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Abstract

:

Thermal energy storage (TES) systems for concentrated solar power plants are essential for the convenience of renewable energy sources in terms of energy dispatchability, economical aspects and their larger use. TES systems based on the use of concrete have been demonstrated to possess good heat exchange characteristics, wide availability of the heat storage medium and low cost. Therefore, the purpose of this work was the development and characterization of a new concrete-based heat storage material containing a concrete mix capable of operating at medium–high temperatures with improved performance. In this work, a small amount of shape-stabilized phase change material (PCM) was included, thus developing a new material capable of storing energy both as sensible and latent heat. This material was therefore characterized thermally and mechanically and showed increased thermal properties such as stored energy density (up to +7%, with a temperature difference of 100 °C at an average operating temperature of 250 °C) when 5 wt% of PCM was added. By taking advantage of these characteristics, particularly the higher energy density, thermal energy storage systems that are more compact and economically feasible can be built to operate within a temperature range of approximately 150–350 °C with a reduction, compared to a concrete-only based thermal energy storage system, of approximately 7% for the required volume and cost.
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1. Introduction


Increasing attention to environmental issues, such as the containment of global warming, reduction of greenhouse gas emissions, environmental sustainability of human activities and the rapid depletion of fossil energy resources [1,2], requires the transition to a different energy system model based on the clean and efficient use of renewable and sustainable energy [3,4,5,6,7,8] that is also capable of avoiding power grid overloads.



Concentrated solar energy plays an important role in this context because it can provide zero-emission high-temperature heat (CST) and electricity (CSP) [9,10,11,12]. The major advantage of CSP/CST plants lies in the possibility to integrate a thermal energy storage (TES) system and therefore store a large amount of solar heat to make it available even in periods when sunlight is not present and to produce electricity at a better cost. This allows the more efficient use of the turbine and other components of the power block.



The basic requirements for a TES system are high stored energy density and compactness, good heat exchange characteristics, wide availability of the heat storage medium (HSM) and low cost [13]. Liquid or solid sensible heat TES is the most commercially used technology. A TES system should be chosen for a particular application based on several considerations, including cost, performance [14] and process integration [15]. Some of the performance factors of thermal storage systems are their energy capture rate, discharge rate and overall efficiency. Moreover, these factors are strongly influenced by the properties of the HSM, such as specific heat and thermal conductivity. In particular, the stored energy density is an important parameter [16] to evaluate the performance of TES technologies because the required volume should be as low as possible.



This paper is focused on the improvement of the energy density of concrete-based TES. Sensible heat TES (SHTES) systems based on concrete as HSM have been demonstrated to possess many of the abovementioned characteristics to be used as efficient TES. Concrete is a solid HSM characterized by low cost, easy production, good mechanical properties, non-toxicity, non-flammability, good thermal conductivity/diffusivity and the absence of a containment system [17,18,19,20,21]. Its application in this field includes the following technologies: CSP/CST plants, industrial waste heat recovery at elevated temperatures, thermal management of decentralized, combined heat and power systems and other high-temperature processes.



A first concept of concrete based on SHTES was developed and tested by DLR (Germany) at the “Plataforma Solare de Almeria” (Spain) [22]. Concrete was damaged in the start-up phase because, during the heating, water evaporation built up a critical vapor pressure due to the low permeability of the material. A second-generation 20 m3 solid media storage test module was built and tested in a temperature range between 300 °C and 400 °C by DLR in Stuttgart [23,24]. In this case, a new concrete mix design was developed to optimize the storage capacity, thermal conductivity and vapor permeability of HSM.



From this experience, a new innovative concrete mixture, patented and commercially called Heatcrete, was developed by the NEST company in collaboration with Heidelberg to operate in TES systems for parabolic trough applications at high temperatures up to 393 °C [25]. The DLR concept employs a large pipe register cast into a large block of concrete, while the NEST concept has a new heat exchanger design that uses single thermal elements arranged in series and parallel in a modular frame. Each element comprises a cylindrical, thin-walled (0.4 mm) steel casing, closed at only one end, which contains the Heatcrete concrete with two integrated U-shaped steel pipe heat exchangers. A 1.0 MWh NEST storage pilot was successfully tested in a CSP facility at the Masdar Institute Solar Platform (MISP) in Abu Dhabi, United Arab Emirates, for approximately 6000 h of cycling operation with 279 charge/discharge cycles and showed stable and repetitive performance [26]. However, the thin cylindrical steel casing acted as a permanent casting form. On one hand, it represented the optimum reinforcement and support of the TES element; on the other, it hindered the easy elimination of the free water inside the concrete and, therefore, could be dangerous due to the possible spalling phenomena of the material.



Skinner et al. [27] aimed to incorporate ultra-high-performance concrete (UHPC: compressive strength >150 MPa), which was designed previously, into a TES system capable of storing heat at temperatures up to 500 °C. Results were evaluated and compared based upon the charging time required to elevate the outer surface temperature of the prism from 380 to 430 °C. They adopted solar salts (NaNO3-NO3 60–40 wt%) as heat transfer fluid (HTF) flowing through a plain pipe and an auger-style, helicoidal fin configuration. Polytetrafluoroethylene (PTFE) and a heat-curing, fibered paste (HCFP) were tested as interface materials to mitigate the stress in the concrete. The authors observed that the fins increased the rate of heat transfer in the concrete, but large cracks formed at each of the fin locations even though the HCFP decreased the number and size of the cracks, albeit not to the desired levels. Guerrero and Collares Pereira [28] incorporated available slag material with a high metallic content from old mines in the area of São Domingos, in the Alentejo region of Southeastern Portugal. Giannuzzi et al. worked on the development of new concrete mixtures and prefabricated modular thermal storage concepts with particular attention paid to increasing the permeability of HSM and therefore its durability [29]. This was possible thanks to a concrete mix with a low water/cement ratio, as well as to the addition of polymeric fibers that facilitated the vapor release at high temperatures, and of metal fibers that increased its thermal diffusivity and mechanical strength [30,31,32].



