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Abstract

This study investigated a novel method of recovering energy from iron ore sinter using
solid iron oxide heat transfer materials. Traditionally, air is passed through the sinter either
in an open conveyor or a sealed vessel to recover energy. The bed materials used were a
magnetite concentrate, hematite ore, goethite-hematite ore and sinter fines. A shortwave
thermal camera and quartz reactor were used measure infrared radiation from the process.
The thermal imaging was combined with image analysis techniques to visualise the transfer
of thermal energy through the system. The results showed that energy moved rapidly
through the system with peak heating rates of 18 °C/min at a lump sinter temperature of
600 °C. The ratio of heating rate to cooling rate was as high as 8.6:1.0, indicating efficient
retention of energy by the bed materials. The bed composition, determined by X-ray
fluorescence and X-ray diffraction was used to calculate the heat capacity based on pure
material properties. The resultant energy balance determined thermal efficiency to be
between 32 and 46% for the sinter fines and hematite-goethite ore, resulting in predicted
fuel savings of up to 9.4kg/tonne with similar heat utilisations to the air recovery process.
Thermal imaging combined with Brunauer-Emmett-Teller surface area measurements and
scanning electron microscopy analysis experimentally replicated mathematical heat transfer
model predictions that a smaller total pore volume resulted in less thermally resistive bed.
Image analysis illustrated the breaking of the heat front between the less resistive solid and
more resistive air in porous beds versus even conduction of heat through a dense bed. The
oxide distribution in the bed materials impacted heat transfer, as at a lump temperature of
500 °C was controlled by hydrated oxide content whereas at 600 °C Fe;O3 was the more
dominant driver.

Keywords: energy recovery; iron ore sinter; thermography

1. Introduction

The production of iron ore sinter is an example of linear economy because it con-
sumes large quantities of non-renewable fossil fuel that is combusted and emitted from
the process as gaseous CO,, thus increasing the concentration of greenhouse gas in the
atmosphere [1]. The fuel rate of the process is dependent on the energy demand of the
bed and the calorific value of the fuel, but typically loadings of 40-80 kg/tonne [2,3] are
used, equating to 1471.80 MJ/tonne [4]. These energy demands must be considered in the
context of wider sustainability goals because the steel industry is a key driver of a green
future, with solar panels, wind turbines and sustainable buildings being steel intensive
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technologies [5]. Therefore, in alignment with the United Nations (UN)sustainable de-
velopment goals [6] and environmental targets set at the Conference of the Parties 2021
(COP21) [7], there has been substantial research into reducing fossil fuel consumption
through energy recycling [8,9], biomass fuels [10,11], gaseous fuels [12,13] and improving
fuel efficiency [3,14].

Sinter production is widely used to manufacture ferrous-based raw material for blast
furnace ironmaking [15]. Temperatures of over 1300 °C are required to melt the raw
mixture and initiate the melt solid reactions needed to begin to form the crucial silico-
ferrites of calcium and aluminium (SFCA) bonding phases [16]. Nicol et al. [17] produced a
detailed review of the complex composition, crystal structure and morphology of SFCA.
The overarching theme of this report was that the physical properties of the sinter were
improved through cooling within a specific range of rates to facilitate optimal crystallisation.
In line with this, Hsieh and Whiteman [18] used a laboratory furnace to control the heating
and cooling of raw sinter and found that allowing the sinter to cool slowly (~3 °C/min) from
a peak temperature of 1255 °C increased the proportion of stronger and more reducible
SFCA-I crystalline phase content. They demonstrated that this increased the sinter’s
strength due to the reaction of magnetite and silicate melt. These data therefore suggest
that sinter needs to transfer its stored thermal energy to allow its physical properties to
develop sufficiently to survive the blast furnace. While the stored thermal energy of the
sinter cannot be directly retained, it can be absorbed using an energy carrier and used in a
different stage of the process. Sinter has been observed to exit the process at temperatures
between 500 and 600 °C [19-21], which if efficiently captured could be used from ignition
and preheating [22] to steam generation [23].

Heat recovery materials need to have a high heat capacity, be easy to handle and
transport and be economically viable; thus, water and air are two very common heat
transfer materials used in industry. Specifically tailored heat transfer fluids can also be used
for applications outside of the operational range of water and air. Water is a particularly
powerful heat transfer fluid due to its high heat capacity from hydrogen bonding [24],
although its use with solid materials is restricted to quenching, as the energy is difficult
to recover [25]. Because of iron ore sinters’ large particle size and resistance to flow [26],
packed beds are mainly used in industry. To recover energy from the sinter, it is passed
onto a moving conveyor, where air is driven up through the bed by powerful fans. The air
absorbs the thermal energy from the sinter via forced convection. Studies have simulated
the process using 1-D [27], 2-D [28] and 3-D [29] models as well as utilising exergy [9] to
optimise the process. Liu et al. [28] simulated the sintering process using a 2-D unsteady
model, where individual slices in the 2-D time temperature model represent traveling down
the bed. The calculations were carried out under the assumption of energy grades and
cascade utilisation, whereby high temperature air >300 °C is used as combustion gas and
any other air is used for preheating. The useful energy emitted from the cooling section
of the sinter strand was in the range of 115-175 GJ/h, dependent on several different
factors such as air flow rate and bed height. The dry quenching process uses an inert
gas to cool and recover energy from incandescent coke breeze within a sealed reaction
vessel [30]. The use of sinter in a “vertical tank” was numerically investigated by Dong
et al. [31] as a solution to the air leakage problem in moving grate cooling systems [32].
Further research by Feng et al. [33-36] experimentally and numerically investigated the
heat transfer coefficients, Ergun’s correlation and the exergy characteristics of the vertical
bed. Parameter optimisation by Feng et al. [37] found that 41.27 MW could be recovered
using a sinter flow of 152 kg/s and an air flow of 180 kg/s in an 8 m high bed. Industrial
applications of the vertical sinter cooler have experienced operational difficulties relating
to airflow resistance and poor quality heat output [38].
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Solid—solid heat transfer between high temperature slag has been used to generate
bio-oil and char from the pyrolysis of biomass. As the main heat transfer mechanism was
conduction, a higher slag surface area resulted in a greater heat transfer and oil production,
while a lower surface area increased char production. Use of slags for gasification of solid
wastes and biomass has been investigated by various other researchers [39]. While the
direct use of energy from other granulated materials is relatively well documented, energy
from iron ore sinter has traditionally been extracted using air [8]. Lower-temperature
materials such as sinter are not applicable to biomass pyrolysis, but lower-temperature
solid-solid processes may be the solution. Felinks et al. [39] hypothesised a solid-solid heat
transfer process that utilised particles in separate size ranges to improve surface contact
and separability. In their study, 0.8mm cerium oxide at 1000-1400 °C was contacted with
4 mm alumina spheres in a multistage process, recovering 70% of the thermal energy. The
method in this paper diverges away from the use of air and exploits the thermal properties
and size difference between sinter and iron ore to optimise heat transfer and improve the
interaction with infrared radiation

