was calculated by quantifying the amount
of Hy consumed by the reaction, based on the measured Hy mole fraction
at the reactor outlet for continuous reaction progress monitoring.

The time-dependent outlet Hy flow rate (Fygy, NL/min at normal
conditions 0 °C, 1 atm) was first determined from the outlet mole
fraction (ygo) and the total Ar flow rate (Fa,):

FHz,out:FAr'sz/(l _sz) (3)

The total mole amount of Hy consumed by the reaction (corresponding
to the difference between inlet and outlet Hy, integrated over the reac-
tion duration) and the resulting FeoO3 conversion were then calculated:
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Fig. 8. Evolution of (a) DNI, reactor pressure, and gas flow rates, and (b) reactor temperatures, outlet H, mole fraction, and conversion during iron ore particles

reduction with H, (Run #5: 30 g, 1-2 mm particle size).

t

ny, = /(FHZ,in - FHZ,out)/Vm o dt (4)

0
QFey0,= N, [ 3Npe,0, %)

with nyy: total amount of Hy consumed by the reaction (mol), Vy,: molar
volume (22.4 L/mol at 0 °C, 1 atm), D, 0, : initial mole amount of Fe;O3
(mol), are,0, :Fe203 conversion.

3. Results and discussion
3.1. Preliminary CFD simulation of the solar reactor

Computational Fluid Dynamics (CFD) modelling was used for
simulation of solar reactor operation and design validation. A 2D
axisymmetric model (Ansys Fluent) was developed including coupled
fluid flow, heat and mass transfer to determine the steady-state tem-
perature distribution and gas velocity profile in the reaction chamber.
The particle flow and chemical reaction were not included. Such thermal
simulations were carried out chiefly to validate the cavity dimensions to
reach the targeted reaction temperature with the available solar power

input of the concentrating system.

The initial mesh was designed by the ICEM software and was
composed of 2055 cells, 4825 faces, and 2287 nodes (maximum mesh
size: 0.858 cm and minimum size: 0.0971 cm, using quad dominant type
mesh). A solar flux density with Gaussian distribution is specified at the
front aperture:

r—ro.2

fr)=Fe " r 6)

where F; is the peak radiative flux at 10551 kW m~2, rq is the position
correction coefficient, r is the position, and p is the standard deviation.
The fitting parameter of ry is O (indicating that the concentrated radia-
tion is maximum at the aperture center) and the fitting value of p is
0.0048. This radiative flux is considered as a semi-transparent boundary
condition and a diffuse radiation source (no directional characteristics)
is assumed entering the blackbody-like cavity receiver. Regarding the
external wall boundary, the outer reactor wall is subjected to convection
and radiation exchanges with the environment at room temperature.
Coupled conditions for interface boundaries are applied to every inter-
nal wall inside the reactor. The emissivity of the internal gas-solid
coupled walls (stainless steel) is set at 0.7. Concerning the gas inlets (Ar
at the front aperture and Hj at the central tube also used to inject
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Fig. 9. Evolution of (a) DNI, reactor pressure, and gas flow rates, and (b) reactor temperatures, outlet H, mole fraction, and conversion during iron ore powder

reduction with H, (Run #6: 39 g, <0.25 mm particle size).

particles), a mass flow inlet condition is specified. The set flow rate is
1.5.10°° kg s~! (1 NL/min) for injected Hp and 3.107° kg s~1 (1 NL/min)
for Ar. At the outlet, the condition of pressure outlet is specified. The
flow regime in the reactor is laminar and the incompressible ideal gas
model is applied for the gas density determination. A mixture of species
(Ar, Hp) is considered in the flow and the mass diffusion of mixture gases
is controlled by the species transport model. The species transport
equations allow to compute the local mass fraction of each species,
through the solution of a convection—diffusion equation for each species.
Physical properties of materials are listed in Table 1. The model solves
the coupled momentum, energy, radiation, and mass transport equa-
tions [47]. The radiative heat transfer is treated using the Discrete Or-
dinates (DO) radiation model. A mesh independence checking was
carried out beforehand to warrant that the selected mesh was sufficient
to provide stable and independent results. The cell number was
increased from 2055 to 8220 and 32,880 cells, as shown in Fig. S1
(Supplementary Material). The mesh was refined in the cavity whereas a
coarser mesh was used for the solid insulation parts. In Fig. S2, the
temperature was plotted as a function of the distance along the sym-
metry axis between x = 0 at the backside (H; inlet) and x = 0.23 m at the
front aperture. The steady state temperature at a monitor point (located
at the center of the reactor cavity at x = 0.16 m) for the three mesh sizes
was 1086 °C, 1100 °C, and 1084 °C respectively, thus representing a low
variation of about 15 °C (temperature difference remaining below 1.4
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%). The temperature profile along the reactor axis (Fig. S2) was not
drastically influenced by the mesh size, especially in the cavity zone
(between x = 0.12 and 0.20 m).

