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Redox and melting characteristics of Mn-based ores were investigated to test their potential use in thermochemical energy storage (TCES). Two Mn-based materials (FJ and LY) were natural ores with the Mn content higher than 35 wt%, and one Mn-based material was prepared by adding an MgO–kaolin inert support into LY ores to increase its melting temperature. Cyclic reduction and oxidation reactivity of these Mn-based materials was studied via thermogravimetric analysis (TGA), and the melting behaviors of these materials were investigated by using a melting test setup with an optical camera–image system. It was found that the oxygen capacity of the FJ Mn ore can approach ∼1.50 wt%, while the LY Mn ore had only 0.42 wt%–0.69 wt% oxygen capacity The deformation temperature of the FJ Mn ore is higher than that of the LY Mn ore, and the melting temperatures of the LY Mn ore can be significantly improved with the addition of an MgO–kaolin inert support, while the reactivity is decreased due to the addition of the MgO–kaolin inert material. This study proves that manganese ores with high oxygen capacity and deformation temperature have potential as TCES materials. For some manganese ores with low deformation temperatures, it is necessary to improve their melting temperatures and ensure oxygen capacity for high-temperature TCES applications.
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1 INTRODUCTION
The present global energy consumption is mainly based on the use of fossil fuels, which has contributed to many environmental problems. Renewable energy sources are considered attractive alternatives to replace fossil fuels because of their promising social, environmental, and economic benefits (Bilgen et al., 2004; Jin et al., 2023; Jin et al., 2024; Ouyang et al., 2024). The British Petroleum (BP) Company predicted that the consumption percentage of renewable energy sources will increase from 4% of its total primary energy consumption in 2016 to 14% in 2040 (British Petroleum Company, 2019). Solar energy is one of the most promising renewable energy resources as it is abundant and has the potential to provide energy with zero emission. Solar applications mainly comprise direct solar-to-electricity conversion by photovoltaics (PV) and solar-to-mechanical-to-electricity conversion by concentrated solar power (CSP). Both PV and CSP are needed to apply energy storage systems that are used for overcoming the inherent problems related to solar power intermittency. However, electrochemical energy storage for PV is more expensive than thermal energy storage, which hampers the development of PV with energy storage (Weinstein et al., 2015; Feldman et al., 2016). Thermal energy storage (TES) systems play a vital role in the development of CSP plants. The solar energy intermittency can be solved by TES, in which intermittent solar energy is transformed to stable electricity to meet the electricity demand (Romero and Steinfeld, 2012; Pardo et al., 2014). In the TES systems, heat will be stored as sensible, latent, or thermochemical energy during periods of sunshine and released during periods of weak solar irradiation (Kuravi et al., 2013; Gil et al., 2010; Abedin and Rosen, 2011). Compared to sensible and latent heat storage operating at lower temperatures (<400°C and <500°C, respectively), thermochemical energy storage (TCES) based on completely reversible and rapid reactions, the suitable operating temperatures of which are 400°C–1,200°C, has aroused great attention for its potentially high thermal efficiency and compatibility with CSP technology (Abedin and Rosen, 2011; Agrafiotis et al., 2014; Yan et al., 2015; Prieto et al., 2016). Furthermore, the energy densities of the TCES systems are 5–10 times higher than those of the sensible and latent heat storage systems (Pardo et al., 2014). The first step to develop a TCES system is to select appropriate reaction patterns and then to study their chemical characteristics. Several reaction patterns have been proposed for TCES, including the metal hydride system (MHn/M), metal hydroxide system (M(OH)2/MO), metal carbonate system (MCO3/MO), and metal oxide system (MxOy/M) (Yan et al., 2015; Kerskes et al., 2011; Chacartegui et al., 2016; Felderhoff and Bogdanović, 2009; Xu et al., 2021; Xu et al., 2022). The metal oxide system is considered particularly suited for CSP plants, which has good reaction reversibility and availability of air as the reactant and heat transfer fluid (Neises, et al., 2012).