Both the grate and vertical tank methods use air, 78% of which is nitrogen that interacts
poorly with infrared radiation [40]. Infrared radiation strongly interacts with polar bonds,
with bond frequencies of 2.5-20 um causing stretching and vibration of the bonds. The
quantity and type of polar bonds within a molecular structure determines their radiative
properties. Hematite absorbs infrared light in two bands, 21.1-21.6 pym and 17.3-18.5 um,
which stretches the Fe-O bonds. The additional AO-H and §O-H bonds in goethite absorb at
a higher frequency, 12.5 pm and 11.0-11.1 pm, than the hematite, therefore inferring more
efficient energy absorption through the pores in the bed. Magnetite absorbs in between
hematite and magnetite at 14.3-17.5 pm [41]. After absorption, the bonds relax back into
a higher-energy state, increasing the bulk temperature of the material with excess energy
re-emitted as infrared radiation where the ratio of incident to emitted radiation is known
as the emissivity. The radiation that is not absorbed by the infrared (IR) active bonds can
either be reflected or pass through a material, further affecting the quantity of photons
incident to the camera and therefore the calculated temperature.

The authors’ previous work [42] demonstrated the ability of lump sinter to efficiently
absorb and transfer thermal energy because of their high emissivity and therefore interac-
tion with infrared radiation. The emissivity of the lump sinter was found to range from
0.64-0.82 in the temperature range of 200-600°C in the 1-5um range. Using these results, a
hypothesis was developed that iron oxide materials could be effective in recovering thermal
energy from iron ore sinter in a direct heat transfer process like that described by [40]. The
increased density of solids compared to air will lead to a greater heat transfer per unit
mass, and that direct transfer of energy between the hot lump sinter and bed materials will
minimise transfer losses. The thermal energy absorbed by the material would be recycled
back into the sintering process to reduce the fossil fuel rate. This study was designed based
on measurements at the Taranto Ilva steel plant by Pelagagge, Caputo and Cardarelli [19,20]
that showed that the sinter arrived at the cooling strand at a temperature between 500
and 600 °C at a rate of 9300 tonne/h. They found that an air flow rate of 27,000 tonne/h
through the bed feeding to a preheating line recovered an average of 50 MW, with an air
outlet temperature of 380 °C.

The experiments were performed at a laboratory scale incorporating infrared ther-
mography to track and optimise heat flows in a novel energy capture methodology. The
experiment aims to evaluate four different bed materials to determine the optimal bed
chemistry and particle size for efficient heat recovery. The transition from using air to iron
ore as a heat transfer material would be a radical shift for the steel industry and would
provide an alternate option for heat recovery utilising current raw materials and minimal
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new equipment. To the best of our knowledge, this study is the first to target a solid-solid
heat transfer process to iron ore sintering and will provide a fundamental understanding
of the dynamics of the process.

2. Bed Materials

Iron ore sintering is a well-developed and highly flexible process that, unlike other
ironmaking processes which rely heavily on high-purity ore, can handle a wide range of
iron oxide ores whilst maximising sinter product quality and minimising cost. Therefore,
a representative set of raw materials were selected as bed materials here, including a
magnetite concentrate, hematite-containing ore, hematite-goethite ore and sinter fines.

2.1. Particle Morphology

Previous studies have shown that heat transfer rate in packed beds is controlled by
the ratio of conduction, convection and radiation in the bed [43]. Several physical and
thermodynamic properties affect this ratio, but one of the most significant factors is particle
morphology. To determine the particle morphology of the bed materials studied here
(Table 1), high-resolution images were captured from directly above the powders using
a 50-megapixel camera and processed in Image]J (version 2) (Figure 1). Before imaging,
the samples were laid out on a white background, ensuring, as much as possible, that
individual particles were not touching each other. In Image], the images were converted
to 32bit greyscale and thresholded to the greyscale value of the background to create a
mask. From this mask, the major and minor diameters (D; and D, respectively) of the
particles were measured along with their perimeter (P) through automated pixel counts.
Equation (1) was then used to calculate particle area (A), and subsequently, the circularity 6
was calculated using Equation (2).

o

A=m(Bst2) (1)
=424 )

Table 1. Key bed properties of the heat transfer mediums.

Bed Material 0 D,y M M; p Pt Pb ®

- - mm g g (kgm3) (kgm3) (kgm3) -
Sinter fines 0.77  2.65 59.09 63.31 791.92 848.49 3600 0.78
Magnetite concentrate 048 0.16 74.56 85.32 999.35 1143.45 5175 0.81
Hematite 1.01 022 69.82 81.27 935.70 1089.23 3670 0.75
Hematite-goethite 097 0.27 71.43 80.63 957.34 1080.69 5130 0.81

To calculate the density of each bed in a random packing scenario, p, the quartz reactor

used in the subsequent experiments, V = 7.5 x 10~ m?

, was completely filled and carefully
levelled off using a ruler while avoiding compressing the mixture before being weighed. To
measure preferential packing, p, the outside of the quartz reactor was tapped evenly around
its circumference until the level of the sample stabilised reactor was then filled completely,
levelled off and weighed again. The difference in the density established the maximum
variance for the bed of material during the experiments. Using p = prand the pure oxide
density from [44-46] as py, the voidage of each medium was also calculated using Equation (3),

where o = voidage, pr = free density, pg = fluid density and p;, = bulk density.

—1_ Pr=fn
a=1 Pb =Pl )
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Figure 1. Pictures showing the distribution of particles for each bed in the quartz reactor. (A) = the
magnetite concentrate, (B) = the hematite ore, (C) = the hematite—goethite ore and (D) = Sinter fines.

Detailed images of the bed materials were taken on an Quanta 600 field emission gun
scanning electron microscope (SEM) (FEI company, Hillsboro, OR, USA), with the bed ma-
terials mounted on sticky carbon dots (Figure 2). The mounting method allowed the bed
materials to be randomly sampled from the source material used for the heat recovery tests.