The major disadvantage of the use of a concrete-based TES is its low heat stored density [16], which requires the use of large amounts of concrete. A reduction in the concrete’s volume and mass can be obtained by increasing the energy stored through the use of a small amount of PCM in the concrete mix design. This allows the storage of energy both as sensible and latent heat, maintaining, at the same time, good mechanical properties. This is the main objective of the research presented in this paper. The incorporation of PCM can be realized by using different methods: direct incorporation, immersion, encapsulation, microencapsulation and shape stabilization [33]. In the direct integration and immersion methods, potential leakage has to be assessed. When the PCM is encapsulated in or added to a shape-stabilized material, the PCM leakage is avoided [34,35]. Shape-stabilized phase change materials (SS-PCM) offer various advantages, including high energy density, good chemical stability and shape stabilization and high mechanical strength [36].



This concrete/SS-PCM-based heat storage solution has already been successfully applied at low temperatures, in the building sector for energy savings, better thermal indoor climate and reduced peak powers [37]. Concrete solutions for TES are usually based on sensible heat transfer and thermal inertia. PCMs incorporated into the concrete wall have been widely investigated to improve building energy performance [38,39,40,41,42,43,44,45]. At low temperatures, organic PCMs such as paraffin or sodium acetate trihydrate (SAT) are normally incorporated into different porous supporting materials, including diatomite [46]), expanded vermiculite [47] and expanded graphite [48]. Due to the microscopic size of the pores of the support materials, this union is identified as a microencapsulated phase change material (mEPCM) [49,50]. Microencapsulation techniques allow the fabrication of advanced PCMs with a greater heat transfer area, reduced reactivity with the outside environment and controlled volume changes during the phase transition. Microcapsules can be described as particles that contain a core material surrounded by a coating or shell and have diameters in the 1–1000 μm range [51].



For medium–high-temperature applications, in the range of 120–1000 °C, an approach similar to the previous one is being evaluated by many researchers. Generally, inorganic PCMs, such as molten salts or their mixtures, such as nitrates, sulfates, chlorides, carbonates and hydroxides, can be used and incorporated into a porous support material, similar to the previous one. They can be considered potential storage media in solar power plants or industrial waste heat recovery systems [14,52]. Unfortunately, there is not much available literature that highlights the performance of concrete including high-temperature mEPCM. Chieruzzi et al. [53] included a small amount of PCM, 2 wt% of solar salts (60% NaNO3-40% KNO3), with different methods, in a cementitious paste (mortar) composed of type 42.5 Portland cement, 0–4 mm sand and water. These materials were thermally and mechanically characterized after thermal conditioning at temperatures between 25 and 400 °C. The best results were obtained using mEPCM, in which the solar salt was absorbed into the diatomite, a porous carrier structure, with an 80/20 salt/diatomite ratio. This composite showed an increase in thermal conductivity and capacity of approximately 8%. From a mechanical point of view, a relevant increase in flexural strength (+80%) and compression strength (+30%) was registered in comparison with the base mortar. This is a surprising effect, justifiable only through a strong connection between cement and diatomite.



Thus, the purpose of this work was the development and characterization of a new concrete-based heat storage material containing a concrete mix capable of operating at medium–high temperatures (150–400 °C) and with a small amount of mEPCM. The concrete mix was realized to demonstrate the main thermal and mechanical characteristics required for CSP/CST applications [29,30,31,32], optimizing the concrete/mEPCM ratio. Additionally, the PCM/diatomite ratio [53] in the mEPCM was analyzed and optimized to reduce the presence of voids and, then, the volume of mEPCM. The same was done for the salt/diatomite ratio, reducing the volume of mPCM itself. This material was characterized both thermally and mechanically, showing promising heat storage properties.




2. Materials and Methods


To develop the new materials, it was necessary to ensure the appropriate amount of microencapsulated PCM (mEPCM or SS-PCM). A new mixture of base concrete had the characteristics mentioned by Miliozzi et al. [29]. The ENEA patent on a new concrete thermal energy storage device was used. Subsequently, it was possible to incorporate a small amount of mEPCM into the base concrete by appropriately replacing some aggregates and creating new mix designs. The study of the concrete mixtures and the realization of the various specimens took place in collaboration with the Cipiccia Calcestruzzi company in Narni (Terni, Italy).



In Figure 1, the methodology adopted is illustrated in a flowchart, highlighting the main steps to develop and characterize the new concrete/mEPCM heat storage materials.