Among the most studied metal oxides considered promising materials for TCES, manganese oxide is one of the most appropriate candidates (Carrillo et al., 2014a; Carrillo et al., 2014b; Carrillo et al., 2015a; Agrafiotis et al., 2016) as this material more abundant, less expensive, and non-hazardous among the proposed metal oxides. The redox reaction of manganese oxide can be described as follows:
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In this perspective, the Mn2O3/Mn3O4 pair has been studied extensively, mostly on the milligram-scale of thermogravimetric analysis (Agrafiotis et al., 2016; Agrafiotis et al., 2017; Carrillo et al., 2014b; André et al., 2017), with some studies on lab-scale tests (Karagiannakis et al., 2014; Ströhle et al., 2016). However, the high temperature caused sintering in the redox cycle of manganese oxides due to the high temperature (Carrillo et al., 2014a; Carrillo et al., 2015b; Agrafiotis et al., 2017). In addition, the sintering phenomenon was also found in other metal oxide candidates, such as cobalt oxide and copper oxide (Block and Schmücker, 2016). The sintering process was reported to lead to an exponential thermal deactivation (Carrillo et al., 2014b), and the durability of the chemical reactivity of these materials is a key factor for long-term cycling of TCES. At present, research studies on the sintering problem are mainly focused on the doping inert support or other metal oxide materials to improve the sintering resistance of the materials (Carrillo et al., 2014a; Carrillo et al., 2014b; Carrillo et al., 2015b; Block and Schmücker, 2016; Wokon et al., 2017). In the study by Carrillo et al. (2015b), it was demonstrated that the addition of Fe2O3 to manganese oxides could stabilize and enhance the oxidation rate over long-term operations, which improves the sintering resistance in manganese oxides.
The TCES material prepared by the synthetic method normally has a high cost, and Mn-based natural ores have the advantages of rich reserves and low price (461 $/t) (Matzen et al., 2017) compared with synthetic Mn2O3 (about 100 €/kg) (Block and Schmücker, 2016). Natural materials with rich reserves and low prices are promising for large-scale application in the TCES system in order to decrease capital and operating cost. However, few research studies are currently being conducted on natural materials used as heat storage materials in the TCES system. At the same time, the issue of melting of TCES materials under TCES operational conditions is also a very important concern for material development because solar radiation can pass through the radiation window and heat the material to a very high temperature (Miller et al., 2016; Tescari et al., 2014). When the TCES material melts due to high operating temperatures, the window would be polluted, and the TCES system would collapse; therefore, it is necessary to investigate the melting characteristics of the TCES material.
In the present work, by using Mn-based natural minerals as thermochemical energy storage materials to decrease the cost, the reactivity and melting characteristics of Mn-based natural minerals were investigated. The purposes of this study were as follows: (1) natural Mn ores with a high Mn content were selected for the study, and one Mn ore was modified by adding an inert support to improve its melting temperature; (2) cyclic reduction and oxidation reactivity of these Mn-based materials were studied via TGA to provide oxygen capacity and kinetics; (3) a melting test setup with an optical camera-image system was applied to investigate the melting states of the materials to evaluate the effect of temperature on the material’s melting behaviors.
2 ARTICLE TYPES
2.1 Material preparation and characterization
Two low-cost raw manganese ores (named LY and FJ Mn ores) were selected and investigated as thermochemical heat storage materials. The Mn content is 38.11 wt% for FJ and 48.57 wt% for LY, and there is also substantial Fe content in both materials, as shown in Table 1. In order to increase the melting temperature of the LY ore, 9.98 wt% MgO and 9.98 wt% kaolin (MgO–kaolin inert support) were added into the LY raw material, and the prepared material was named LY–kaolin Mn ore. Therefore, three TCES materials were used for the test.
TABLE 1 | Composition of LY, FJ, and LY–kaolin Mn ores determined with XRF.