() ()

Figure 2. Backscattered SEM images of the bed materials at a 250x magnification, where
(A) = magnetite concentrate, (B) = hematite ore, (C) = hematite-goethite ore and (D) = sinter fines.
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The magnetite concentrate had smooth, angular particles with very few pores. The
particles ranged from 52 pm to 352 um. The angular nature of the particles would allow
them to pack together effectively, producing high densities. Conversely, the hematite
ore had more amorphous particles with a textured surface, increasing surface area. The
particles were more amorphous than the magnetite particles but still had sharp angles.
The hematite particles had a wider size range, with the largest particles having diameters
of 323 um and the smallest <10 um. The hematite-goethite ore formed more spherical
particles than the other bed materials, although their surface was rough, like the hematite
ore. The particles ranged from 199 um to <10 um, marginally smaller than the hematite
ore. The sinter fines formed long, angular particles that ranged from >400 um to <10 pm.
Their surface was textured in a similar way to the hematite ore. The large angular particles
would contribute to low packing densities.

The higher-magnification images (Figure 3) show the surface texture and shape of
each bed material in more detail. Additionally, they highlight the small (<10 um) particles

present in the hematite, hematite—goethite and sinter fines.

Figure 3. Backscattered SEM images of the bed materials at an 800x magnification, where
(A) = magnetite concentrate, (B) = hematite ore, (C) = hematite-goethite ore and (D) = sinter fines.
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2.2. Brunauer-Emmett-Teller (BET) Surface Area and Pore Structure

To characterise the heat transfer, nitrogen adsorption—desorption isotherms were
conducted at 77 K using a Micromeritics Accelerated Surface Area and Porosity (ASAP)
2020 system (Eindhoven, Noord-Brabant, Netherlands). Specific surface area was measured
using the Brunauer-Emmett-Teller (BET) method, while total pore volume and average pore
diameter were obtained via the Barrett-Joyner-Halenda (BJH) method. These values give
insight into pore accessibility and structural openness, complementing the bulk voidage
and particle size data. Table 2 summarises the BET results for all bed materials.

Table 2. Textural characterisation of the heat transfer media (BET results).

Bed Material BET Surface Area Total Pore Volume Average Pore Diameter
- m?/g cm/g nm
Hematite ore 11.1 0.0287 51.8
Magnetite concentrate 2.5 0.0074 58.0
Hematite—goethite ore 5.0 0.0146 58.5
Sinter fines 31 0.0084 54.0

3. Energy Balance

The accurate measurement of the chemical composition of the bed materials was per-
formed using X-ray diffraction and fluorescence (XRD and XRF). To determine the hydrated
content of the ores, non-isothermal thermogravimetric analysis (TGA) at a heating rate of
5 °C/min to 900 °C was conducted. The combination of these results (Table 3) was used to
calculate the heat capacity of the lump sinter and the bed materials, which was then used
to accurately evaluate the flow of energy through the system. The XRD results revealed the
complex crystalline phases formed by the flux elements present, such as SFCA and calcium
ferrite as well as the oxide state of the iron (Tables S1 and S2). Using this data, the pure
material heat capacities from the literature were used to calculate a composite heat capacity
for the lump sinter and bed materials [47-50]. The increased crystallographic detail of the
XRD worked in tandem with the chemical analysis of the XRF to improve the accuracy of
the model. To quantify the infrared absorption potential of the bed materials, their infrared
absorption spectra was measured using an attenuated total reflectance Fourier transform

-1

infrared spectroscopy (FTIR) with a scan range of 4000-550 cm ! ata 1 cm~! resolution.

Table 3. Summary of the XRF, TGA and XRD results used to calculate the heat capacity of the
bed materials.

- XRF (%) TGA (%) XRD (%)
Bed Material Fer Gangue Mass Loss Hematite Magnetite Goethite
Hematite ore 62.41 9.74 2.53 67.92 20.13 11.95
Magnetite concentrate 65.58 5.65 0.38 5.00 95.00 0.00
Hematite-goethite 58.02 12.54 2.32 64.00 0.00 21.00
Sinter fines 55.56 20.13 0.00 49.00 51.00 0.00

The thermal conductivity (T;) of a material is defined by Equation (4), which multiplies
the heat flux (Q) per unit area (A) by the temperature difference AT across a thickness (d).

T. = 5% (4)

To calculate T¢, 20 g of each bed material was formed into a square with a thickness
of 5 mm and placed on a hotplate set at 250 °C. A K-type thermocouple with a modified
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flat tip was placed at 1 mm under the top surface of the bed material, and the lid of the
hotplate was closed, Figure S1. The lid had a high-emissivity coating which reflected any
radiated heat from the bed material back to the surface, reducing heat loss from the system.
The hotplate supplied a constant heat flux of 13 W to the samples.

Moving on to the thermal conductivity data, Table 4 shows that the hematite—goethite
ore had the highest thermal conductivity, closely followed by the magnetite concentrate.
The thermal conductivity followed the trend of densities, as the sinter fines had the low-
est conductivity and a much lower density than the ores. These values represent the
conductivity of the bed materials at their free density p as they were in the experiments.

Table 4. Calculation parameters and results of the thermal conductivity tests of the bed materials.

- T t A h K
Bed Material °C s m? m Wm- 1K1
Magnetite concentrate 228 554 74 x 1074 53 x 1073 4.38
Hematite ore 211 345 8.9 x 10~ 54 %1073 2.07
Hematite-goethite ore 234 675 6.9 x 1074 5.0 x 1073 5.98
Sinter fines 170 208 9.0 x 1074 8.5 x 1073 1.55

