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Abstract: Recent interest in hydrogen as an alternative fuel for lowering carbon emissions is funding
the exploration of new ways to cleanly produce this molecule. Iron oxides can be used within a process
of chemical looping. More specifically, they can lose oxygens at extremely high temperature in an inert
atmosphere. An alumina receiver could not stand the extreme thermal stress, while steel (AISI 316 and
Inconel Hastelloy c-276) lasted enough for the reaction to start, even if at the end of the process the
receiver melted. Operating at a temperature above 1000 K helped the reaction switch from methane
chemical looping combustion to chemical looping reforming, thus favouring H2 and CO yields. The
gas flow outlet from the reactor reached a percentage up to 45% of H2 and 10% of CO. Carbon dioxide
instead reached very low concentrations. While CO and CO2 reached a peak at the beginning of the
experiment and then decreased, H2 was oscillating around a stable value. Unreacted methane was
detected. The temperatures recorded in the reactor and the gas mixture obtained were used to validate a
multiphysical model. The heat transfer and the chemistry of the experiment were simulated.

Keywords: chemical looping; Concentrated Solar Power; iron oxides; renewable energy

1. Introduction

The necessity of finding innovative ways for producing alternative fuels is becoming
more and more urgent as the climate crisis is showing its effects. By signing the “2030
Climate Target Plan”, Europe committed to reduce greenhouse gases emissions by 55% by
2030, and subsequently to becoming climate neutral by 2050 [1,2] on the path of keeping
global warming under 1.5 ◦C [3]. At the same time, renewable energy usage and improve-
ments in energy efficiency are expected to rise by 32% and 32.5%, respectively [4]. The
urge for a change is visible in every field of our societies; not only the power production
sector but also other industrial sectors feel the need to switch to less carbon-intense pro-
cesses. An option for achieving this goal is the use of abundant renewable energies for the
production and conversion of chemical substances into useful alternative fuels that have
a lower impact on our atmosphere than conventional fuels. Although fossil fuels have
played an important role in technological development, they continue to alter the carbon
cycle. When burning, they release into the atmosphere additional quantities of CO2 which
are not fully reabsorbed by plants and fixed into organic carbon. On the contrary, they
continue to remain in a gaseous form, increasing the atmosphere’s ability to reflect surface
infrared radiation, i.e., heat, and subsequently increasing the average temperature of the
planet [5]. In contrast, fuels from biomass, water and solar energy use carbon that is already
included in the cycle and does not represent an additional source [6–9]. An example of this
process is to use a CSP system to reach high temperatures using CL reactions to produce
solar syngas [10,11]. In fact, with suitable conditions, OC can change its oxidation state and
can interact with other substances to modify its chemical composition [12,13].

In a CL process, the OC is first reduced, losing part of its oxygen atoms (thanks to an
external source of energy, such as the Sun), and it is then oxidized to absorb oxygen from
another substance, such as H2O or CO2 for producing H2 or CO, i.e., a solar syngas [10].
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Following the review work by Tang et al. (2015) [14], recent developments of oxygen
carriers were summarised, among which metal oxides, in which iron oxides are found,
appear to be promising candidates based on their relatively low price, large distributed
material availability and low toxicity [15,16].

When pure iron (a multivalent transition metal) is mixed with oxygen, three different
oxides can be formed:

• Hematite, i.e., Fe2O3, where iron is at the highest state of oxidation, 3 (Fe3
+);

• Magnetite, i.e., Fe3O4, with a state of oxidation of 2.6 (mixture of Fe2
+ and Fe3

+);
• Wüstite, i.e., FeO, where iron is at the lowest state of oxidation, 2 (Fe2

+).