The temperature contour, shown in Fig. 3a, reveals a relatively ho-
mogeneous temperature distribution inside the cavity (1000-1150 °C),
and the efficient role of the insulating zone keeping the outer reactor
walls at low temperature. The maximum temperature of the metallic
cavity reaches 1260 °C for the available solar power input, thus
appropriate for the DRI reaction. The Ar flow from the front aperture
enters the cavity toward the back as shown by the gas velocity contour
(Fig. 3b), and the Hy molar fraction within the cavity near the walls is
close to 0.5 (Fig. 3c). These simulations confirmed the suitability of the
reactor design and cavity size for uniform heating of the whole reaction
zone while reaching the required reaction temperatures.

Future simulations will be used to optimize the reactor design and
geometry with reactive particles as well as the operating conditions
(solar concentration/flux density, solar power input, reactant feed rate,
etc.). A special attention will be paid on the reactor design to achieve
both limited and controlled thermal gradients in the reaction chamber
and maximum solid residence time for ensuring complete ore conversion
and selective production of iron.
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Fig. 10. Evolution of (a) DNI, reactor pressure, and gas flow rates, and (b) reactor temperatures, outlet H, mole fraction, and conversion during iron ore particles

reduction with Hy (Run #7: 31.9 g, 1-2 mm particle size, 2 NL/min Hy).

3.2. Solar reactor testing and experimental performance analysis

This section is related to the on-sun testing and analysis of the solar
reactor performance. Different solar experiments were carried out to
optimize the reduction extent and to investigate chiefly the effect of
particle size (mm-scale particles vs. pm-scale powder), gas flow rates,
and type of cavity on the global reactor performance and particle con-
version. The outlet gas composition was measured continuously to
determine the conversion and the recovered solid iron products were
also characterized (by XRD and SEM/EDX). Table 2 summarizes the
main experimental conditions and results of the direct reduction of iron
ore with Hy in the solar reactor. On the basis of the combined un-
certainties on the Hy mole fraction analysis, gas flow rate, and initial
iron ore mass, the maximum relative uncertainty on the calculated
chemical conversion oge203 (Eq. (5)) is +1.5 %.

3.2.1. Iron ore solar reduction in the metallic cavity

In Run #1, a total of 40 g (+0.001 g) of iron ore (1-2 mm particle
size) was loaded in the particle feeder and the feeding was split in three
stages (corresponding to ~13.3 g injected during each stage). Fig. 4
shows the evolution of the different measured data (Direct Normal
Irradiation DNI, gas flow rates, cavity pressure, temperatures, and Hy
mole fraction). The heating period of the solar reactor was over ~1 h.
The cavity temperature showed a temperature gradient between the
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irradiated front and the rear (maximum values measured at T1 at the
cavity front), and the temperature difference between T1 and T3 was
about 100 °C (+10 °C) at thermal equilibrium (due to the thermal
gradient in the axial direction because the solar radiation entered from
the front face of the cavity). The measured temperatures at T1 and T3
were ~1000 °C and 900 °C. A lower temperature of about 800 °C was
measured at the screw feeder tip by the pyrometer (Tpyr,), likely due to
an underestimation because the emissivity was set to one. Actually, the
real temperature value in this zone thus lied between the measured
temperatures of Tpy, and T3. The control temperature was taken at T2
(~940 °C) located in the central zone of the cavity. The solar power
applied to reach these cavity temperatures was in the range 1300-1400
W.

Hy was first injected alone in the cavity before iron ore particle in-
jection in order to establish the baseline used for quantifying the amount
of Hy consumed by the reaction and the conversion (Egs. 4-5). The
amount of Hy consumed corresponded to the area between the baseline
and the curve of Hy measured during reaction. A step-increase of the Hy
input flow rate resulted in a slow response of the H; signal at the reactor
outlet after the step Hj injection due to the high reactor volume
(~20-25 min needed to reach the nominal outlet Hy concentration).
Once the Hy concentration at the reactor outlet reached the nominal
value (40 %), the particle feeding was started (at 4.2 g/min feeding rate
during ~190 s) with a temperature in the cavity front above 1000 °C
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of H, flow rate on the reduction rate.