2.1. Microencapsulated Phase Change Material


2.1.1. Selection of the PCM for Encapsulation


The choice of the phase change material (PCM) to be used to produce the mEPCM was made based on functionality, energy efficiency and cost-effectiveness criteria. The functionality criteria take into account the chemical and physical characteristics of the PCMs for their use in storage systems. Partially overlapping with the functional characteristics are the energy efficiency criteria, which take into consideration the storage and exchange capacity of thermal energy, expressed in terms of the characteristic properties such as sensible and latent heat, specific heat and thermal capacity. Finally, the evaluation of the costs of the properties described above provides an exclusive criterion for the choice of the PCM mixture to be used. In light of the scientific literature found on PCMs for TES and considering the criteria described, the eutectic mixture of salts, potassium nitrate (KNO3) and sodium nitrate (NaNO3) was selected. The eutectic mixture (EUT) consisted of (54.3/45.7 wt%) KNO3/NaNO3, with a melting temperature range between 210 and 240 °C and a maximum peak at approximately 225 °C. The eutectic showed good heat storage capacity, corrosivity and viscosity compatible with use in storage systems for solar plants, as well as low cost [54,55,56,57,58,59]. The production of the eutectic mixture of salts for the PCM required a preliminary study of the single nitrate salts of potassium and sodium. Samples of approximately 20 mg of each of the nitrate salts, which were previously dried in a vacuum oven for 24 h at 105 °C at 0.2 MPa, were analyzed with a differential scanning calorimeter (DSC) Q200 (TA Instrument, New Castle-DE, US) in a nitrogen inert atmosphere (N2 flow 50 mL/min). The samples were subjected to 2 heating and cooling cycles between −10 and 360 °C with a temperature ramp of 10 °C/min. In Figure 2, the values of the heat flow concerning the temperature are reported in graphs to allow the analysis of the thermal properties. In Table 1, the transformation enthalpies, melting enthalpy ∆Hm and crystallization ∆Hc and the temperatures of the main peaks are shown for each thermal cycle.



The synthesis of the eutectic mixture of KNO3/NaNO3 in a proportion of 54.3/45.7 wt% was carried out with two different methods: via melt mixing (MeM) and via liquid-assisted compounding (LAC) followed by vacuum drying (VD). The MeM synthesis was carried out by mixing adequate quantities of the two finely powdered salts in a planetary for 30 min at 15 rpm. The mixture was placed in a steel mold oven for 2 h at 360 °C and then slowly cooled for 18 h to room temperature. The LAC + VD synthesis was carried out by heating a solution of 42.87 wt% of deionized water (DIW) to 84 °C and adding 31.03 wt% of potassium nitrate with continuous mixing, and, upon complete dissolution of KNO3, adding 26.10 wt% of sodium nitrate, mixing until a solution free of salt crystals was obtained. The quantities of salts and solvent for the LAC can be obtained from the solubility graph in Figure 3, where the water used is given by the minimum amount of solvent at 84 °C increased by 25%. Excess water is functional for the impregnation process described below [60].



The saline solution was quickly dried in a vacuum oven (Vuototest-Mazzali, Lissone, Italy) at 84 °C and 0.2 MPa to limit any selective precipitation of the salts. Since the LAC + VD method offers some important advantages over the MeM method, the mixtures obtained with the two types of synthesis were compared, highlighting the equivalence of the methods on the thermal characteristics of the eutectic. In Figure 4, the comparison of the second heating/cooling cycle in DSC of the salts produced with MeM and with LAC + VD synthesis demonstrates the equivalence of the thermal behavior of the salts.




2.1.2. Selection of the Porous Media for Encapsulation


The process of selecting porous media (PM) for encapsulation was carried out in light of extensive bibliographic research and making use of the skills acquired by ENEA and UNIPG researchers during previous studies in this area. The main criteria for the selection were thermal stability, impregnation capacity, compatibility with PCMs, processability in the concrete mix, cost-effectiveness and eco-sustainability of the materials. The thermal stability in the temperature range of the TES application (120–550 °C) is a fundamental requirement for the use of the porous medium for encapsulating the PCM. The impregnation capacity depends on the morphology of the PM and on the method used to insert the PCMs into the cavities. The percentage of impregnation and therefore of PCM content is crucial for the efficiency of the storage system as the latent heat, which justifies the use of encapsulated PCMs, and must exceed the sensible heat that would be obtained with other materials [53]. Physico-chemical compatibility between PM and PCM is essential concerning the numerous heating and cooling cycles to which the materials in place will be subjected. The processability of the mixture must be considered based on the mixing criteria of the aggregates for the CLS, as the mass production of the TES modules will take place according to the traditional methods of preparation of building materials. Economic factors are unavoidable for a good outcome of the project, especially in consideration of the large quantities required for the use of large plants in TES, so the cost must be competitive. Finally, the eco-sustainability of both raw materials and the entire life cycle of the materials should not be overlooked [61,62,63,64,65]. Based on the criteria taken into consideration, a porous calcined diatomite supplied by DEREF SpA, named DIA2, was selected. DIA2 diatomite is characterized by a density of 0.2 g/cm3, a sieving residue max 6% by weight at 325 mesh and R.H. max 1% [66].



The behavior of diatomite under thermal degradation was verified with a thermogravimetric analyzer (TGA)—Exstar 6300—by evaluating the TG weight loss as a function of temperature. The tests were performed in a dynamic temperature regime with a 10 °C/min ramp from 30 to 900 °C both in an inert atmosphere (N2) and air. The results of the thermal degradation tests TG/T and the derivatives (DTG) were calculated and reported in the form of a graph. Figure 5 shows the TG/DTG plot of the selected diatomite.



DIA2 diatomite, although calcined, shows a very slight weight loss around 293 °C, also attributable to the presence of molecular water [64,67]. Diatomite does not show significant weight loss attributable to thermal degradation, so it is suitable for use as a porous material for PCM encapsulation.