4. Thermal Cycling

Iron oxides have been used as reactive elements for the production and transport
of hydrogen through a cyclic reduction and oxidation reaction [51-53]. The iron oxides
are first reduced to pure metals by a stream of CO, CHy, Hy, etc., at high temperatures
(>800 °C). The metallised product is then exposed to steam which re-oxidises the sponge
iron, forming a pure hydrogen product [52]. The “steam-iron” process has been used
commercially since the early 20th century. To improve the process, researchers have
investigated the mechanical stability of the iron oxides over repeated thermal and chemical
cycles [54]. Lorente et al. [51,52] found that an increase in non-iron oxides (Al, Ca and Si)
increased the stability over multiple cycles compared to pure iron oxide, with Al,O3 having
the most prominent effect. Otsuka et al. [55] used Brunauer-Emmett-Teller surface area
measurements and scanning electron microscopy to measure the resistance to sintering of
various additives. The BET data showed that after three redox cycles, the Al,O3 doped
sample retained 56% of the original surface area compared to only 10% for pure iron oxide.
Compositional analysis of the bed materials in this study showed that hematite-goethite ore
had the highest Al,O3 concentration (1.73%), followed by the sinter fines and the hematite
ore; however, the magnetite concentrate only had 0.03% Al,O3;. These data show that
within the single cycle system of heat transfer proposed by this study, magnetite would be
the most susceptible to mechanical degradation in a scaled process. Because of this, the
blend of the raw sinter mixture would need to be modified to retain the optimal particle
size distribution within the raw sinter bed. In an iron ore sinter bed, an optimal ratio of
particle sizes was a nuclei (1-3.3 mm) to adhering (<0.25 mm) ratio of 1.4 to create optimal
bonds via liquid bridges creating quasi particles 6 [56,57].

5. Thermal Camera Calibration

The emissivity of the sinter was measured by heating sinter in a lab furnace for 2.5 h
to ensure homogeneity between the thermocouple in the furnace and the actual sinter
temperature. Images of the sinter were taken by the A6750 (Teledyne FLIR, Wilsonville,
OR, USA) in the 1-5 um region, as the door of the furnace was opened to reduce heat loss.
Emissivity was adjusted in FLIR Research Studio until the sinter temperature matched
the furnace temperature. An increase in emissivity is caused by electrons being pushed
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into higher energy levels through the absorption of energy followed by re-emission of a
proportion of that energy.

The emissivity of each bed material was measured by heating a 40 g sample of each
in an oven to 100 °C for 2.5 h, as the maximum bed temperatures in the heat recovery
experiments were found to be in the region of 100 °C. The sample was then taken out
and placed directly underneath the A6750 camera and a K-type thermocouple inserted
into the bed material. The temperature of the thermocouple was compared to the A6750
to calculate the emissivity at each temperature point as the bed material cooled. A new
sample of the same bed material was then heated in the same way and placed in the
quartz vessel along with the K-type thermocouple while being filmed by the A6750 placed
perpendicular. Using the known value for the lump sinter’s emissivity, the properties of
the quartz reactor were calibrated. Two lumps of sinter were placed in the furnace for 2.5 h
to reach equilibrium before being simultaneously removed and placed both in, and next to,
the quartz reactor.

FLIR Research Studio was used to extract the temperature data from the A6750 by
selecting the whole area of the sample in a rectangular area. From these areas, the average
temperature of the sample was extracted and compared to the thermocouple data, and
linear interpolation was then used to calculate the value of emissivity/transmittance for
each temperature point. The emissivity and transmittance settings used on the A6750 for
the heat transfer experiments are given in Table 5.

Table 5. Thermal parameters of the bed materials at a temperature of 100 °C used for each experiment
based on calibration data.

Bed Material Emissivity Transmittance
Magnetite concentrate 0.95 0.4
Hematite ore 0.95 0.4
Hematite—goethite ore 0.95 0.45
Sinter fines 0.8 0.5

The results of the camera calibration tests (Table 5) determined that sinter fines had
the lowest emissivity of the bed materials. The magnetite concentrate, the hematite ore
and the hematite-goethite ore had the same emissivity value at this low temperature, but
the hematite—goethite ore had a slightly different transmittance value. This indicated a
slight shift in the wavelength of infrared emitted and therefore a differing absorption by
the quartz. Before heating the magnetite, the concentrate was a dark grey colour, with the
hematite and hematite-goethite ore having a more orange colouring. Lastly, the sinter fines
were a light grey colour. It was observed that as the materials were heated in the furnace,
their visual appearance darkened. The darkening of the bed materials potentially shows an
increase in emissivity, although the colour of an object indicates how a material interacts
with visible light rather than infrared. In the authors’ previous study, the emissivity of
lump sinter, predominantly iron oxide, increases with temperature, Table 6, in agreement
with the literature data [58]. It is therefore likely that the emissivity of the bed materials
increases when their temperature increases above 100 °C, but for the purpose of these
experiments, the emissivity was fixed at the value for 100 °C.
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Table 6. Temperature dependence of lump sinter emissivity measured using a shortwave (1-5 um)
A6750 thermal camera.

Temperature °C Emissivity
200 0.64
250 0.66
300 0.7
350 0.71
400 0.73
450 0.74
500 0.79
600 0.82

The emissivity of the lump sinter was found to increase with temperature, with a
range of 0.64-0.82 from 200-600 °C. There is a difference between the emissivity of the
sinter fines and the lump sinter because of their chemistry with sinter fines having a lower
level of the silico-ferrite of calcium and aluminium bonding phase than the lump sinter
as well as a differing slag chemistry. Compared to the authors’ previous work [42], the
emissivity of the lump sinter is lower than the longwave region (7-14 pm).

6. Packed Bed Experiments

The experimental setup consisted of a quartz reaction vessel, a FLIR A6750 thermal
camera, K-type thermocouple, thermocouple controller, laptop and laboratory furnace. The
quartz vessel was transparent to infrared photons (Table 5), allowing the A650 to capture
the photons emitted from the surface of the bed materials perpendicular to the reaction
vessel at a distance of 1 m. The lump sinter was sampled from the 10-16 mm fraction from
sinter pot tests using a hybrid biomass fuel, which is described in more detail in the authors’
previous publication [42]. A bottom layer of 20 £ 0.01 g of bed material was added to the
reaction vessel while the lump sinter samples were heated in a laboratory furnace to 500,
550 or 600 °C. After 2.5 h, a sinter sample was taken out of the furnace and placed in the
vessel, a second 20 =+ 0.01 g layer was added and the K-type thermocouple was inserted
into the bed. The temperature of the bed throughout the experiment was monitored by the
A6750 thermal camera. The K-type thermocouple was used to verify the accuracy of the
thermal camera data.