[image: Table 1]The above three materials are very fine powders and hence are not suitable for the TCES process; therefore, solid particles were prepared by rolling granulation in a micro-rotary furnace with a heater. First, the powders of raw manganese ores or LY–kaolin Mn ores were uniformly mixed in the rotating furnace for 1 h. Second, a dextrin solution acting as the organic binder was added to the powder, and a number of spherical particles were gradually formed in the micro-rotary furnace. The particle size can be controlled by adjusting the heating temperature and rotating speed. Third, after drying in air at room temperature for 10 h, the obtained spherical particles were calcined in air at 1,100 °C for 8 h, then cooled to 850°C, and calcined in air for 4 h to stabilize the structure. Finally, the spherical particles were crushed and sieved to the size range of 160–200 μm for the test. The prepared and sieved particles are shown in Figure 1. The samples were characterized by X-ray fluorescence (XRF) before being studied for redox cycles and melting behaviors. As shown in Table 1, all the samples are composed of Mn, Fe, alkali metal (K and Na), alkali earth metal (Ca and Mg), and other elements (mainly Si, Al, and P).
[image: Figure 1]FIGURE 1 | Photos of the prepared particles (left: FJ Mn ore, middle: LY Mn ore, and right: LY–kaolin Mn ore).
The three samples were characterized by X-ray diffraction (XRD) to identify the crystalline phases. XRD analysis was performed with Cu–Kα radiation (λ = 0.15406 nm) at room temperature, and the θ–θ symmetrical scans ranged from 10° to 90° with a step of 0.02°. The X-ray diffractograms were recorded and conducted through MDI Jade 6.0 software, and phase identification was aided by Powder Diffraction File (PDF). In addition, scanning electron microscopy (SEM, GeminiSEM 500) was applied to analyze the morphology of the samples before and after TGA redox cycles.
2.2 Redox experiment in TGA
Tests of reduction–oxidation cycles were carried out in a TG Q500 thermogravimetric analysis (TGA) instrument with a measurement accuracy of 0.001 mg. Signals of temperature and sample weight were continuously recorded by a data acquisition system connected to the TGA. Approximately 40 mg of the Mn ore sample was placed on an alumina crucible and subjected to 20 thermal cycles. Each cycle consisted of a heating step from 850°C to 900°C at 10°C min−1 for reduction under 100% N2 flow of 100 mL min−1 and a cooling step from 900°C to 850°C at 10°C min−1 for re-oxidation under 20% O2/80% N2 flow of 100 mL min−1.
2.3 Melting behavior experiment in a melting test setup with an optical camera–image system
A melting setup coupled with an optical camera–image system was used to determine the melting behaviors of the three Mn-based materials. A detailed description can be found in our previous work (Liu et al., 2019). As seen in Figure 2, the setup mainly consists of air sources, a computer, an optical camera–image system, a heating zone, and a thermocouple in the tube (I. D. 100 mm). The tube can be heated up to 1,550°C with 18°C min−1. Before the melting characteristics test, the samples need to be prepared into cones by using a special designed mold, as shown in Figure 3. In each test, two sample cones were placed on the trays made in corundum, and then they were put into the heating zone together. During the experiment, an air stream (1 L min−1) was introduced.
[image: Figure 2]FIGURE 2 | Melting test unit.
[image: Figure 3]FIGURE 3 | Schematic diagram of the tray and cone.
The cones would brighten when heated up to a certain temperature. A series of photos were continuously recorded by the optical camera–image system with 20 fps for following the shape of the cones. The following melting temperatures were introduced to describe the melting characteristics of the samples: (1) deformation temperature (DT), at which the top of the cones become round or bend due to melting phases in the tested samples; (2) softening temperature (ST), at which the cones are gradually bent until touching the tray or the cones become spherical; (3) hemispherical temperature (HT), at which the cones melt and become approximately hemispherical; (4) flowing temperature (FT), at which the cones melt and expand to a layer less than 1.5 mm in height, as shown in Figure 4. These melting temperatures are indicators of the TCES operational temperature. The maximum temperature of TCES will be limited at less than the deformation temperatures (DT) of the materials for avoiding issues due to melting.
[image: Figure 4]FIGURE 4 | Judgment of melting characteristic temperatures.
2.4 Data evaluation
Redox cycles of FJ, LY, and LY–kaolin Mn ores were conducted in TGA Q500, with altering gas atmospheres (20% O2/80% N2 and 100% N2). Based on the weight change of the above three kinds of samples measured in each TGA redox cycle, the conversion of reduction and oxidation is defined as shown in Equations 1 and 2.