Reducing hematite and magnetite into lower oxidation state oxides consists of high-
temperature endothermic reactions. At 1400 K, the reaction of the reduction of magnetite
into wüstite requires 55 kcal, and ∆G reaches zero at around 2500 K [17]. Iron oxide reduc-
tion has been studied under many different operational circumstances, leading to different
results. A first literature review would suggest several factors involved in this reaction.
One of the first experimental trials was conducted in the Laboratoire PROcédés, Matériaux
et Energie Solaire (PROMES) in Odeillo, France [18]. It has been demonstrated that the
temperature for the reduction was higher than the melting temperature of magnetite Fe3O4
(1808 K) and wüstite FeO (1643 K) [18]. Sibieude et al. [19] have shown that a sample of
magnetite reached 80% conversion after 5 min at 2000 ◦C under a flow rate of 20 l/h of
argon. The same experiment in air reached only 40% conversion [19]. Agrafiotis et al. [20]
explained how surpassing the melting temperature causes additional issues: the liquid
phase immediately reduced the surface of the material, thus causing the deactivation of the
reaction. Moreover, the sample melting requires grinding and sieving after every reduction.
Therefore, many efforts have been made to decrease the temperature level for the reduction
reaction. In practice, it is possible to alleviate this problem by reducing the oxygen partial
pressure inside the reactor [21]. Additional evidence has been presented by the experiment
of Charvin et al. [22] in 2007. They started from hematite and reduced it to wüstite, trying
to obtain the purest oxide possible. They performed cycles by reducing water to yield
hydrogen and magnetite and repeated the reduction under different operating conditions.
At 1700 ◦C, the reduction of hematite into wüstite reached 100% of completion (and subse-
quent melting of the sample). Operating conditions were 0.1 bar of pressure with an inert
atmosphere [22]. Other interesting results showed how to reach a high level of conversion
(90%) of hematite into wüstite at 1600 ◦C at very low total pressure [22]. If the reduction
takes place in a non-inert atmosphere (air), the chemical reaction changes. Examples found
in the literature suggest using methane as a reducing agent. This option was considered
to make the reaction in the solar concentrator (SC) easily reproducible. Methane interacts
with oxygen in the iron lattice, thus initiating methane reforming with complete or partial
combustion. CLPO is the most interesting process for obtaining a syngas mixture, even
in the reduction stage. The most general indication is given by Najera et al. [23], which
explores the range of temperature between 600 and 1000 ◦C. Therefore, several examples
are given to explain how and why these reactions can take place at different temperature
ranges and with different yields [24,25]. Monazam et al. [24] claimed to reach 60% con-
version of the oxide (hematite) at 825 ◦C after 45 min. Lu et al. [25] instead operated at
higher temperatures, around 1000 ◦C, and noted a higher level of conversion in a shorter
time as the temperature increased; 80% was reached between 20 and 50 min, depending
on the type of magnetite used and the temperature (1223 to 1298 K) [25]. Observing the
hydrogen yields per mass of iron oxide, 4.94 mmol/g was found for original magnetite
and 5.25 mmol/g for calcined magnetite [25]. In any case, all these temperatures are far
from the melting point and can therefore be reached more easily in a solar concentrator.
In particular, the work of Monazam et al. [24] was extensively used to investigate the
objectives of the present work. They investigated the reaction of iron oxides with a mixture
of inert gas and different percentages of methane (15–35%) between 700 and 825 ◦C, using
a sample of 60 mg and a total gas flow rate of 45 cm3/s [24]. Studying the kinetics of the
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reaction, the group concluded that a higher temperature causes a greater drift in the degree
of conversion during the initial minutes of reduction [24].

The main objective of the work is to study the reduction reactions within a receiver
placed in the focus of a solar concentrator under real conditions, using iron oxide. To sup-
port the preparation of the experiment under real conditions, two simulations were carried
out using a multiphysical model. A thermal model was used to identify the temperature
distribution in the reactor. The zone with the highest temperature was highlighted. The
chemical simulation provided information on the reaction state of the mixture components
at different temperature levels. The experimental results showed that several obstacles had
to be overcome due to unstable atmospheric conditions and the strength of the materials
used in the case study. Difficulties were found on the part of the receiver materials to
behave stably at varying thermal gradients, both with regard to the ceramic oxides and the
metallic alloys used.

2. Material and Methods

Experimental tests to study the hematite reduction reaction inside a solar concentrator
under real conditions were conducted at the Energy Center of Turin, Politecnico di Torino,
Italy (45.0676 N, 7.6563 E). The concentrator consists of a single solar dish with an aperture
of approximately 2.4 m (Elma net. Srl, TN). The system is equipped with two motors able
to control the azimuth and the elevation of the dish to follow the Sun’s movements in the
sky. Other useful geometric and technical parameters are listed in Table 1 [26]. To further
investigate the effect of methane on hematite, reduction tests were carried out in the focal
reactor by decreasing the required temperature level.

Table 1. Features of the solar dish concentrator.

Symbol Description Value U.m.