2.1.3. Method of Encapsulation of PCM


In other works, the impregnation was carried out during melting, namely by liquefying the PCMs and mixing them with the porous medium to ensure that the liquid PCM penetrates the PM cavities [68]. Although effective, this method requires high energy expenditure to bring the PCM to fusion, and phenomena involving the release of salts by leakage can occur. A new method of impregnating porous media with PCMs was used, which exploited the advantage offered by the method of synthesis of salts in the solvent. In other studies, it has been found that the impregnation of PCMs in a moist environment is more effective in ensuring a stable encapsulation of the PCMs [69]. The saline solution prepared in LAC was added to the suitably dried porous medium, which rapidly absorbed the salts dissolved in the water. Subsequently, a drying treatment was carried out in a vacuum oven, as described for the synthesis of PCMs. The same synthesis as used for PCM was conducted, but by adding the porous medium. In this way, the production steps were minimized, and energy consumption and the risks associated with the high temperatures (T > 340 °C) of the melting method were reduced. To maximize the percentage of impregnation, it was decided to operate in depression to minimize the capillary tension inside the cavities of the porous media, both in the absorption phase and in the drying phase. Then, the process was perfected by carrying out the spillage of the saline solution onto the porous medium inside the vacuum oven under a condition of low pressure (0.2 MPa) while maintaining the temperature at 84 °C. A suitable spill tank was built with a mechanism that allowed impregnation operations to be carried out while keeping the oven in depression; the saline solution was gradually poured into the mold, where a layer of the porous medium had previously been deposited, which was impregnated while maintaining a vacuum. Figure 6 shows some phases of the impregnation process.



The drying was carried out with the same temperature conditions as the impregnation, with pressure oscillating between 0.2 and 0.3 MPa due to saturation by evaporation of the water. As the literature reports a maximum impregnation limit of porous media with a quantity of PCM not exceeding 80 wt%, the DIA2/EUT formulations were produced with 20/80 wt%, in an attempt to increase the efficiency of the mEPCM by 15/85 wt% [53]. The samples obtained were studied by DSC thermal analysis and with a morphological analysis of the fracture surfaces captured with SEM micrographs.



Roughly 20 mg samples of the mEPCMs were subjected to DSC analysis with Calorimeter Q200 performing a thermal cycle of heating from −10 to 360 °C and cooling from 360 to −10 °C twice at a ramp rate of 10 °C/min operating in an inert atmosphere of N2. The second thermal cycle eliminated the thermal history of the material stored during the synthesis process, allowing a better comparison of the results. The thermal analysis provided characteristic temperatures and transformation enthalpies of the microencapsulated PCMs in both the heating and cooling phases. In particular, during the second heating cycle, the melting (Tm) and crystallization (Tc) temperature and the melting (∆Hm) and crystallization (∆Hc) enthalpy at the main peak were calculated. The results are summarized in Table 2. The calorimetric parameters of the eutectic mixture EUT of Table 2 show that the temperature of the melting peak in the heating phase was 226 °C and that the variation in melting enthalpy normalized to the mass was 97.7 J/g; during cooling, the temperature of the crystallization peak was set at 218 °C and the enthalpy of solidification was 96.9 J/g. Both peak temperatures and phase change energies were fully within the range of values reported in the literature [70,71].



An evaluation of the effectiveness of the encapsulation with the porous media of the PCMs can be obtained by comparing the enthalpy variation with the amount of PCM present in the mEPCM. If the proportion between the content of PCM and ∆H is respected, then a complete and effective encapsulation has been achieved. The encapsulation coefficient (Ec%) is defined as reported in Equation (1).


   Encapsulation   coefficient  :    E c  % =   Δ  H  m E P C M      Χ  m E P C M   P C M   * Δ  H  P C M     · 100  



(1)




where   Δ  H  m E P C M     is the phase change enthalpy of the mEPCM,   Δ  H  P C M     is the phase change enthalpy of the PCM and    Χ  m E P C M   P C M     is the fraction by weight of nominal PCM in the mEPCM formulation. The Ec% values calculated for the two mEPCMs samples show that the 20DIA2 sample reaches a value close to 100%, which constitutes the complete stabilization of the PCM. By increasing the PCM content, as in 15DIA2, the Ec% value decreases while the absolute enthalpy values of 20DIA2 and 15DIA2 (77.7 and 77.9 J/g) are equivalent; this result leads to the conclusion that the absorption limit of the DIA2 for the PCM is only 80%. The shifts in the temperature of the melting peak can be interpreted concerning the stability of the encapsulation, as a good encapsulation delays the melting, which produces an increasing Tm. Mirroring this, similar results can also be found during cooling. In conclusion, the best encapsulation is obtained with the 20DIA2 sample produced with diatomite and 80% of PCM, which achieves an encapsulation coefficient of 99.7% for the mEPCM.



In Figure 7, the morphological study of the mEPCM also provides important information about the results of the DSC thermal characterization. SEM micrographs contribute to the understanding of the encapsulation dynamics with which the porous medium acts [67,69,72]. By comparing the micrographs of PM alone (DIA2) and mEPCM, it is possible to distinguish the impregnation effect of the salts on absorbent particles. Sample 20DIA2 shows that complete filling of the diatomite cavities with PCMs has been achieved, forming a compact and well-bonded composite surface. Higher quantities of salts cannot be absorbed by this porous medium. From the micrographs of sample 15DIA2, it is possible to note the total covering of the porous medium with an excess of eutectic salts.





2.2. Base Concrete Mix Design


Based on the experience gained in recent years, as a result of a collaboration between ENEA and Cipiccia Calcestruzzi, a mix design for basic concrete has been developed. It is summarized in Table 3. This mix design shows a low water/cement ratio (w/c) equal to 0.32 and a fresh concrete density of approximately 2434 kg/m3.