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where [image: image] and [image: image] are the reduction conversion and oxidation conversion, respectively, [image: image] is the final mass after oxidation, [image: image] is the final mass after reduction, and [image: image] refers to the mass of the samples at time t. The theoretically maximum mass of released oxygen ([image: image]) is defined as in Equation 3.
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where [image: image] and [image: image] refer to the total mass of the samples measured in TGA Q500 and the mass fraction of manganese in the tested samples determined by XRF. [image: image], [image: image], [image: image], and [image: image] are the molar mass of Mn2O3, Mn3O4, Mn, and O, respectively. Here, it is assumed that manganese mainly exists in the form of Mn2O3 and Mn3O4 and the oxygen releasing process only occurs in the transformation of Mn2O3 to Mn3O4, considering that the decomposition of Mn3O4 happens at a higher temperature, such as 1,586°C (Zhang et al., 2016a; Zhang et al., 2016b).
3 RESULTS
3.1 Oxygen capacity of natural Mn ores
A total of 20 reduction–oxidation cycles were monitored by TGA operating between 850°C and 900°C. The experimental results of FJ, LY, and LY–kaolin Mn ores are shown in Figure 5. The result was similar for each material. When the temperature was increased from 850°C to 900°C and maintained at 900°C under the N2 condition, the weight of the samples decreased due to the release of oxygen (reduction); when the temperature was maintained at 850°C under the 20% O2/80% N2 condition, the weight of the samples increased due to re-oxidization. An obvious difference among the three materials is that the weight loss of the FJ Mn ore during the reduction is higher than that of LY and LY–kaolin Mn ores under the same experimental conditions. It can be seen from Figure 5 that when compared with the LY Mn ore and LY–kaolin Mn ore, the weight loss of the LY Mn ore during reduction is higher than that of the LY–kaolin Mn ore.
[image: Figure 5]FIGURE 5 | Thermogravimetric analysis (TGA) results of FJ, LY, and LY–kaolin Mn ores.
Figure 6 shows the stability of FJ, LY, and LY–kaolin Mn ores for 20 redox cycles. All three materials have experienced a decrease in the weight during their first cycle, as shown in Figure 6, and this is because some materials inside these natural ores decompose during the first cycle. For FJ, LY, and LY–kaolin Mn ores, the weight loss in the first cycle is 1.40%, 0.65%, and 0.47%, respectively; however, the weight loss is decreased to 1.32%, 0.42%, and 0.16% in the second cycle, respectively. As shown in Figure 6, the trends of reactivity change are different for FJ, LY, and LY–kaolin Mn ores from the second to twentieth cycles. The weight loss of the FJ Mn ore increases from 1.32% to 1.48% between the second and eighth cycle, and then the weight loss is maintained at around 1.50%. For the LY Mn ore, the weight loss increases from the second to twentieth cycles (0.42% to 0.69%). A different phenomenon for the LY–kaolin Mn ore is that its weight loss is maintained at 0.13 %–0.14% after the third cycle, and the oxygen capacity is very low. The FJ Mn ore has the highest oxygen capacity (1.50 wt%), followed by LY (0.69 wt%), while the oxygen capacity of the LY–kaolin Mn ore is the lowest (0.14 wt%). The oxygen capacity of the FJ Mn ore is 2.13 times that of the LY Mn ore and 10.5 times that of the LY–kaolin Mn ore in the twentieth cycle, as shown in Figure 6.
[image: Figure 6]FIGURE 6 | Stability of FJ, LY, and LY–kaolin Mn ores for 20 redox cycles.
3.2 Reduction and oxidization kinetics of natural Mn ores
Figure 7 shows the reduction and oxidation kinetics of the FJ Mn ore at different cycles. It can be seen from Figure 7 that the reduction of the FJ Mn ore is divided into an initial fast reaction stage and a second slow reaction stage for each cycle. During the initial fast reaction stage, the conversion reaches 40% within 10 min, while it requires more than 50 min for the FJ Mn ore to reach 75% conversion, as shown in Figure 7A. There is almost no effect of cycle number on the reduction reactivity from the second to twentieth cycles. An initial rapid reaction stage and a second slow reaction stage are also observed in the oxidizing step of the FJ Mn ore for each cycle, as shown in Figure 7B. The oxidation kinetics is not affected by the number of cycles from the second to twentieth cycles. However, the oxidation conversion is low during the first cycle because some components could not be re-oxidized to their original state, as shown in Figure 5. The time for oxidization in the TGA test is not sufficient for the sample to fully oxidize due to the slow oxidization rate after the initial stage of each cycle.