Dc Diameter of the dish 2370 mm
f Focal distance 958 mm

yR Depth 370 mm
ϕR Rim angle 61.89 ◦

Co Optical Concentration ratio 8013 -
df Diameter of the focal point 6.41 mm
l Length of the receiver 200 mm
A Area of the concentrator 4.5 m2

P Power of the concentrator 2.8 kW

The machine is designed to contain tube-shaped reactors, as already reported in the
literature from a previous study [27]. This reactor was positioned perpendicular to the
axis of the dish in the fire. Reactors of different sizes and materials were used (99.7%
sintered alumina (Almath crucibles, Newmarket, UK), AISI 316 stainless steel, Inconel
Hastelloy c-276). Glass wool was used to retain iron oxides in reactors with a metal rod.
Commercial hematite (Merck KGaA, Wilmington, DE, USA) was weighed using a precision
balance (Sartorius, DE, USA) to select the amount of powder sufficient to meet the L/D
ratio of 1.5. The material used is a powder with particle size measurements <5 mm and
>96%; the formula weight is 159.69 g/mol with CAS n◦ 1309-37-1. Finally, the reactor
was sealed by inserting another glass wool plug and placing the sample in the desired
position. The experimental setup was equipped with a gas analyser (X-STREAM (Emerson,
St. Louis, MO, USA)) for evaluating the gaseous mixture composition from the reactor. It
works for multi-component analysis, using non-dispersive infrared, ultraviolet, and visible
photometry (NDIR/UV/VIS), paramagnetic and electrochemical oxygen (pO2/eO2), and
thermal conductivity (TCD) sensor technologies, as well as trace oxygen (trace O2) and
trace moisture (trace H2O). The calibration of the system was assessed using the Definer
220 instrument (Mesa Labs, US), with a volumetric flow accuracy of 0.75% [28]. The mass
flow controllers used were able to send inert and gas mixtures to the reactor receiver
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with a range of 0–500 NmL/min (Bronkhorst Mod F-201CV-1K0-AGD-33-V, NL). Two
thermocouples were used for temperature monitoring during the experimental test. A
B-type (Tersid srl, IT) thermocouple was placed on the outer surface, reaching the focal
point with its tip. This is exposed to the strongest and most intense heat flux, as well as to
variable weather conditions. An N-type thermocouple (Tersid srl, IT) was inserted into the
reactor to monitor the internal temperature. The reactor was mounted on the supporting
structure with Swagelok fittings (NL) using Teflon tape to ensure proper sealing. In fact, at
higher temperatures Teflon adheres to extreme connections.

All tests were carried out using a similar procedure. The preferred day to start the
experimental test has to have few cloud formations, high irradiation, low wind speed, low
humidity, and low air pollution. Before starting the test, the 0.3 kW vacuum pump (model
N86 KNF, DE) is activated to extract all residual gases from the line. Once the set-up is
ready, the solar concentrator is switched to automatic mode, tracking the receiver towards
the sun. Once a suitable temperature range (above 750 ◦C) is reached, the reactor is ready
to receive the reducing atmosphere of 65% N2 and 35% CH4. The first element to be sent to
the line is N2, while methane is added when the temperature is reached. It is important
to record the values of the gas mixture released from the reactor after this point. Table 2
contains some of the most important parameters for the tests.

Table 2. Type of material used for the reactor, internal and external diameters of the pipes and
gas speed.

Test Reactor Material DI (cm) Do (cm) Gas Speed (m/s)

#1 Alumina 1.402 1.806 0.045
#2 Alumina 1.402 1.806 0.045
#3 Steel AISI 316 1.537 2.120 0.037
#4 Steel AISI 316 0.771 1.26 0.15
#5 Inconel Hastelloy c-276 0.900 1.385 0.11

Together with the experimental tests, two simulations were performed with COMSOL
Multiphysics. A thermal simulation was required to understand the temperature distribu-
tion inside the powder bed. In this region, it is not possible to obtain data directly from the
thermocouple due to the limited volume. To understand the quality of the simulations, real
data detected during the tests were compared to the temperature values obtained by the
simulation in the same position. The comparison of these values suggests the goodness
of the thermal simulation. As every test apart from #1 and #2 had some different parame-
ters, 4 different geometries and simulations were performed. As the main scope of these
simulations is to achieve a distribution of temperature inside and on the external surface
of the reactor. The only two physics used in the software were “Heat Transfer in Porous
Media” for obtaining the heat transfers and temperature distribution and “Chemistry”
for the thermochemical properties of the ideal gas mixture. The fluid dynamic part of
the simulation was intentionally neglected, even though it influenced the flow velocity
inside the pipe. In fact, due to the low flow rate imposed in the tests and the enormous
amount of solar power collected, the effect on the temperature distribution appeared to be
negligible. Indeed, when starting the flowrate of N2, no significant decrease in temperature
was noticed. Therefore, the simulations were run without the fluid dynamics physics in
order to maintain a much lower computational cost. The general equations used are the
following listed [29]: (