(T1). The feeding duration was fixed to inject ~13.3 g in the cavity.
Simultaneously, after periods of 30 s, the cavity was rotated during 30 s
sequentially twice (total rotation time: 1 min at 4.8 rpm — round per
minute), to homogenize the particles along the cavity length. This
ensured a more even distribution of the particles while ensuring they
were not removed from the cavity since the residence time of particles in
the cavity would be about 80 s with a cavity rotation at 4.8 rpm (which is
the minimum rotation speed given by the motor). To ensure longer
residence times and high enough reaction duration, the cavity rotation
was thus stopped to keep the particles in the hot cavity as long as the
reaction was still in progress, as monitored by the outlet Hy gas analysis.

As soon as the particles entered the heated cavity, the outlet H, mole
fraction started to decrease. Then, the injection was stopped and the
reactor was maintained under stable conditions during 10 min (without
rotation), which resulted in the increase of the Hy concentration during
the progress of the reduction reaction. The same procedure was further
repeated twice to complete the particle load injection. Finally, the last
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step consisted in waiting that the Hy mole fraction increased to approach
its nominal value (40 %), which witnessed that the reaction approached
completion. However, this last step was not fully reached, which
resulted in a final conversion of ~87 % after 55.6 min of reaction. The
reaction was thus not fully completed when Hy was stopped. The ob-
tained conversion corresponded to 14.01 NL of Hy consumed by the
reduction reaction to remove oxygen from Fe;O3 (16.16 NL theoretically
required for a full conversion). Accordingly, the mass of recovered Fe
products was lower compared to the initial iron ore mass injected
(Table 2), due to the loss of oxygen (a complete Fe;O3 reduction to Fe
would correspond to about 30 % of mass loss according to Eq. (2)).
The objective of the next runs was then to enhance the iron ore
conversion. The amount of loaded iron ore was lowered to 30 g in Run
#2 and the other conditions were kept identical to Run #1. All the
recorded measurements and conversion results are illustrated in Fig. 5.
The heating duration of the solar reactor was shortened to around 45
min. The particle feeding period was divided in two stages (each with 15
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Fig. 13. FESEM image and EDX mapping of iron particles obtained in Run #7.

g fed during ~214 s, waiting time: 16 min in 1% stage, 44 min in 2

stage) and the final waiting time after the second injection period was
long enough to ensure that the H concentration returned to the initial
value, so that the reaction approached completion after about 1 h. The
much longer duration of the ond stage was also partly due to sharp
variations of the solar DNI due to passing clouds, causing instabilities
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and temperature drops. As a result, a final calculated conversion of ~91
% was reached based on the total amount of Hy consumed (11.04 NL
versus 12.12 NL of Hy required for a complete conversion).

3.2.2. Influence of particle size and H flow rate on conversion
The effect of the size of iron ore particles on the reaction extent was
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Fig. 14. XRD analysis of raw iron ore and collected Fe products (Runs #1 to
#7) after reduction in the solar reactor.

investigated in Run #3 (Fig. 6). Iron ore powder (40 g) was used instead
of particles, while keeping the same operating conditions as in previous
runs with T2 of about 900-925 °C. The particle size after sieving was
below 0.25 mm and such a powder contained a mix of the finest crushed
particles and dust, with an external surface area inversely proportional
to the diameter. The injection period was divided in three stages (13.3 g
each) and the final conversion reached about 95 % after stopping the Hy
injection (14.95 NL of Hy consumed), once the Hy mole fraction
approached its initial value. It can be concluded that the fine ore par-
ticles promote the reduction reaction due to a higher external surface,
since the final conversion is slightly enhanced in comparison to Run #1,
although the time to reach maximum conversion is globally unchanged
(about 1 h).