The basic mixture of concrete has been designed to be suitable to operate as a heat storage medium at a temperature of at least 400 °C. The presence in the mix design of metal fibers was necessary to promote the thermal conductivity of the material and reduce the charging and discharging times, as well as to increase the mechanical resistance of the material. The nylon fibers, instead, are suitable to limit the probability of spalling phenomena (the more or less violent detachment of sections of material due to the high pressure produced by the vaporization of the free water of the concrete).



The metal fibers used are the Fibercoll M13 (General Admixtures, Treviso, Italy). These are made of steel, cold-drawn, low-carbon and hook-shaped in order to better adhere to the cement matrix. The fibers are 13 mm long and have a diameter of 0.2 mm. The nylon fibers (Meraflex, Cerignola, Italy) were adopted. These are short fibers for polypropylene concrete, with a length of 12.4 mm and a diameter of 0.021 mm. To increase the workability of the materials, a particular super-fluidizer was added, the PRIMIUM HR350 (General Admixtures, Treviso, Italy). This is a polymer-based super-fluidizer that is employed for the production of low water/cement concrete and self-compacting concrete (SCC).




2.3. Concrete/PCM/Diatomite Composites


The mix designs of the concrete containing a nominal percentage by weight of 5% and 10% of PCM had to incorporate about 126 kg and 208 kg, respectively, of mEPCM for each cubic meter of material. These inclusions substitute corresponding volume aggregates (Table 4). These two mix designs show a low water/cement ratio (w/c) equal to 0.37 and 0.41 and a fresh concrete density of approximately 2305 kg/m3 and 2206 kg/m3, respectively. The presence of 5.45% and 9.43% of mEPCM makes the new materials lighter than the basic concrete.




2.4. Plain Cylindrical Specimen Production


Using the previous three mix designs, the basic concrete and the concrete with the addition of 5 wt% and 10 wt% of PCM, 90 plain cylindrical specimens (30 for each material), to be subjected to thermal and mechanical characterization, were made. These specimens had all the nominal dimensions: 100 mm diameter and 200 mm height. These dimensions were derived from the EN 12390-1 standard [73]. The specimens had a nominal volume of 1.57 dm3 and a weight of around 3.8 kg. Plain cylindrical specimens were uniquely identified with two letters and a number as follows: an initial letter indicating the type of material (A, for base concrete; B, for concrete with 5 wt% PCM; C, for concrete with 10 wt% PCM); a second letter indicating the type of test for which they were intended (X for thermal and compression tests; Y for an indirect tensile test); a progressive number from 01 to 15. For the production and curing of the specimens, the EN 12390-2 standard [74] was followed. In particular, starting from the studied mix designs, the necessary amounts of all materials required, including water and additives, were recovered, placed in a square shovel-mixing container and carefully mixed. Then, the mixed concrete was placed into appropriate cylindrical molds. During the casting, the concrete was compacted by an internal mechanical vibrator. The samples were left in the molds for around 24 h, protected from shock, vibration and dehydration, at a temperature of 20 ± 5 °C. Then, once they were removed from the mold, 28 days were expected for complete hardening in a tank at 100% humidity and 15–20 °C.




2.5. Degassing and Thermal Conditioning for Specimens


All the solid cylindrical specimens produced (30 for each series) before thermal and mechanical characterization were subjected to a degassing phase (free water removal) and heat treatment at one of the project’s reference temperatures (200, 300 or 400 °C). The procedure for degassing and thermal conditioning of the concrete specimens consisted of three phases:




	
Preliminary phase: size measurement and weight;



	
Degassing phase: free water removal;



	
Thermal conditioning phase: treatment at a set temperature.








The objective of the preliminary phase was to identify and measure the dimensions and weight of the solid cylindrical specimens in agreement with EN 12390-1 [73] and EN 12390-7 [75]. A precision balance (Kern&Sohn, Balingen, Germany, PRJ 6200-2M model) was used for weighing the specimens. The first 3 specimens of each type (18 in total: AXi, AYi, BXi, BYi, CXi, CYi, with i = 01, 02, 03) were selected and wrapped in a transparent “waterproofing” film to avoid the possible reabsorption of the ambient humidity. The other specimens were brought to the degassing phase.



The Sunrise SU340 Climatic Chamber (Angelantoni, Massa Martana, Italy) was used for the degassing phase (Figure 8a). In Figure 8b, the evolutions of the temperature and the relative humidity set in the climate chamber for the degassing session are reported. Afterwards, visual analysis was carried out to detect eventual damage, and a picture was taken of the specimens, which were then wrapped in a waterproofing film. Six specimens were set aside (AXi, AYi, BXi, BYi, CXi, CYi, with i = 04, 05, 06), while the others were subjected to the higher-temperature treatments in the furnace.



In the last phase, the remaining solid cylindrical specimens (18 per type of material) and in groups of 6 were treated at 200, 300 and 400 °C, respectively, using a model LHT-6/120 Carbolite programmable furnace. The assumed set-point temperature varied according to the following steps:




	
for the first 3 sets of 6 specimens (AXi, AYi, BXi, BYi, CXi, CYi, with i = 07, 08, 09): ramp up from 50 °C to 200 °C in 2 h, permanence at 200 °C for 10 h and ramp down from 200 °C to 50 °C in 8 h;



	
for the second 3 sets of 6 specimens (AXi, AYi, BXi, BYi, CXi, CYi, with i = 10, 11, 12): ramp up from 50 °C to 300 °C in 4 h, permanence at 300 °C for 10 h and ramp down from 300 °C to 50 °C in 10 h;



	
for the third 3 sets of 6 specimens (AXi, AYi, BXi, BYi, CXi, CYi, with i = 13, 14, 15): ramp up from 50 °C to 400 °C in 6 h, permanence at 400 °C for 10 h and ramp down from 400 °C to 50 °C in 12 h.