ρCp
)

e f f
δT2
δt

+ ρ f Cp, f u∇T2 +∇q = Q + Qvd (1)

q = −ke f f∇T2 (2)

where
(
ρCp

)
e f f is the effective volumetric heat capacity at constant pressure, and u is the

velocity imposed considering the mass conservation. Q is the heat source, i.e., the incoming
solar power, while q is the heat flux generated in the medium because of the conduction of
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heat. Qvd is the heat generated for viscous dissipation. Different equations were used for
the solid, fluid and porous domains of the system:

ρCp
δT2
δt

+ ρCpu∇T2 +∇q = Q + Qted (3)

q = −ke f f∇T2 (4)

Qted is the heat generated for thermoelastic damping. In the case of the fluid, it must
be remembered that the density is obtained through the ideal gas equation:

ρ =
pa

RsT
(5)

For the porous medium the complete equation is Equation (1), considering that both
heat capacity and conductivity are weighted on the solid and fluids parts, and that θ is the
volume fraction of solid material in porous media and ε is the porosity.(

ρCp
)

e f f = θsρsCp,s + ερ f Cp, f (6)

and
ke f f = θsks + εpk f + kdisp (7)

The boundary conditions are listed below:

• The incoming energy flow on the focal area has a circular shape located at the midpoint
of the tube. This energy flow comes from the second derivative of the heat flow on the
surface. The value set in each simulation depends on the detected direct radiation value.

• An outward convective scattering flow was imposed on the outer surface section of
the receiver, considering the average wind speed.

• The gas insertion and outflow were imposed in the outer section of the pipe. Due
to the low pressures at which the system is operating, the gas can be considered
almost uncompressed.

The control volume and geometry domain has been set to be as close as possible to the
real case:

• The central part, hosting the powder, has the shape of a short cylinder with an L/D
ratio of 1.5. The quantity of charged powders follows, considering hematite powder
density. It has been modelled as a porous medium, as can be seen in Figure 1a.

• Two cylinders of glass wool hold the powder in the central part. They are 2.5 cm long
in each geometry and modelled as a porous medium (Figure 1a).

• The remaining internal part of the pipe is modelled as a fluid (nitrogen) with a velocity
in the axial direction; see Figure 1b.

• The pipe itself is considered as solid. The material depends on the simulation; see
Figure 1c, while the area exposed to the heat solar flux is reported in Figure 1d.

A second modelling campaign was carried out to reproduce the study of the chemical
reactions of the experiment inside the solar receiver. The model chosen is 0-dimensional. The
initial model was only loaded with the complete reaction proposed by Monazam et al. [24],
following Equation (14). Nevertheless, the reaction alone was not effective in reproducing
the empirical results. The proposed stoichiometry does not come close to the measured
quantities of gas leaving the mixture: more CO was produced than CO2. A more detailed
model should then consider all the parallel reactions taking place. The physics of reaction
engineering must first select the type of reactor used and the temperature at which it
operates. For this simulation, the reactor selected had a constant volume. It is assumed that
the gas flow is perfectly mixed in the reactor volume. The temperature was set to approxi-
mately 950 ◦C, due to the results obtained from the thermal distribution. The chemical and
gaseous composition of the mixture was obtained by working on specific parameters.



Catalysts 2022, 12, 1477 6 of 15Catalysts 2022, 12, 1477 6 of 16 
 

 

  
(a) (b) 

  

(c) (d) 

Figure 1. (a) Porous domain. (b) Fluid domain. (c) Solid domain. (d) Area exposed to the heat solar 

flux. 

A second modelling campaign was carried out to reproduce the study of the chemical 

reactions of the experiment inside the solar receiver. The model chosen is 0-dimensional. 

The initial model was only loaded with the complete reaction proposed by Monazam et 

al. [24], following Equation 14. Nevertheless, the reaction alone was not effective in repro-

ducing the empirical results. The proposed stoichiometry does not come close to the meas-

ured quantities of gas leaving the mixture: more CO was produced than CO2. A more 

detailed model should then consider all the parallel reactions taking place. The physics of 

reaction engineering must first select the type of reactor used and the temperature at 

which it operates. For this simulation, the reactor selected had a constant volume. It is 

assumed that the gas flow is perfectly mixed in the reactor volume. The temperature was 

set to approximately 950 °C, due to the results obtained from the thermal distribution. The 

chemical and gaseous composition of the mixture was obtained by working on specific 

parameters. 

𝑘 = 𝐴 (
𝑇

𝑇𝑟𝑒𝑓
)

𝑛

𝑒𝑥𝑝 (
𝐸

𝑅𝑔𝑇
)  (8) 

The Arrhenius expression is representing the reaction constant by making use of 

three parameters [30]: 

• A, which is the frequency factor, indicates the frequency of collisions between reac-

tant molecules at a standard concentration, and it depends on the temperature and 

the activation energy. Moreover, it depends on the rate at which molecules collide 

and on the relative orientation. 