Finally, the effect of the Hy flow rate on the reactor performance was
studied in Run #4 by considering half of the H; flow rate of Run #2 (0.5
NL/min instead of 1 NL/min). Fig. 7 shows the time evolution of all the
measured data and iron ore conversion. The total Ar flow rate injected at
the reactor front inlets was 2 NL/min. The outlet H, concentration was
thus 20 % at the baseline and two injection periods were settled (15 g fed
during 214 s in each stage and cavity rotation twice during 30 s). The
final conversion reached about 60 % after one hour of reaction, which
definitely confirms that a lower H; flow rate drastically decreased the
reaction extent. A longer reaction duration would thus be required to
enhance the final conversion. Actually, based on the amount of iron ore
fed (30 g), the theoretical amount of H, required for complete reduction
can be calculated (corresponding to 3 times the amount of Fe,O3 based
on the reaction stoichiometry). This equates to 12.12 NL of Hy consumed
for a complete Fe,O3 reduction (whereas only 7.22 NL of Hy was
consumed by the reaction in this run). It is thus normal that increasing
the inlet H, flow rate favors the reduction extent as it favors the mass
transfer rate of reacting gas to the reaction site and the diffusion of Hy
gas in the layer of solid particles. Moreover, increasing the Hy mole
fraction was also shown to enhance drastically the rate of the reduction
reaction [30]. Although pure Hy was fed from the cavity back through
the screw path together with the solid particles, it is likely that some
dilution occurred in the cavity space with the inert Ar gas flows injected
from the reactor front, as evidenced by CFD simulation (Fig. 3c).

It can be concluded that a large excess of Hy is beneficial for the
reaction conversion. Therefore, the use of large Hy flow rates is neces-
sary to favor the reduction reaction, which entails a large amount of
unconverted Hj at the reactor outlet. In an industrial process, Hy re-
covery and recycling should be considered to warrant the full
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consumption of Hy, which can be simply achieved by condensing the
outlet water steam and reinjecting the unconverted H; to the reactor
inlet.

3.2.3. Iron ore solar reduction in the ceramic cavity

High temperature operation brings challenges for the long-term
thermal and chemical stability of reactor materials, due to thermo-
mechanical resistance issues, heating/cooling stages, and reducing gas
atmosphere. Thus, a refractory ceramic cavity was considered instead of
the metallic cavity to withstand higher temperatures. Accordingly,
suitable materials should be selected based on different criteria
(maximum operating temperature, resistance to thermal shocks, chem-
ical inertness / compatibility, thermal conductivity and radiative
properties). It must be noted that the previously used metallic cavity
remained intact after the series of solar experiments conducted (Runs
#1-4) without any chemical interaction with the oxide, although the
iron product tended to adhere to the cavity wall.

A cavity made of mullite was used in Run #5 with lower internal
diameters to operate at higher temperatures. Increasing the temperature
was shown to speed up the reduction rate [9], although the formation of
a denser y-Fe phase (above 912 °C) may slow down the kinetics between
900 and 1100 °C due to solid-state diffusion limitation [49]. Fig. 8
confirms that temperatures over 1000 °C were reached at T2
(~1020-1040 °C), while T1 was close to 1100 °C with a constant tem-
perature gap of ~50-60 °C between T1 and T2. The temperature gap
between T2 and T3 was about 110 °C, which means that T3 at the cavity
rear was at a slightly higher temperature (~920-930 °C) than in pre-
vious runs with the metallic cavity. The maximum value of Tpy,, was ~
850 °C, thus 50 °C higher than in previous runs. The mullite cavity thus
exhibits much higher temperatures in the front zone, but the tempera-
ture gradient in the axial direction is more pronounced because of the
lower thermal conductivity of ceramics (1.5 W/m.K for mullite vs.
14-16.3 W/m.K for AISI type 304L stainless steel). The solar power to
reach these temperatures was in the range 950-1000 W. It has to be
noted that the required power to heat the mullite cavity was much lower
than in the case of the stainless-steel cavity due to the lower cavity di-
mensions and internal volume. The heating duration was also signifi-
cantly reduced (less than 30 min). The mullite cavity remained intact
with no impact of solar heating on the material stability, given that the
operating temperatures were much below the maximum temperature
allowed for this material (~1600 °C).

The particle injection was started once the H; concentration reached
40 %. The feeding period was divided in two stages as in Run #2 (each
with 15 g fed during ~214 s, waiting time: 16 min in 1% stage, 37 min in
ond stage) and the cavity was rotated 30 s at 4.8 rpm with 10 s stepwise
in order to ensure particle spreading and motion toward the cavity front.
As a result, after a total reaction duration of 55 min, the conversion
reached almost 94 % (with a total consumption of Hy by the reduction
reaction of 11.38 NL), which is higher than in Run #2 carried out with
the same conditions.