The temperature profile of the first (bottom) and second (top) 20 g layer of bed material
was measured individually using the region of interest feature on FLIR Research Studio
(Figure 4). An example of the resultant temperature profile can be seen in Figure S2. The
size of the regions of interest shown as the red dotted areas in Figure 4 were maximised to
increase the measured area. In some experiments, the packing of the beds was such that
the pore aligned, allowing photons from the surface of the lump sinter to reach the sensor
of the A6750 camera, denoted as “gaps” in Figure 4. If these areas were included in the
region of interest, the calculated temperature would be erroneous; therefore, the size of
the region of interest was reduced to avoid these areas. The area of the regions of interest
(ROIs) was varied for each bed material based on the packing arrangements (Table 1),
as pores within the bed occasionally allowed photons from the lump sinter to reach the
camera. In these cases, the ROIs were adjusted to maximise the measured area, avoiding
the pores. The data gathered for analysis for each layer were the starting temperature and
time (T, t5); maximum temperature and time (T}, t); and final temperature (60 °C) and
time (Tf, tf). These data points were exported into Excel (Microsoft, Redmond, WA, USA);
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the rate of heating (HR) and cooling (CR) and the ratio between them were calculated using
Equations (5)-(7).

HR = = ®)
Tu—T

CR = 7=/ (6)

R=HR 7)

Gaps
“Top”

Second Layer

First Layer
“Bottom”

Quartz frit

L

Air gap

Figure 4. Diagram explaining the layout of the packed bed experiments and the placement of area
selections in FLIR Research Studio.

Image Analysis

The flow of energy through the bed materials was investigated using the emission of
photons from the surface of the bed materials measured by the A6750 thermal camera. In
FLIR Research Studio, the colour palette of the thermal images was set to have a cut off at
60 °C, where the colour changed from white to orange. Subsequently, screenshots were
taken every 10 s (300 frames), up to 120 s, as this showed the fastest section of heating. The
image analysis program, Image], was then used to threshold the images using the white—
orange cutoff. The process of thresholding the images allowed quantitative evaluation of
the total thresholded area and the number of isolated thresholded areas (hotspots).

7. Results and Discussion
7.1. Calibration Results

The particle size data (Table 1) clearly indicated that sinter fines had the largest average
particle size (D,y) and subsequently the lowest bed density. The ores had a much smaller
D,y, with the magnetite concentrate and the hematite ore having average diameters of
0.16 mm and 0.22 mm, respectively. Image analysis also showed the uniformity of the
particles, with the magnetite concentrate having the most uniform particle size and the
hematite ore the least, with a range in particle sizes from 0.067 mm to 8.63 mm. The
variation in the size of the lump sinter (Table 1) was due to the pseudo random process



ChemEngineering 2025, 9, 118

12 of 26

determined by the distribution of the bonding phase in the sintering process [59]. From
XRD analysis (Tables S1 and S2), the phases present in the sinter and bed materials ranged
from simple oxides such as hematite to more complex multi-element phases like SFCA.
The heat capacity results for the lump sinter samples had a 3.5% deviation across the five
samples, with an average value of 863.6, 892.1 and 919.9 ] /kg K at 500, 550 and 600 °C,
respectively (Figure 5). Lai et al. [50] calculated the heat capacity of sinter to be 860-980 J/kg
K in the temperature range of 200-380 °C, whereas [28] used a value of 920 ] /kg-K and a
sinter inlet temperature of 550 °C in their simulation, which is very similar to the 600 °C
but deviates quite significantly from the 500 °C (Figure 5).

980 T T T T T T T T T

Jikg K

840" 1 | 1 1 1 1 | 1 1 |
0 10 20 30 40 50 60 70 80 90 100

%

Figure 5. Heat capacity (J/kg K) of the lump sinter made using increasing ecoke content,
where black =500 °C, blue = 550 °C and red = 600 °C; dotted + squares = top layer and
dashed + circles = bottom layer.

Comparing the heat capacity of the bed materials (Figure 6) at a standard temperature
of 100 °C, the hematite-goethite ore was found to have the highest heat capacity, followed
by the hematite ore, the sinter fines and the magnetite concentrate. The oxidation state
of iron along with the bound water content had the largest impact on the heat capacity
because of their increased interaction with infrared radiation compared to the gangue
elements. Magnetite has a higher heat capacity than hematite, but the hydrogen bonding
between the hydroxyl groups (FeOOH) in goethite increased its heat capacity (Table 3).

The polar bonds contained within the bed materials vibrated, stretched and twisted
when they absorbed infrared radiation (Figure 7). Collected FTIR spectra showed peaks
representing goethite, hematite, silicon and calcium oxides. The specific peak information
is shown in Table S3. Hydrated iron oxides contain a mixture of the polar O-H and Fe-O
bonds [60-62], resulting in a strong absorption, as shown in Figure 7, whereas magnetite
only contains Fe-O, reducing the absorption potential. As expected, the hematite-goethite
ore had a higher absorption peak compared to the magnetite concentrate. The breaking
of O-H and Ca-O bonds in the high-temperature sintering process reduces the absorption
potential, but the formation of silico ferrites of calcium and aluminium has been shown to
have a positive effect [42], restoring the infrared absorption capability of sinter.
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Figure 6. Heat capacity of the bed materials calculated using XRF, TGA and XRD data.
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Figure 7. FTIR spectrum of the bed materials with the wavenumber ranges of key bonds highlighted.
Orange = hematite—goethite, light blue = hematite, green = magnetite and purple = sinter fines.

7.2. Effect of Biocarbon

The sinter used for these experiments was made with increasing quantities of a 30%
biomass fuel. The replacement of fossil carbon with biocarbon was shown to not negatively
affect the thermal properties of the sinter, with the emissivity only varying by 3.5% between
the samples [42]. The data from this study indicated that the presence of ecoke in the
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formation of the sinter does not have a noticeable impact on the quantity of energy absorbed
by the bed materials (Figure 8). Therefore, in this analysis, the results are an average of five
runs at each temperature.
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Figure 8. Relationship between the quantity of energy absorbed by the bed materials and the quantity
of ecoke used to make the iron ore sinter lumps, where black = 500 °C, blue = 550 °C and red = 600 °C;
dotted + squares = top layer and dashed + circles = bottom layer.

7.3. Temperature Results

The magnetite concentrate was an evenly distributed powder with a D,y = 0.16 mm
(Table 1). At 500 °C, the magnetite concentrate reached an average peak temperature of
74 and 68 °C for the bottom and top layers at a rate of 0.13 and 0.17 °C/s, respectively
(Figure 9). The resultant cooling rate was 4.29 and 4.53 times lower than the heating rate for
the bottom and top layers. Increasing the temperature to 550 °C increased the maximum
temperature by only 7 °C for the bottom layer, but the top layer increased by 17 °C to 85 °C.
The heating rate for both layers also increased, but the heating ratio (heating rate/cooling
rate) increased for the bottom layer but decreased for the top layer. Lastly, at 600 °C, the
peak temperature was 93 and 97 °C, and the heating ratio was 5.37 and 3.73.