• n expresses the dependency over temperature change. It can be set to zero. 

• E is the activation energy. It is the minimum amount of energy that must be provided 

to compounds to result in a chemical reaction [31]. 

The equilibrium of the reaction is reached when the Gibbs free energy is minimized. 

The Gibbs free energy is defined by the following equation (Equation 9), where U is the 

Figure 1. (a) Porous domain. (b) Fluid domain. (c) Solid domain. (d) Area exposed to the heat solar flux.

k = A

(
T

Tre f

)n

exp
(

E
RgT

)
(8)

The Arrhenius expression is representing the reaction constant by making use of three
parameters [30]:

• A, which is the frequency factor, indicates the frequency of collisions between reactant
molecules at a standard concentration, and it depends on the temperature and the
activation energy. Moreover, it depends on the rate at which molecules collide and on
the relative orientation.

• n expresses the dependency over temperature change. It can be set to zero.
• E is the activation energy. It is the minimum amount of energy that must be provided

to compounds to result in a chemical reaction [31].

The equilibrium of the reaction is reached when the Gibbs free energy is minimized.
The Gibbs free energy is defined by the following equation (Equation (9)), where U is the
internal energy, P is pressure, V is volume, T is temperature, S is entropy and H is the
enthalpy of the system.

G(T, P) = U + PV − TS = H − TS (9)

For reaching the minimum, it is necessary to equal the derivative to 0, and with a
close system:

dU = δQ + δW = TdS− PdV (10)

where δQ is (reversible) heat transfer to the fluid and δW is (pressure) work in the system.

dG = TdS− PdV + PdV + VdP− TdS + SdT = VdP− SdT (11)

Regarding the CSTR with constant volume, the governing equations are:

d(ciVr)

dt
= ∑m v f ,mc f ,m − vci + RiVr (12)
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The reactor volume as a function of time should be:

dVr

dt
= ∑m v f ,m − v + vp (13)

As indicated above, the volume is constant and therefore the reactor volume, Vr, can
be removed from Equation (10). Ri, expressed in mol/(m3 s), is the species rate expression,
while cf,m (SI unit: mol/m3) is the species molar concentration of the associated feed inlet
stream vf,m (SI unit: m3/s). vp (SI unit: m3/s) denotes the volumetric production rate and is
defined by Equation (14), where Mi, in kg/mol, expresses the molecular weight of species i.

vp = vr ∑
Ri Mi

ρi
=

RgT
p

Vr ∑
i

Ri (14)

Finally, v is the volumetric outlet rate, defined by the following equation.

v = ∑m v f ,m + vp (15)

7CH4 + 27Fe2O3 → 10Fe3O4 + 24FeO + 4CO2 + 3CO + 6H2O + 8H2 (16)

The hematite reduction reaction proceeds via two parallel paths, according to Mon-
azam [24]. The overall reaction (Equation (16)) was used twice with different parameters
operating with different kinetics: a topo-chemical process, nucleation and a growth process.
The former has a frequency factor of 4.759*yCH40.636, while the latter has a frequency factor
of 1.33*yCH41.06, where yCH4 is the molar fraction of methane in the input mixture [24].
However, it was decided not to use the activation energies provided by Monazam, but
rather to choose the minimum value provided by Lu et al. [25] of 74 kJ/mol. Indeed, the
activation energy may depend on many properties of the powder, such as grain size and
the type of heat treatment undergone. Therefore, very different values can be found in the
literature as a function of various parameters. The value given by Lu et al. [25] was used
for calcined magnetite, a process similar to the heat treatment with which the powders
used for the experiment were prepared.

Partial oxidation reactions must also be considered to consider not only the complete
oxidation. The reactions have theoretical chemical formulas, according to Lu et al. [25].

Fe2O3 + CH4(g)→ 2FeO + CO(g) + 4H2(g) (17)

Fe3O4 + CH4(g)→ 3FeO + CO(g) + 2H2(g) (18)

Methane decomposition or cracking (Equation (17)) happens at high temperatures
when the methane molecule is directly broken into molecular hydrogen and solid carbon,
which is deposited on the substrate.

CH4 → C + 2H2 (19)

The effect of the above reaction increases the amount of hydrogen released into the
mixture, while it may partially inactivate the powders due to carbon formation. Val-
ues for the pre-exponential factor and activation energy were retrieved from [32], being
1.3 × 107 mol/(m2/s) and 214 kJ/mol. This reaction usually happens at quite high tem-
peratures, but the presence of hematite can act as a catalyst for the reaction. The indicated
value for energy activation and reaction constant were measured in the presence of hematite
and is therefore useful for this simulation.