The same ceramic cavity and heating conditions were applied in Run
#6 with ore powder (for a comparison with Run #3 held at lower
temperatures in the metallic cavity). The heating duration was about 40
min and T2 temperature was in the range 1030-1050 °C when the re-
action was carried out (Fig. 9). The feedstock injection was divided in
three stages (13.3 g each). A final conversion of 95.9 % was reached
(corresponding to 15.10 NL of Hy consumed), thus slightly higher than
in Run #5 (with larger particle size) and similar to Run #3. Therefore,
the effect of particle size was confirmed, with a slightly higher conver-
sion for the powder whatever the temperature (Run #2 vs. Run #3 and
Run #5 vs. Run #6 in Table 2). Globally, the total reaction time also
remained unchanged (although the temperature was 100-150 °C higher
than in Run #3). Basically, the reaction duration varied depending on
the amount of reactant injected in the cavity (the reaction is slightly
longer when injecting a higher particle mass in Runs #3 and #6, and the
reaction rate is limited when the H; flow rate is decreased in Run #4).
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Therefore, the kinetic rate was mainly controlled by the Hy reducer
feeding rate as the main limiting factor, rather than being controlled by
the temperature.

The ultimate test, shown in Fig. 10, was carried out with increasing
the H; flow rate to 2 NL/min (Run #7) to assess its favorable impact on
the particle conversion. The Hy concentration before iron ore injection
was 50 % and the temperature was kept identical to previous Runs #5
and #6 (T1 ~ 880 °C, T2 ~ 1020 °C, and T3 ~ 1090 °C). In this case, the
conversion reached about 100 % and the time to reach reaction
completion was much reduced (~43 min), which confirms that
increasing the Hy flow rate strongly promotes the reduction rate.

Fig. 11a summarizes the experimental data regarding the amounts of
Hy consumed/injected, and the resulting global Fe;O3 and Hy conver-
sion (Fe;O3 conversion: ratio of Hy consumed to theoretical Hy con-
sumption (Table 2), Hy conversion: ratio of Hy consumed to the amount
of Hj injected during the reaction period). The amount of injected Hy
varies in the range of 55.6-68.7 NL except in Run #4 (30.8 NL) and #7
(85.2 NL) due to the different inlet Ho flow rates. As a result, the Hy
conversion varies in the range 15.2-25.2 % and it is the lowest in Run #7
due to the highest H, flow rate injected.

A summary of the effect of Hy flow rate on particle conversion is
illustrated in Fig. 11b gathering all the experimental conversion results.
Increasing the Hj flow rate significantly enhanced the reduction rate and
the final Fe5O3 conversion. This confirms that an excess of Hj is required
to hasten the reduction reaction and to favor complete conversion. This
suggests that a high Hy flow rate favors the gas diffusion in the solid
particle layer, and further shifts the equilibrium toward product for-
mation while diluting the steam product. This flow rate effect indicates
that the rate limiting step is likely related to gas diffusion.

The limitation of the current reactor design is related to the short
cavity length (~100 mm long) that would need to be increased to
enhance the particle residence time. Therefore, the cavity rotation was
stopped for periods to increase the reaction duration and allow for
complete conversion. This is a way adopted to warrant that the particles
have sufficient time for the reaction with Hy. With an upscaled reactor
and higher cavity length, the particle residence time would be longer,
which would favour the reaction completion.

Solar tests showed that the conversion process under H; flow is slow
even at cavity temperatures above 1000 °C. The control of the particle
residence time in the heated zone of the solar reactor was identified to be
important [30]. A high residence time at high temperature is crucial for
the process, although not being a sufficient condition for warranting the
complete particle conversion. The Hy reactant also plays a key role.
Indeed, it was also previously highlighted that a large Hy excess (with
respect to reaction stoichiometry) is necessary to favour the reaction
toward Fe product [7,30]. In this work, Hy was fed at only 1 NL/min in
most runs (to avoid overconsumption) and the conversion of 30 g iron
ore theoretically requires the consumption of 12.12 NL Hj, which would
translate in a minimum reaction duration of ~12 min (provided that all
the injected Hy could react with Fe;O3, which is not possible as most part
of the Hj flows out of the reactor and is unconverted: 43.8 NL outlet Hy
in Run #5 for 55.2 NL injected). This therefore explains why much
higher reaction durations were required in practice to convert the iron
ore feedstock. Then, optimized gas and solid flow patterns are required
to enhance the solid—gas reaction. In future works, the reactor modelling
will be a first tool to optimize the reactant feeding rate as a function of
the reactor geometry and dimensions. The solid residence time will also
need to be experimentally varied to optimize particle conversion and Fe
yield as a function of the operating temperature and H» flow rate.