The hematite ore, D,y = 0.22 mm, was primarily made up of hematite, with small
quantities of other elements (Table 1). At 500 °C, the heating rate for the bottom and top
layers was 0.09 °C/s, reaching peak temperatures of 72 and 83 °C (Figure 9). Increasing the
lump sample temperature to 550 °C resulted in peak temperatures rising to 77 and 91 °C.
The resulting heating ratios for the bottom and top layers were 4.93 and 3.2. At 600 °C, the
peak temperatures rose to 80 and 96 °C in the bottom and top layers. There was also an
inversion in the heating ratio to 3.89 and 4.14.
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Figure 9. The results of the packed bed experiments using the thermographic data analysed using
FLIR Research Studio, where solid lines = bottom layer and dotted lines = top layer; black = magnetite,
blue = hematite, red = hematite-goethite and magenta = sinter; clockwise: average heating rate (HR),
maximum temperature, heating to cooling ratio (HR/CR) and energy absorbed.

The last ore, the hematite-goethite ore, was a mixture of hematite and goethite,
D,y =0.27 mm (Table 1). At 500 °C, it reached an average peak temperature of 63 and
64 °C for the bottom and top layers at a rate of 0.09 °C/s (Figure 9). The resultant cooling
rate was 2.16 and 2.40 times lower than the heating rate for the bottom and top layers.
Increasing the temperature to 550 °C increased the maximum temperature by only 5 °C for
the bottom layer, but the top layer increased by 28 °C to 92 °C. Lastly, at 600 °C, the peak
temperature was 70 and 86 °C, and the heating ratio was 3.44 and 3.26.

The sinter fines were a complex mixture of iron oxides and SFCA structures, with the
largest average particle size at 2.65 mm (Table 1). At 500 °C, the heating rates were 0.09
and 0.06 °C/s, reaching peak temperatures of 66 and 83 °C (Figure 9). Increasing the lump
sample temperature to 550 °C resulted in peak temperatures rising to 73 and 93 °C. The
resulting heating ratio for the bottom and top layers was 4.75 and 3.56. At 600 °C, the peak
temperature rose to 74 and 104 °C in the bottom and top layers.

7.4. Transfer Dynamics

The distribution of temperatures in the bed materials had a positive correlation with
lump sinter temperature, but their chemistry, size distribution and thermal properties
affected the overall effectiveness. To be effective, the bed materials needed to quickly
absorb the large quantities of thermal energy being radiated out of the lump sinter and
then slowly release. The distribution of maximum temperatures between the layers was
interesting, as the hematite ore reached the highest temperatures in the 500 °C and 550 °C
runs with the magnetite concentrate overtaking in the 600 °C run, whereas in the bottom
layer, the hematite ore initially had the highest temperature, 500 °C and 550 °C, but as lump
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sinter temperature increased to 600 °C, the sinter fines achieved the highest temperature.
There was clearly a difference in the heat transfer dynamics of the two layers, which is
further shown by difference in temperature range for the top, 40 °C (38%), and bottom,
30 °C (32%). For a given mass of lump sinter at the sinter to bed material ratio (1:4), the
temperature rise per g was highest in the hematite—goethite ore, with a maximum value
of 14 °C/g. The other bed materials had a per g rise between 7 and 9 °C/g. Using the
heat capacity values of the lump sinter and bed materials in Figures 5 and 6, their resultant
thermal energy was calculated (E;, and E, respectively) and the thermal efficiency () of
each bed material with increasing lump temperature calculated using Equation (8).

6=1-(fgh) ®)

At 600 °C, the lump sinter had absorbed between 5.0 and 7.9 k] of thermal energy
from the furnace of which a percentage was lost in the transition from the furnace. The heat
transfer through the bottom layer was slower than the top layer due to the higher surface
area of the top layer of the bed material in contact with the lump sinter. Figure 10 shows the
efficiency calculated based on energy absorption from both layers of each bed material. It
was clear that the hematite ore and the hematite-goethite ore had superior overall efficiency
compared to the sinter fines and the magnetite concentrate. Interestingly, both the hematite
ore and the hematite-goethite ore efficiency reduced at increasing temperature, with the
hematite—goethite ore dropping by 11% over the temperature range. Comparatively, the
magnetite concentrate had a steadily increasing efficiency, despite being lower than the
hematite ore. This could be related to the type of heat transfer occurring in the bed.
Evaluating per layer efficiency, the magnetite concentrate was much more consistent over
the bottom and top layers compared to the hematite ore, showing a more even coverage and
density throughout the bed. The sinter fines were less efficient than the ores due to their
higher particle size and low density creating insulating air pockets between the particles,
which will be discussed in more detail later. During the experiment, the best performing
bed material, the hematite-goethite ore, absorbed a maximum of 2.36 kJ at a lump sinter
temperature of 550 °C, whereas the sinter fines absorbed 2.06 k] at 600 °C.
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Figure 10. The energy efficiency of each bed material where blue = 500 °C, orange = 550 °C and
yellow = 600 °C.
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7.5. Heat Flow Tracking

Once in the reactor, the thermal energy was transferred from the lump sinter through
the bed via radiation and conduction, forming a heat front that was analysed using image
analysis from the thermal camera data. Mathematical models [43,63] have previously
been used to predict the effect of different heat transfer modes on the effective thermal
conductivity (ETC) of solid beds. The models predicted that an increase in particle size,
and therefore voidage, would lead to a reduced effective thermal conductivity because of
the low thermal conductivity of air, although the use of high-emissivity materials, such as
iron oxide, could counteract this by means of an increased photon count moving through
the voids (Figure 1).

Radiation from a material is controlled by its emissivity, surface area and temperature,
as described in the Stefan-Boltzman equation, Equation (9).

Q= e AT* )

As emissivity and temperature increase, more energy is emitted as infrared radiation,
with flux (Q) increasing by the fourth power of absolute temperature. In Figure 7, the
polar bonds within the bed materials were identified using Fourier transform infrared
spectroscopy: Fe-O, O-H, Ca-O and Si-O, whereas the air contained in the pores is 78%
Ny, which is a poor absorber of infrared radiation. Conductive processes are controlled
by the thermal conductivity (k), thermal diffusivity (D) and heat capacity (Cp). Thermal
conductivity describes the rate of heat flow across a temperature gradient, where a high
k can move heat quickly and a low k is a barrier to heat flow. Diffusivity describes the
temperature change during conduction, where a high D shows that heat is dissipated and
has a lower rate of temperature increase. Finally, a high heat capacity describes the energy
input required to increase the temperature by one °C.