C + H2O→ CO + H2 (20)

Alternatively, carbon gasification (Equation (20)) can help to clean the substrate by
eliminating solid carbon from the powder by releasing hydrogen and carbon monox-
ide. The preexponential factor over hematite is 1.8 × 104 m/s, and activation energy is
172 kJ/mol [32].

C + CO2 → 2CO (21)
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The Boudouard reaction (Equation (21)) is positively affecting the system as it helps to
clean the substrate from solid carbon depositions, transforming CO2 into more useful CO. It
involves atomic oxygen adsorbed at the surface as an agent. The value for the pre-exponential
factor is 1.2 × 106 mol/(m2/s), while activation energy is 185 kJ/mol [32]. However, the
influence of this reaction (also called char gasification) is insignificant under 1000 K [33].

CH4 + H2O→ 3H2 + CO (22)

Steam reforming (Equation (22)) converts CH4 into H2 and CO using H2O. Being en-
dothermic, the reaction is favoured at high temperatures. The values of pre-exponential factor
and energy activation over a ferrite are 1.3 × 107 mol/(m2 s) and 214 kJ/mol, respectively [32].

Additionally, the software required some other input parameters for successfully running
the simulation. The model was built with the reactor volume settled to 4.278 × 10−6 m3,
calculated considering the diameter of the pipe as 1.537 cm and an L/D ratio of 1.5. The
reacting surface was calculated considering hematite particles with spherical surfaces. The
average size of each particle has been considered to be around 20 µm, according to Lu et al. [25].
Equation (23) was used to calculate the number of spheres in the control volume [34].

Nspheres =
6(1− ε)Vtot

πd3 (23)

Once the number of particles has been calculated, it can be multiplied by the area
of each spherical particle. The total area of reaction obtained is therefore 0.89 m2. The
concentrations of the reactant gases are initialised at zero, thanks to the contribution of the
vacuum pump. The initial surface concentrations are instead calculated by considering the
number of moles placed in the tube, divided by the reaction surface. Having a powder
amount of 2.7 g, the surface concentrations should be 0.05 mol/m2. Nevertheless, the
number of reactive sites is higher, as every molecule of hematite contains 3 oxygens. The
value for moles per surface is multiplied by 3 and set to 1.5 mol/m2. The model is also
settled with a feed inlet of a mixture of CH4 in N2 in the same proportions as in the
experiment (35% CH4 and 65% N2).

3. Results and Discussion

Not all the tests saw the reaction happen. Technical issues made it difficult in some
cases to observe the chemical reaction. Test #1 and test #2 used alumina pipes, which
experienced ruptures, most probably because of thermal stress. The tubes broke with a
sharp fracture in the ceramic, explaining why the system’s analytics measured oxygen in the
gas mixture. The reason for the failure of the test is related to the extremely rapid heating
of the reactor. Heating ramps with a maximum rate of 150 ◦C/min have been followed in
the literature [35]. The achieved heating ramp generated in the solar concentrator, before
reaching a stable temperature value, is approximately 500 ◦C/min, with a peak of more
than 800 ◦C/min during the first minute. To avoid strong thermal stress in time, test #2 was
performed with some precautions. The reactor was prepared and assembled the evening
before the test day. The concentrator could follow the natural path of the sun in the sky
from sunrise to sunset. No heating rate peaks were recorded in the early stages of testing.
In addition, the reflective surfaces of the mirrors were partially covered to bias the power
of the concentrator. This decreased the incoming heat flow to the fire and then, by slowly
removing the cover, allowed a controlled increase in temperature. In each case, the tube
broke again, as explained above. The thermal gradient along the length of the tube and the
asymmetry of the heating were considered responsible, along with the thermal properties
of the alumina. The other tests were more successful, with test #3 collecting most of the data.
The other tests were performed using different types of steel. Despite Inconel Hastelloy
being known for its better thermal properties, the thickness of the pipe also played an
important role [36,37]. Test #3 was run with the thickest pipe. After a variable amount
of time, however, all the metal tubes melted. While AISI 316 melted with the formation
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of a liquid phase, Inconel Hastelloy c-276 underwent a flaking process. The pipe wall
started peeling off, losing layers of material. Data collected during test #3 can be found in
Figures 2 and 3. Errors in temperature monitoring due to probable thermocouple damage
can be noted. Comparing the values of temperatures measured by the thermocouples
with the simulations lead to having very similar numbers in every geometry. Therefore,
simulations can be trusted for determining the right temperature values, even where there
is no sensor available, such as in the powder area.
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Figure 2. Internal and external temperature, direct radiation on the normal plane and pressure
recorded during test #3.