Afterwards, visual analysis was carried out to detect eventual damage, and a picture was taken of the specimens, which were then wrapped in a waterproofing film.




2.6. Thermal and Mechanical Characterization


Thermal characterization of the samples of the new materials was devoted to evaluating their main thermophysical properties, such as density (ρ, (kg/m3)); thermal conductivity (k, (W(m·°C)); heat capacity (cp, (J/kg·°C)) and latent heat (λ, (J/kg)). Thus, four essential parameters could be evaluated from them: heat volumic capacity (cv, (J/m3·°C)), thermal diffusivity (α, (m2/s)), thermal effusivity (e, (W/°C·m2·√s)) and best operative thermal range related to the standard use (∆To, (K)). Thermal conductivity measurements were carried out using a portable device named ISOMET model 2104 (Applied Precision LTD, Bratislava, Slovakia). Each material was tested four times, and on at least two opposing faces of the cube. Density was measured by the mass and volume rate. Thermal conductivity was detected following the ISO 8301 international standard [76], and specific heat capacity was assessed as a function of the temperature according to the methodology recommended by ISO 11357-1 [77]. Volumetric heat capacity was calculated by Equation (2).


   c v  = ρ ·  c p   



(2)







Thermal diffusivity α (or transmission inertia) is the ratio of thermal conductivity to volumetric heat capacity and is calculated according to Equation (3).


  α =  k  ρ ·  c p     



(3)







The thermal effusivity e (or absorption inertia) is assessed by Equation (4).


  e =   k · ρ ·  c p     



(4)







Although diffusivity and effusivity can be assessed by the same physical variables, they measure very different material properties. In fact, materials with high diffusivity transmit fluctuations in the perimeter heat flux more quickly, while those with high effusivity absorb the heat flux from their surface in a better way. For the purposes of the present research, it is worth noting that a good heat capacity combined with low thermal conductivity would determine low thermal diffusivity and high effusivity. Therefore, this material would have a limited activation capacity of the PCM in deeper layers and, consequently, long charge times. On the other hand, a thermal effusivity that is too high would favor the surface heat flux and passive heat exchanges with the internal environment. Therefore, a good balance is needed between the two properties to obtain a material capable of storing high amounts of thermal energy (high e) in a rapid heat transfer process (high α), allowing faster charge and discharge cycles. The values thus measured or calculated were grouped into triples related to the specimens with the same reference or conditioning temperature, and then averaged over time.



The mechanical characterization of the plain cylindrical specimens was performed with two different tests: (i) compressive strength test; (ii) tensile splitting strength test.



The compression strength tests were carried out following the EN 12390-3 standard [78], using a KE series compression machine (Tecnotest, Bergamo, Italy) with a 2000 kN maximum load (Figure 9a). Compressive strength is given by the following equation:


   f c  =  F   A c     



(5)




where: F is the load at breakage, in N; Ac is the specimen section area on which the compression force acts, calculated from the designated sample measurements, in mm2; fc is the compressive strength, in MPa (N/mm2).



Indirect tensile strength tests of a plain cylindrical specimen were carried out by applying a compression force to a narrow area, for the entire length of the cylinder. The resulting orthogonal tensile force caused the indirect tensile specimen failure. The cylindrical sample was broken along the plane through the cylinder axis and the contact points of the plates. The equipment used was a model 3382 Instron dynamometer (Instron, Norwood, MA, US) with a 100 kN load cell (Figure 9b) and the EN 12390-6 standard was followed [79]. Indirect tensile strength is given by the following formula:


   f  ct   =   2 F    π Ld     



(6)




where: fct is the indirect tensile strength, in MPa or N/mm2; F is the maximum load, in N; L is the length of the contact line of the specimen, in mm; d is the nominal diameter of the specimen, in mm. The interest in the tensile strength of these materials is due to the negative effect that cracking of concrete has when it is used as a heat storage medium.





3. Results and Discussion


The results of the characterization of the new heat storage materials in terms of density, thermal properties (conductivity, capacity, specific heat, diffusivity and effusivity) and mechanical properties (compression and indirect tensile strength) will be shown and discussed below.



3.1. Weight Loss and Density


The density of the various mix designs was calculated as a weight-to-volume ratio, the latter being estimated as the average value of the three heights and three diameters measured for each concrete specimen. Table 5 shows the average densities for the specimens that were hardened (at 20 °C), degassed (at 105 °C) and heat-conditioned at 200, 300 and 400 °C, respectively. These densities are also compared with the initial ones derived from the formulas of the three mix designs. In Figure 10, the density values and their standard deviation are plotted as a function of the reference temperature.



The density of the type A hardened specimen was around 2.5% lower than that of the formula (2378 kg/m3). This was due to the loss of free water during the 28 days of curing. After the degassing phase, there was a further 2.1% drop in weight, which was followed by a further 3% decrease after thermal treatment at 200 °C. The latter density value remained constant even after the thermal treatment at 300 °C, highlighting the absence of additional available free water. It decreased again by around 0.7%, after the thermal treatment at 400 °C, where, probably, part of the bonded water started to be extracted. In conclusion, three different zones were identifiable: (i) between 20 and 105 °C, where there was a constant loss of free water; (ii) between 200 and 300 °C, where the free water to be extracted was now very limited; (iii) the one above 400 °C, where part of the bonded water was also extracted, with the consequent onset of material deterioration. Thermal treatment at 105 °C should have extracted most of the free water of the concrete. Instead, after treatment at 200 °C, even more free water was extracted in the previous one. This is an indication that either the degassing temperature should be greater than 105 °C or that the degassing time was too short (currently isotherm for 10 h). Both parameters will probably have to be revised in the future.