The bed materials have a thermal conductivity of 1.5-5.98 W/mK and thermal diffusiv-
ities of 2.2 x 1070-5.8 x 10~® m?2/s, whereas air has a thermal conductivity of 0.024 W/mK
and a thermal diffusivity of 1.9 x 107> m?/s. Figure 11 shows how energy moves from
sinter, through a pore and into the bed material, taking into account the infrared and
conductive properties of each material. Figure 12 shows how energy is transferred through
direct conduction from the lump sinter to the bed material; the thermal conductivity of both
materials is similar, allowing temperature to flow quickly across the boundary. Preferential
conduction through the bed materials causes conduction around pores, creating tendrils in
the image analysis. The emissivity of the bed materials is also high (Table 5), allowing the
bed materials to radiate through pores and heat neighbouring bed materials. The difference
in thermal properties of lump sinter, air and the bed materials show how isolated hotspots
in the image analysis (Figure 13) from the bed material heats faster than the air in the pore.

Figure 13 shows how the bed materials pack based on particle morphologies in the
scanning electron microscope images (Figure 2).

The maximum recorded temperature was found to correlate well with the heat capac-
ity of the bed materials; a lower heat capacity resulted in faster conduction (Figure S3).
Numerical models predicted that an increase in voidage would result in a more resistive
bed and therefore a lower heating rate, which was seen in both layers but to a lesser extent
in the top. Because of the high emissivity of the bed materials (Table 5), a high proportion
of the heat could be transferred through radiation through a very porous bed.
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Figure 12. Model of heat transfer from lump sinter into the bed material.



ChemEngineering 2025, 9, 118

19 of 26

Figure 13. Model of bed packing and the associated heat transfer modes in the bed materials where
(A) = Magnetite concentrate, (B) = Hematite Ore, (C) = Hematite-goethite ore, (D) = Sinter Fines,
where radiation = red arrows and conduction = white arrows.

Figure 14 shows the results of the image analysis of how the heat movement through
the bed differed in each bed material. Panel A depicted the smooth flow of heat from
the lump sinter through the top layer of the magnetite concentrate, D,y = 0.16 mm. The
steadily increasing distribution of the areas (Figure 15) further indicated that heat was
transferred smoothly through direct conduction. Additionally, the presence of very few
heat spots due to the high bed density, 999.3 kg/m3, leads to very few voids through which
energy could be transferred by radiation. These image-based results correlate with the
BET and SEM analysis (Table 2 and Figure 2), where beds with higher surface areas but
moderate pore volumes (e.g., hematite—goethite) showed distributed and persistent heat
fronts, while the sinter fines, with both high voidage and pore volume, exhibited delayed
heat propagation and more fragmented thermal fronts. The magnetite concentrate had the
highest thresholded area after 2 min, which correlates with its high thermal conductivity
(Table 4).

Figure 14. Thermal images taken every 10 s for the first 2 min of heating at 550 °C thresholded using
Image] at a greyscale value corresponding to 60 °C, where (A) = the magnetite concentrates, (B) = the
hematite ore, (C) = the hematite—goethite ore and (D) = sinter fines.
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Figure 15. The total area (main) and number of particles (insert) calculated through image anal-
ysis for the 500 °C runs, where black = magnetite, blue = hematite, red = hematite-goethite and
magenta = sinter fines.

Conversely, bed materials the hematite ore and hematite—goethite ore had a slightly
larger D,y = 0.22 and 0.27 mm but a wider particle distribution, thus forming a less dense
bed with a higher proportion of voids (Figure 1). The thermal conductivity of the hematite
ore was lower compared to the other ores, thus reducing the ratio of conduction to radiation.
The images in panels B and C showed slower and more uneven heat flow, as pores impeded
the energy flow and areas of small particles acted as conducting bridges to larger particles.
This process is visualised in Figure 15, where the hematite ore has a slower increase in area
than the magnetite concentrate and an increased breaking of the heat front. The hematite—
goethite ore had a high initial area that steadily decreased but recovered to a similar final
area to the hematite ore. The decreasing area could be explained by an initial heating of the
small particles, which then transferred to the wider bed. Lastly, the sinter fines, D, = 2.65,
p=7919kg/ m3, had a very high proportion of voids within the bed (Figure 1). Figure 14
shows that individual particles in contact with the lump sinter increased in temperature
via conduction before then radiating their energy through the pores, a large number of hot
spots (Figure 14), transferring energy from particle to particle while slowly heating the air
increasing the total area and reducing the number of spots as the temperature becomes
more homogeneous. The heating rate data (Figure 9) shows that the magnetite concentrate
had a consistently high heating rate, while the sinter fines had a consistently low value. The
magnetite concentrates and the hematite ore varied throughout the tests due to the more
inconsistent packing arrangements caused by the wider particle size distribution seen in
the optical and SEM images (Figures 1 and 2). For the most efficient heat transfer, a smaller
particle size reduced pore volume and increased the contact area between the bed material
and lump sinter, facilitating rapid conductive heat transfer. The BET and surface area
(Table 2) and pore volume data confirm these findings. Materials with higher surface area
had a stronger interaction with radiative heat transfer because of higher IR-active surface
exposure, but excessive pore volume introduced insulating voids, lowering conduction
efficiency. For example, the hematite—goethite ore had a high surface area but moderate
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pore volume, balancing radiative absorption and conductive heat transfer. Analysing the
600 °C runs resulted in a similar heat flow pattern for each bed material with a faster rate,
which correlates with the heating rate data. Figures S4-S7 present the difference in the
heat flow between the 550 °C runs and the 500 °C and 600 °C runs for the hematite ore
and the hematite—goethite ore, respectively. As the temperature increased to 600 °C, the
flow became more stable, showing fewer hotspots and a smoother increase in area over
the first 2 min. While the increase in the quantity of biofuel being used to make the sinter
had a negative effect on its heat capacity (Figure 5), it was found that the rate limiting step
was the absorption of energy by the bed material. Figure S8 shows that the increase in
the percentage of ecoke in the sinter mixture had little to no correlation with the average
peak temperatures for all the bed materials, indicating that the choice of bed material had a
greater impact. This further validates the use of hybrid biofuel as an effective sustainable
replacement for coke breeze.