Concerning the chemical simulation of the receiver-solar concentrator coupling, the
selected model was a time-dependent scenario to calculate the progress of the reaction
inside the reactor. The comparison with the data collected during test #3 is shown in
Figure 3. The most interesting aspect of the project is to find common patterns between
the real and simulated data, as well as highlighting any differences. First, at the beginning
of methane injection, there is a sudden increase in the relative amounts of all other gases.
H2 oscillates between 40% and 45% in the real case, while in the simulation results it
grows from a bit less than 40% up to 50%. As previously explained, the sudden decrease
in H2 concentration in Figure 2 is explicated by the rupture of the pipe and has nothing
to do with the chemistry of the untouched reactor. CO also shows an immediate peak
between 10 and 15% (a bit delayed in the simulation) and then decreases towards very
low fractions. CO2 follows a similar pattern as CO in both figures but starts from a much
lower peak. The main difference is represented by the methane concentration. In fact, in
the real experiment, the gas analyser was detecting a fraction of unreacted methane in the
flue mixture, while this is not happening in the simulation. This might be due to the more
idealistic nature of the chemical reaction in the software that might not be considering other
forms of imperfections, such as cold spots and unreacted gas molecules. The presence of
CO, H2 and CO2, although in very small quantities, is in line with Monazam et al. [24] as
CLC and CLPO are happening at the same time.
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Figure 3. ppm(v) concentration of the gaseous mixture outflowing the reactor during test #3.

Figure 4 plotted simulated and experimental gas concentrations. The order of magni-
tude is respected for most gas compounds, especially for products such as hydrogen and
carbon monoxide. Figure 5 shows how the concentrations of solid reactants and reaction
products change over time. The most obvious aspect is that the amount of haematite de-
creases. At the same time, FeO and Fe3O4 are produced, but in different quantities: wüstite
is more abundant, while magnetite is produced less. Therefore, at this temperature level
and with this amount of CH4 as a reducing gas, total carrier reduction prevails over partial
reduction. Furthermore, an increase in carbon deposition, i.e., the surface concentration of
solid carbon on the carrier, is plausibly observed [38]. Cheng et al., (2021) showed carbon
deposition in the form of polycrystalline graphite on the hematite substrate [38]. This could
happen because methane cracking (Equation (17)) is favoured in this temperature range.
This could explain why, while hematite decreases and CO and CO2 are produced in smaller
quantities, H2 does not follow the same behaviour [39,40]. Instead, H2 is maintained at
a stable amount that does not decrease over the 30 min of the simulation. Comparable
results can be found in Sajjadi et al. (2021), where a techno-economic study is presented,
highlighting a similar H2 production behaviour [41]. H2 levels remain stable; this could
be due to CH4 molecules being broken up due to the suitable temperature range and the
catalytic action of the haematite.
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The next generation of Concentrated Solar Power (CSP) plants is expected to operate
at higher temperatures than those currently in use, for improved efficiency and reduced
cost of power generation. Thermal fatigue and creep have been recognised as the main
mechanisms leading to the failure of the receiver, the section most affected by heat flow.

Moreover, the receiver is exposed to the risk of extreme temperature changes that might
cause a thermal shock. In fact, according to Ruys [42], the maximum thermal shock resistance
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of alumina is between 200 and 300 ◦C, depending on the test. Moreover, its low thermal
conductivity (between 16 and 35 W/mK [42]), combined with its coefficient of thermal
expansion (between 7.2 and 8.3 µm/mK, comparable to the value of steels [42]), can cause
extremely strong and localized thermal stress that can fail the sample. Therefore, if alumina
material is used, a different shape of the receiver should be adopted. The reactor must be
heated up as homogeneously as possible on all its faces, to avoid localized hot spots.

One solution could be to use a secondary concentrator to catch the light collected by the
first reflecting surface and redistribute it. Compound parabolic concentrators (CPCs) must
be placed instead of the receiver but can direct the light in their central area (depending on
the type) [43] to achieve a homogeneous heating of the sample.

The metals used in these tests (steel AISI 316 and Inconel Hastelloy) did not present
the structural fragility of alumina but underwent melting and consequent loss of material
in the area hit by the concentrated radiation. A more distributed heating up of the sample
might allow it not to reach extremely high temperatures in small points, but to reach the
suitable temperature for the reaction over a wider area.