Similar behavior could be observed for both the type B (with 5 wt% of mEPCM) and type C (with 10 wt% of mEPCM) specimens. The same three areas of behavior could be identified for these materials too. The only difference was that the hardened concrete and the concrete after degassing showed a density higher than the density calculated by the formula of the mixtures. This anomaly could be caused by abnormal water absorption during curing (instead of loss). The presence of a great deal of free water was also evidenced by a very important weight loss that occurred after treatment at 200 °C: more than 7% compared to cured specimens of the same type and around 2% compared to type A ones after the same treatment. Type C specimens showed density values much lower than the type B material. This could be an indicator of the presence of free water in a medium with greater porosity. The increased presence of water was also evidenced by the sharp drop in weight that occurred after treatment at 200 °C and continued even after that at 300 °C.




3.2. Mechanical Characterization


The mechanical characterization tests of the specimens gave the results shown in Table 6. They relate to three specimens conditioned at the same reference temperature. As far as the compression tests are concerned, the type of breakage that occurred, as described by the standards, was not well defined since the presence of a large number of metal fibers prevented the specimen from evolving towards one of the classic failure configurations. In Figure 11, the values and standard deviation of the main mechanical results are plotted as a function of the reference temperature.



In type A specimens, fc compression resistance was, as expected, very high at 20 °C exceeding 40 MPa, due to the high presence of metal fibers. As the treatment temperature increased, it decreased almost linearly to around 23 MPa. The strong effect of metal fibers was also highlighted by the indirect tensile strength: at 20 °C, the fct was more than 9 MPa and then reached, at other treatment temperatures, around 7 MPa.



The presence of mEPCM in type B and C specimens greatly reduced the initial compression resistance (25 and 18 MPa at 20 °C, respectively) while remaining almost constant up to treatment temperatures of around 200 °C. Beyond these temperatures, perhaps due to the voids created by the evaporation of free water and the bonded water, the strength was reduced almost linearly to around 22 MPa. A behavior similar to the compression tests was also evident for indirect tensile strength: up to 300 °C, the fct value was around 3 MPa and, subsequently, it decreased to around 1.5 MPa.




3.3. Thermal Characterization


Table 7 shows the average values of the thermal characterization according to the type of material and the reference temperature. These results are the average of the values associated with three different specimens. These values are, in turn, an average of at least three measurements carried out at different points on the surface of a single specimen.



In Figure 12, the values and standard deviation of the main thermal results are plotted as a function of the reference temperature. The thermal capacity of the type A specimen was substantially constant and equal to around 1.46 MJ/(m3 °C) but it increased with the amount of added mEPCM (+2% for type B specimens and +5% for type C specimens). The specific heat increased almost linearly with the treatment temperature, rising from 600–650 J/(kg °C) at 20 °C to around 660–690 J/(kg °C) at 400 °C. This is a consequence of the reduced density of the specimens containing mEPCM, caused by the presence of voids previously filled with free water, and the presence of a good amount of PCM.



The thermal conductivity of type A and B specimens was in line with the imposed target (2 W/(m °C)), with a value of approximately 1.9 W/(m °C). This value decreased with the increase in the reference temperature, particularly for type B specimens: this behavior was probably due to the cited voids that increased the thermal resistance of the material. This same problem was amplified in type C specimens, where the amount of mEPCM was greater, with the consequence of a strong reduction in thermal conductivity even at low reference temperatures (approximately 1.4 W/(m °C) at 20 °C). The thermal diffusivity and thermal effusivity of the materials closely followed the trend of thermal conductivity.



As could be seen, many of these measures were affected by significant variability. The cause of this lies in the high inhomogeneity of the material and the presence of a high quantity of metal fibers. The used measurement method, which was applied on limited material surfaces, is particularly affected by this inhomogeneity. To overcome this drawback, a single measurement was repeated and averaged on at least three different zones for each specimen. Despite this, however, a certain variability of the measure itself was evident.




3.4. Discussion


Taking into account any latent heat, the results obtained show that the thermal capacity of the material is greater when there is a greater amount of PCM. Unfortunately, the volume of diatomite used (i.e., the voids connected to its porosity) also increases in mEPCM, implying a clear deterioration in both heat exchange and transmission characteristics, as well as in mechanical ones. As a result, the presence of PCM greater than 10%, in a PCM/diatomite weight ratio of 80/20, is strongly discouraged. The above-mentioned ratio of PCM to diatomite, which, in terms of volume, is 40% of the mEPCM is, unfortunately, a physical limit and therefore difficult to improve. The use of a concrete mix design containing 5% by weight of PCM shows an increase in energy density of approximately 7%, calculated for a thermal variation of 100 °C at an average operating temperature of 250 °C. This increase is certainly a good result, but, of course, it will have to be carefully evaluated in light of an assessment of the mix design costs, associated with the addition of an mEPCM, and therefore its economic sustainability. On the other hand, here too there will be a deterioration, even if more limited, in both the heat exchange and transmission characteristics, as well as in the mechanical ones. It is also clear that the full operation of all these materials is limited to below 400 °C, a temperature at which the thermal and mechanical properties begin to decrease substantially.