[image: Figure 7]FIGURE 7 | Reduction (A) and oxidation (B) conversion of the FJ Mn ore.
Figure 8 shows the reduction and oxidation of LY Mn ore. A similar phenomenon is that the reducing process of the LY Mn ore is divided into a rapid reaction stage and a slow reaction stage for each cycle. The conversion improved from the fifth to twentieth cycles; for example, the reduction conversions of the fifth, tenth, fifteenth, and twentieth cycles are about 17.5%, 20%, 22.5%, and 25%, respectively. Although the manganese content of the FJ Mn ore is lower than that of the LY Mn ore, the conversion of reduction approaches 80%, and the oxygen capacity of the FJ Mn ore is 2.13 times than that of the LY Mn ore, as shown in Figure 6. The kinetic behavior of LY Mn ore oxidation is very different from that of the FJ Mn ore, and there are no so-called two stages as described in Figure 7B. The oxidation conversion of the LY Mn ore is increased from the fifth to twentieth cycles, but the samples could not be oxidized to their original state in the limited time; therefore, the oxidation conversion is low even though its Mn content is higher than that of the FJ Mn ore.
[image: Figure 8]FIGURE 8 | Reduction (A) and oxidation (B) conversion of the LY Mn ore.
Figure 9 shows the comparison among these Mn ores. The fifteenth cycle was chosen compare the reduction and oxidization between the different samples. After mixing the LY Mn ore with kaolin and MgO, there is a big decrease in the oxygen capacity for the LY Mn ore, while the conversion of both reduction and oxidization could be improved, as observed in Figure 9. The LY–kaolin Mn ore shows the same features as the LY Mn ore in the initial stage (before 5 min) but becomes much quicker after 5 min. The final conversion levels of LY and LY–kaolin Mn ores are 27% and 35% in the fifteenth cycle, respectively, but the final conversion levels of LY and LY–kaolin Mn ores are still less than that of the FJ Mn ore, as shown in Figure 9. It also can be found that the oxidation conversion increased after mixing the LY Mn ore with kaolin and MgO. However, a similar phenomenon where the FJ Mn ore had a higher conversion than LY and LY–kaolin Mn ores could be observed in the oxidation stage, as shown in Figure 9. The kinetic behavior of LY–kaolin Mn ore oxidation also does not have the so-called two stages, which is same as for the LY Mn ore.
[image: Figure 9]FIGURE 9 | Reduction (A) and oxidation (B) conversion of FJ, LY, and LY–kaolin Mn ores at the 15th cycle.
3.3 Particle characterization and morphology
The phase composition of prepared FJ, LY, and LY–kaolin Mn ores was analyzed by XRD, as shown in Figure 10. Both FJ and LY Mn ores consist of Mn2O3, Mn3O4, and other phases, and the LY-kaolin Mn ore also consists of Mn2O3, although the phase structures have some changes. The transformation between Mn2O3 and Mn3O4 is considered the effective reaction for heat storage. According to the XRD results, there exist some other Mn-containing phases among FJ, LY, and LY–kaolin Mn ores, and these phases could not be reduced and oxidized in the experimental condition. Therefore, for all the samples, the conversion cannot reach 100%.
[image: Figure 10]FIGURE 10 | Main crystalline phases of the FJ Mn ore, LY Mn ore, and LY–kaolin Mn ore.
These materials before and after 20 redox cycles were examined by SEM analysis. SEM images of the particles present irregular shapes due to the crushing process during preparing of the particles. The values of weight loss of the FJ Mn ore are slightly decreased, which could be explained by the decreasing of pore space, as shown in Figure 11A. Conversely, as observed in Figure 11B, the surface of the LY Mn ore does not exhibit very dense morphology after TGA redox cycles. It means that the pore space increases after 20 reduction and oxidization reactions in TGA, which is in favor of gas diffusion inside the particles. Therefore, the LY Mn ore shows increasing oxygen releasing capacity, as demonstrated in Figure 6. As depicted in Figure 11C, the surface morphology of the used LY–kaolin ore did not show any significant change after 20 cycles, compared to the fresh samples. Therefore, increased physical stability of the particles will be obtained after the addition of the MgO–kaolin inert support.