The area under the temperature curve (Figure 16) was a secondary indicator of the
effectiveness of the bed material at absorbing and, more importantly, retaining energy. The
magnetite concentrate and the hematite-goethite ore were the most consistent at absorbing
energy over the entire range of temperatures, whereas the hematite ore and the sinter fines
fluctuated more because of their wider size distribution. In most cases, the top layer had a
larger area due to the higher maximum temperatures reached because of the higher contact
area with the lump sinter, although the slower cooling rate of the bottom layer increased
the area reducing the difference. Overall, the hematite-goethite ore had the lowest area,
and the hematite ore and the magnetite concentrate had the largest. In the energy balance,
the heat capacity of both the sinter and the bed material were considered, meaning that the
magnetite concentrate became much more like the sinter fines and the hematite ore to the
hematite—goethite ore.
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Figure 16. Area under the temperature curves, where solid lines = bottom layer and dotted lines = top
layer; black = magnetite, blue = hematite, red = hematite-goethite and magenta = sinter.

The high heat capacity of the hydrated goethite ore (Figure 6) combined with the
higher temperature efficiency of the magnetite concentrate (Figure 10) would form an
optimised chemistry for absorbing thermal energy. Image analysis identified the pores
created by the wide size distribution of the goethite ore slowed the rate of heat transfer
because of the reduced thermal conductivity of air. Therefore, the secondary addition
of magnetite concentrate into a goethite bed would reduce the volume of insulating air
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within the bed, increasing the rate of heat transfer and overall efficiency. Together, the
data show that the chemistry of the hematite—goethite ore, i.e., quantity of FeOOH, and
the particle size distribution of the magnetite concentrate would, if combined, create a
very effective bed material for absorbing excess thermal energy from iron ore sinter. The
absorption of energy by the bed material before sintering will result in a lower quantity
of energy required to melt the raw mixture, reducing the required fuel rate. Using the
calorific content of the fuel mixture, measured by bomb calorimetry [64], the theoretical
percentage fuel saving for each bed material was calculated. Unsurprisingly, the hematite
ore had the highest fuel saving, with 0.16 kg of fuel saved per 0.885 kg used in the sinter
pot. Scaled up, this is a saving of 9.4 kg per tonne of fuel (Figure S9). Despite having the
lowest transfer efficiency, the sinter fines still had a potential saving of 1.1 kg/tonne. In
comparison to moving grates and vertical tanks, this new method directly transfers heat
into the sinter bed instead of using an intermedjiate transfer fluid, thus reducing the effect of
transfer loss. During the experiment, cooling rates of 1.3—4.2 °C/min were achieved, which
is the ideal range for efficient formation of SFCA [18]. The most efficient bed material, the
hematite—goethite ore, absorbed 2.36 kJ of energy over 328 s from 10 g of sinter. Scaled up to
a rate of 9300 tonne/h of sinter, this results in a heat utilisation of 2.194 x 10° kJ/h. Studies
on the moving grate style air cooled simulations by Zhang et al. [65] had a waste heat
utilization of 2.55 x 108 kJ/h, and simulations by Liu et al. [28] were at 1.90 x 108 kJ/h.
However, the vertical tank arrangement had a heat utilisation of 1.49 x 108 kJ/h [37],
showing little improvement compared to the moving grate process. Lastly, the solid—solid
process model by Felinks et al. [39] had predicted recoveries of 70% over multiple steps and
50% over two steps, similar to the efficiency data in Figure 10. Based on a CO, emission
factor of 2.86 kg CO, /kg of coke, the projected fuel saving of 9.4 kg/tonne corresponds to
~27 kg CO, saved per tonne of sinter.

7.6. Industrial Application

In the industrial iron ore sintering process, at the end of the strand, the iron ore sinter
is crushed and size classified. To enter the blast furnace, sinter must be +6.3 mm, creating
a hard size cutoff on the cooling strand. In the scaled iron oxide bed process, the bed
materials will be added at the start of the cooling strand and then extracted at the peak
of energy absorption based on the results in Figure 9, using a 5 mm aperture at the base
of the cooling strand. This study used a 4:1 ratio of bed material to lump sinter; in an
industrial process, this will equate to 4 tonnes of ore per tonne of sinter, equating to a
total bed porosity of 0.88 in the quartz reactor. However, in the industrial process, the bed
porosity is 0.3-0.5 [66], reducing the quantity of bed material in the cooling strand by 58%.
The capital expenditure of the proposed process would be the installation of new conveyor
equipment and sieves to transport and extract the bed material to and from the cooling
strand. Operational costs would include the running of the conveyors but would reduce
due to the coke rate reducing by 9.4 kg/tonne.

8. Conclusions

The developments in technology for recovering heat from iron ore sinter has not
considered the infrared absorption capability of iron oxides, instead focusing on adapting
the air driven process. This experimental method was developed to provide a resource-
efficient and repeatable platform to identify efficient solid heat transfer materials for the
recovery of energy from the iron ore sintering process. The use of quartz glass to quantify
the type of heat flow through the bed was inspired by tests investigating the flame front in
the sintering processes [2].
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Preliminary FTIR measurements demonstrated that the interaction of the chosen bed
materials with infrared radiation was significant and corroborated the increased efficiency
of iron hydroxides instead of air as heat transfer material. The BET surface area and porosity
data provided evidence for how internal structure governs energy absorption and retention,
further validating the experimental model. Comparison of the dynamics of each bed using
infrared thermography and image analysis found that the bulk bed density and surface area
impacted the ratio of conduction to radiation, whereas the chemical composition controlled
the rate and quantity of infrared radiation absorbed. The fine evenly distributed magnetite
concentrate transferred energy through smooth conduction, whereas the larger, widely
distributed sinter fines had a more separated profile, indicating radiative transfer, although
both had a reduced efficiency compared to the hematite—goethite ore which transferred
energy through a mixture of radiation and conduction. The hydrated fraction contributed
to the highest thermal efficiency absorbing 2.36 x 10° KJ /T, equivalent to 9.4 kg /T of fossil
fuel. The BET surface area and porosity data confirmed that internal surface topology
and pore volume significantly affect energy absorption and retention. Future work will
assess the reusability of the bed materials under industrial cycling conditions and optimise
composite formulations, combining high surface area and low voidage.
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HR Heating rate
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