3.2.4. Solid products analysis

SEM analysis shows dense non porous raw ore particles (Fig. 12a,b),
whereas the reduced product features a porous microstructure that is
characteristic of sponge iron (pore diameter below 1 um) with sur-
rounding sintered zones (Fig. 12¢,d). EDX mapping confirms the ho-
mogeneous distribution of Fe element (Fig. 13), whereas O is more
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located in zones where Fe is lacking and overlaps with impurities such as
Ca and Si (suggesting the presence of the corresponding oxides).

The collected products were also analyzed by XRD to determine their
purity/phase composition (iron content). For all the samples shown in
Fig. 14, the main phase was Fe (PDF 87-0721). In Run #4, the material
reduced with 0.5 NL/min H, also contained wuestite FeO (PDF 75-
1550), in agreement with the lowest conversion (~60 %) measured in
this run. The presence of Fe;O3 or Fe3O4 was not detected in the solar-
reduced samples, whereas minor peaks attributed to non-
stoichiometric wuestite phase (Fe;.;O) intermediate product were only
identified in Runs #1 and #3. Hence, these solid products XRD analyses
confirmed the formation of a pure Fe phase from raw iron ore in the
rotary solar reactor. The feasibility of pure Fe production via solar-
driven Hy-DRI was thus demonstrated through identification of the
product composition.

This approach totally eliminates the direct COy emissions of con-
ventional processes based on coal/char reduction or syngas-based DRI.
A life cycle analysis will be required to assess the global environmental
impact of the whole process chain including solar facilities construction
(tower and heliostat field), iron ore extraction/transport, and H, reducer
production. Associated supply costs of feedstocks must also be included
(in addition to the capital cost of the solar concentrating system) when
evaluating the economic feasibility of a large-scale solar plant for iron
production.

4. Conclusion

The objective of this study was to experimentally demonstrate the
feasibility of direct reduced iron under H; atmosphere in a novel rotary-
type solar reactor. The developed reactor prototype offered a suitable
solution for efficient solar heating of the reacting particles, iron ore
particles injection in the solar-heated rotary cavity, and solid products
recovery with reaction progress continuous monitoring. The reactor was
first designed and simulated, before being experimentally tested on-sun
for reliable operation validation and performance evaluation (such as
the products yields as a function of the operating conditions). The in-
fluence of cavity temperature, iron ore particle size, flow rate of injected
Hj reducer, and type/size of cavity was unravelled. High iron ore con-
version was achieved (up to 95 % for powder in the metallic cavity and
96 % in the ceramic cavity at 1 NL/min Hp), resulting in the production
of a high-value Fe-rich solid product, as confirmed by the XRD charac-
terization of the recovered materials. At lab-scale, the conversion rate
was limited by the relatively low Hy flow rate used (1 NL/min) thus
requiring long duration to convert the whole feedstock, and by the low
cavity size hindering the particle residence time. Increasing the Hy flow
rate (to 2 NL/min) enhanced the reduction rate significantly, with a final
particle conversion of 100 %. Thereby, the reduction kinetics was
mainly controlled by the feeding rate of the Hy reducer rather than by
the temperature. Thus, a large H; excess was recommended to hasten the
reduction reaction and reduce the particle residence time, which in turn
makes necessary the recycling of unconverted Hy in a large-scale
process.

The reduction process was successfully demonstrated in the solar-
heated reactor, confirming the feasibility of renewable iron production
from direct ore reduction, and thus paving the way toward decarbon-
ation of the iron and steel metallurgical industry.

Future work will focus on the detailed reactor modelling including
thermal, two-phase flow hydrodynamics, and chemical aspects (solid-
—gas reaction kinetics) for both design optimization and process
extrapolation studies. The performance outputs including gas concen-
tration distributions, particle conversion/Fe yield, and energy conver-
sion efficiencies will be determined. The reactant feeding rate will also
be optimized to match the rate of the chemical reaction, in order to
obtain a suitable particle residence in the reaction chamber while
reaching complete conversion.
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