[image: Figure 11]FIGURE 11 | Morphology of the LY Mn ore (A), FJ Mn ore (B), and LY–kaolin (C) before (left) and after (right) TGA redox cycles.
3.4 Melting behaviors of natural Mn ores
The melting characteristics of these samples were investigated using the melting test unit setup, aiming for being helpful for controlling the operational temperature of the TCES system when using natural manganese ores as heat storage materials to avoid issues caused by melting. The melting behaviors of FJ, LY, and LY–kaolin Mn ores are shown in Figure 12, and for each sample, it was found that when the Mn-based samples were heated up to the deformation temperature, the conical material began to deform, slowly. The shape of the cones changed gradually with the increasing of the temperature, and after the shape experienced deforming, softening, and formation of hemispheres, the cones finally melted. For example, when the FJ Mn ore was heated to its deformation temperature (DT, 1,363°C), some phases/compositions had melted, leading to the top of the cone deforming and bending. With increasing temperature to softening temperature (ST, 1,418°C), more phases/compositions melted and the top of the cone touched the tray. Then, when heated up to hemispherical temperature (HT, 1,431°C), the tested materials showed a hemispherical shape. Finally, all the phases/compositions melted and the FJ Mn ore expanded to a thin layer at flowing temperature (FT, 1,462°C).
[image: Figure 12]FIGURE 12 | Melting behaviors of (A) FJ, (B) LY, and (C) LY–kaolin Mn ores.
Figure 13 shows the melting temperatures of FJ, LY, and LY–kaolin Mn ores. The melting temperatures are very dependent on the Mn-based materials; for example, the deformation temperature (DT), softening temperature (ST), hemispherical temperature (HT), and flowing temperature (FT) of the LY Mn ore are 1,203°C, 1,256°C, 1,270°C, and 1,327°C, respectively, while the corresponding melting temperatures of the FJ Mn ore are 1,363°C, 1,418°C, 1,431°C, and 1,462°C, respectively. It should be noted that these melting temperatures are indicators of the TCES system, the maximum temperature of the TCES system will be limited to 1,203°C for the LY Mn ore. The minimum and maximum threshold operational temperature for a CSP technology is 400°C and 1,200°C, respectively, and a higher temperature is desirable for the TCES system because of high thermal efficiency (André et al., 2016). The hot pot in the local zone could be existing when the TCES system operates at high temperature, caused by high radiation density and uneven radiation on the materials. This means that the TCES material will be heated at a very high temperature (Miller et al., 2016; Tescari et al., 2014). Therefore, the temperature of the hot pot could exceed the deformation temperature of the used material, such as the LY Mn ore. When the temperature of the hot pot is high enough (the temperature exceeds the deformation temperature), the low-melting-point eutectics at the surface of the materials would be melted. Then, the melting liquid would easily facilitate the formation of sintering when the particles touch together (Liu et al., 2019; Elled et al., 2013). Low-melting-point eutectics could also stain the radiation window of the TCES system, which damages the radiation window since the solar radiation cannot pass through the window and radiates on the heat storage materials, and a lot of solar radiation is absorbed by the radiation window. Therefore, as a serious consequence, the total collapse of the TCES system could occur, caused by sintering or damage of the window due to the increase in window temperature. For the FJ Mn ore, the TCES system can be operated at a relatively safer state because this FJ Mn ore has a high melting temperature, as shown in Figure 13.
[image: Figure 13]FIGURE 13 | Melting temperatures of FJ, LY, and LY–kaolin Mn ores.
It was found that the melting temperatures increased substantially after adding the MgO–kaolin inert support to LY Mn ores, and the deformation temperature (DT), softening temperature (ST), hemispherical temperature (HT), and flowing temperature (FT) of the LY-kaolin Mn ore are 1,403°C, 1,415°C, 1,429°C, and 1,444°C, respectively. The deformation temperatures increased by 200°C due to the addition of the MgO–kaolin inert support. Therefore, the MgO–kaolin inert support is an effective additive for improving the melting temperature and resistance of the LY Mn ore, which could ensure that the TCES system works in a safe state for avoiding the issues caused by melting, when using the LY Mn ore as the heat storage material.