Further research on the proposed list could result in a better understanding of the
interaction between candidate structural materials and environmental conditions in the
next generation of CSP plants [37]. The high temperatures in the receiver can also be a
problem for the creation of iron oxide agglomerates [14,44]. Possible counter measures
could involve moving the material in the receiver, intervening in the fluid dynamics of the
system [45], or using protective coatings to increase the melting point [46,47].

4. Conclusions

To optimize the use of SC, not only the knowledge of solar geometry but also the
observation of empirical aspects turned out to be extremely important. The experimental
approach encountered other problems. The materials used for the reactor were not perform-
ing as well as foreseen. They experienced quick thermal degradation and loss of structural
integrity. Alumina was cracking during every test, especially when the solar radiation
reached summer levels. The cause of the failure was deemed to be the high-temperature
gradient to which the receiver was exposed. Therefore, for the following tests, the reactor
was changed to a metallic type. The metallic pipe, in Inconel Hastelloy, was not suffer-
ing from thermal gradients and was keeping its structural integrity longer. However, no
material used in this series of experiments was able to sustain those conditions for longer
than one cycle (only considering the reduction). As a result of the intensive work, the
reduction reaction was finally carried out in the SC on the rooftop of the Energy Centre.
This achievement demonstrated the feasibility of the reaction in real conditions. Moreover,
the work allowed us to gain much deeper knowledge on the issues that might hamper the
efficacy of the process and their effect.

The main takeaways can be summarized as follows:

• The production of hydrogen is already relevant in the reduction phase of chemical
looping. It might be possible to lower the quantity of unreacted CH4 in real condition
experiments by varying the fraction of the gas in the inlet feed or the relative quantity
of powder.

• Flue gases from the experiments highlight that partial oxidation overcame total oxida-
tion, especially as the reaction proceeded. This result is in accordance also with what
was found by Monazam et al. [24]. The simulation highlighted the occurence of strong
carbon deposition over the carrier. In fact, despite the quantities of the CO and CO2
produced decreasing with the proceeding of the reaction and subsequent exhaustion
of hematite, H2 levels were not altered significantly. This might be happening as the
molecules of CH4 are cracked due to the suitable temperature range and catalytic
action of hematite.

• The concentration of sunbeams on the external surface of a horizontal cylinder poses
several threats to the efficacy of the receiver. As the radiation hits the pipe asymmetri-
cally, the material is placed under stress that might hinder its structural properties.
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• A solution could be to use a secondary concentrator to catch the light collected by the
first reflecting surface and redistribute it.

• On the other hand, if a metallic material is used, an alloy able to operate at extremely
high temperature must be selected.

• The extreme variability of the weather can cause a sudden decrease in temperature,
even on sunny days. This can not only cause the reaction to stop, but can also cause
thermal shocks to the receiver. In the case of wind gusts, the receiver can be cooled
down extremely quickly and experience a too-strong quench (if ceramic).

The current work leaves space for further exploration of the topic. Regarding the SC on
the Energy Center rooftop, more studies on type of receiver should be made. These include
both the choice of a more appropriate shape that can better stand thermal stresses, together
with a material able to resist those extreme temperatures. The pipe reactor poses severe
limitations on the applicability of the technology. The reactors broke down too quickly to
allow us to study the complete reaction. Along with this, some sort of protection against
adverse weather conditions would have to be implemented to avoid abrupt temperature
changes. One possible way could be to store thermal energy to increase reactor inertia and
even higher thermal peaks.

As far as the cycle is concerned, the paper dealt with the reduction phase. The
oxidation phase has not yet been implemented in the solar plant and may be the subject of
further exploration.
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Nomenclature(
ρCp

)
e f f effective volumetric heat capacity at constant pressure (kJ/m3/K)

A Area of the concentrator (m2)
CL Chemical Looping
CLC Chemical Looping Combustion
CLPO Chemical Looping Partial Oxidation
CLRM Chemical Looping Reforming of Methane
Co Optical Concentration ratio
CSP Concentrated Solar Power
CSTR Continuously stirred reactor
Dc Diameter of the dish (mm)
df Diameter of the focal point (mm)
f Focal distance (mm)
l Length of the receiver (mm)
OC Oxygen Carrier
P Power of the concentrator (kW)
q Heat flux generated in the medium due to conduction
Q Incoming solar power (kW)
Qted Heat generated for thermoelastic damping
Qvd Heat generated for viscous dissipation
SC Solar Concentrator
u Velocity (m/s)
yR Depth (mm)
ε Porosity
θ Volume fraction of solid material in porous media
ϕR Rim angle
ρ Density (kg/m3)
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