4 DISCUSSION
Extensive efforts have been focused on the high purity of metal oxides and other synthetic materials to improve the physical or chemical performance of TCES materials. Table 2 provides the comparison of natural manganese ores with the main materials for TCES application, including the cost, oxygen capacity, and melting temperature. Material selection for TCES technologies is considered a complex process in large-scale application, and low-priced and non-toxic materials are preferable as candidate materials for TCES systems [12, 29, 37]. All the pure metal oxides have higher prices (60–250 €/kg) compared with natural manganese ores. Even if the MgO–kaolin pair and production process are considered, manganese ores are still very cheap (0.85 €/kg) for large-scale application. In addition, there is no environmental impact when selecting manganese ores as TCES materials. The melting issue should be considered a technical issue in TCES systems since the melting temperature of TCES materials is not high enough (Dizaji and Hosseini, 2018). Materials with low melting temperature are also prone to sintering. When comparing the melting temperatures between pure metal oxides and manganese ores, the melting temperatures of manganese ores are obviously higher. Therefore, manganese ores can decrease the risk of melting and sintering when heated to very high temperatures. Simultaneously, the MgO–kaolin pair is able to improve the melting temperature. Oxygen capacity is an indicator of reaction enthalpy and energy storage density. It can be concluded that the energy storage density of manganese ores is less than that of pure metal oxides. However, considering the advantages of low price and high melting temperature, natural manganese ores still have potential as TCES materials applied in large-scale TCES systems.
TABLE 2 | Comparison of natural manganese ores with three types of pure metal oxides for TCES.
[image: Table 2]As mentioned in Sections 3.1 and Section 3.2, the FJ Mn ore has higher oxygen capacity and conversion of reduction and oxidation than LY and LY–kaolin Mn ores, and the melting temperature of the FJ Mn ore is also higher than that of LY and LY–kaolin Mn ores (as shown in Figure 13). Therefore, Mn-based natural ores with high oxygen capacity and high melting temperatures such as the FJ Mn ore are more suitable as a heat storage material than LY and LY–kaolin Mn ores when operating TCES systems at high temperature for higher efficiency. For Mn-based natural ores with lower melting temperatures, we should consider the effect of additives (such as the MgO–kaolin inert support) on material performance in improving melting temperatures in case of sintering or damage to the radiation window. However, oxygen capacity is decreased due to the use of additives. Therefore, further research about maintaining or even increasing the oxygen capacity of low-melting temperatures Mn-based nature ores while increasing melting temperatures should be conducted, such as impregnating Cu into Mn-based nature ores to improve the oxygen capacity (Xu et al., 2016; Xu et al., 2019).
5 CONCLUSION AND OUTLOOK
Natural Mn-based ores (manganese ores) were studied using a thermogravimetric analyzer (TGA) and melting test setup with an optical camera–image system in order to investigate their potential use as thermochemical energy storage materials in the TCES system for CSP technology. The FJ Mn ore has the highest oxygen capacity (1.5%) compared to LY (max 0.69%) and LY–kaolin (0.14%). The FJ Mn ore also shows fast reduction and oxidization kinetics behavior and higher conversion than LY and LY–kaolin. The XRD result shows that only part of Mn content in the materials exists in Mn2O3/Mn3O4, which explains that the conversion cannot reach 100%. SEM analysis shows that the morphology of the FJ Mn ore becomes denser after redox cycles, and the pore space of the LY Mn ore increases. The FJ Mn ore presents higher melting temperatures than the LY Mn ore, and the deformation temperatures are 1,363°C and 1,203°C, respectively. It was demonstrated that adding the MgO–kaolin inert support to the LY Mn ore can improve the melting temperature substantially. This work proves that natural manganese ores have the potential to be used as TCES materials in large-scale application, in terms of cost reduction and resistance to sintering and melting. Further research on improving the oxygen capacity of low-melting temperature manganese ores modified by additives is required.
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