The results shown in the present paper are in good agreement with the results of previous studies, even taking into account the differences in materials and sizes. F. Girardi et al. [32] studied a new concrete for TES with the primary aim of improving thermal conductivity. They investigated the use of recycled materials in concrete (e.g., polyamide fibers from post-consumer textile carpet waste, metallic powders or shavings and steel fibers). Their concrete showed high thermal conductivity and was a good candidate for an efficient thermal storage unit. The thermal conductivity of the mix containing polyamide fibers and metallic shavings was 2.74 and 2.13 W/(m °C), before and after thermal treatment of 4 h at 300 °C, respectively. The specific heat was approximately 650–700 J/(kg °C). Moreover, the morphology of this concrete appeared compact and less cracked, even after thermal treatment at a temperature higher than 300 °C. Its compressive strength fc was 35–40 MPa. These values were mainly obtained through the introduction of a metal charge of around 77 kg per cubic meter of concrete. The effect of the inclusion of PCM particles in concrete, employed as a solid energy storage medium, on its thermal and mechanical behavior was evaluated by Mazzucco et al. [80]. This study was performed through transient thermal analyses of homogenized composite and 3D mechanical finite element (FE) models. It was also developed at the mesoscale level to explicitly represent the main concrete components, such as cement paste, coarse aggregates and steel capsules, with a PCM to better describe the evolutionary process of thermal damage during plant functioning. They referred to a fixed volume fraction (20%) for the inclusions and to vary the solar salt (PCM) filling percentages until admissible, to preserve the thermal capacity of the system and its working conditions. This study showed that the addition of PCM-containing steel capsules has a double effect on the performance of the concrete, depending on the quantity of capsules and their degree of filling: an increase in the stored energy density due to the contribution of latent heat was obtained. Instead, a reduction in thermal conductivity, specific heat and, above all, mechanical strength, were obtained. This last mechanical aspect is due to the damage resulting from the pressure caused by the increase in PCM volume during the phase change. In fact, it has been estimated that with a PCM filling degree of 50%, the concrete begins to damage, with around 70–75% damage values that are no longer bearable by the material. Finally, Chieruzzi et al. [53] attempted to insert 2% by weight of PCM (mEPCM solar salt/diatomite, 80/20) inside a cement mortar consisting of water, cement and sand. The results obtained showed that the addition of a small amount of phase change material in a cement mortar could lead to positive effects both on the thermal properties (volumetric thermal capacity and conductivity) and on the mechanical ones. The characterization of the material showed that after treatment at 250 °C, there was a weight loss of around 5%, a decrease in thermal conductivity from 1.6 W/(m °C) to around 1.3 W/(m °C) and an increase in energy density of around 10%. The compressive strength was approximately 33 MPa and the flexural strength was 9.8 MPa.





4. Conclusions


The purpose of this work was the development of a new type of heat storage medium based on the use of a widely available, low-cost material, concrete, to which a small amount of phase-changing material, solar salt, was added, microencapsulated in a porous medium, diatomite. In this way, by being able to store energy both as sensible and latent heat, a material with a higher thermal capacity or an increased stored energy density was obtained. Three different types of concrete were made: one without the addition of mEPCM (named A); one including 5% by weight of microencapsulated PCM (named B); one including 10% by weight of microencapsulated PCM (named C). These materials should be able to operate at medium–high temperatures (150–400 °C). Then, they were thermally and mechanically characterized at room temperature after thermal treatment at temperatures between 20 and 400 °C. Characterization of the three mixtures developed led to the following conclusions:




	
Three different types of behavior, as a function of treatment temperature, are generally identifiable for the developed material. Below 200 °C, there is still free water in the form of steam in the concrete specimens. This is because the water forms weak dipole bonds with both the porous matrix of the mEPCM and the cement matrix. Between 200 °C and 300 °C, free water has evaporated or continues to evaporate, creating a series of voids inside the material. Finally, above 300 °C, part of the bonded water also begins to be extracted, reducing the grip between cement and aggregates and deteriorating the material.



	
All the untreated materials have a density of approximately 2370 kg/m3 below 105 °C, but this reduces as the treatment temperature increases. Between 200 °C and 300 °C, this reduction ranges from 5% for mix A to over 7% for mixes B and C.



	
The thermal capacity of the three mixes increases slightly depending on the amount of the mEPCM present, increasing from approximately 2% of mix B to 5% of mix C, and is inversely proportional to the reduction in density. Therefore, this is expressed in an increase in the specific heat value of materials with more mEPCM: from 610 J/(kg °C) of mix A to 630 J/(kg °C) of mix B and 650 J/(kg °C) of mix C. Specific heat seems to improve by increasing the treatment temperature.



	
Thermal conductivity is certainly good for mix A (>1.9 W/(m °C)) even after various heat treatments. Mix B shows a good initial conductivity which, however, is reduced after heat treatments up to around 1.5 W/(m °C). Instead, the conductivity of mix C is well below the previous values, which are between 1.5 and 0.9 W/(m °C). The increase in conductivity values is certainly due to the presence of a good amount of metal fibers, which act as a thermal bridge, while its decrease with temperature is probably due to the voids present in the mEPCM once the free water is removed.



	
The other quantities that characterize the exchange and transport capabilities of materials, or thermal diffusivity and effusivity, show a close correlation with thermal conductivity.



	
The effect of the presence of metal fibers is evident in terms of the compressive strength and, above all, the tensile strength of all materials. Instead, the presence of mEPCM and, most importantly, the removal of free water from its pores after the various heat treatments characterizes the difference in mechanical performance between mix A and the others.








In summary, by adding a non-excessive amount of microencapsulated material to the mixture (5 wt%), it is possible to improve the energy density by around 7% to avoid mechanical problems (the formation of cracks) and a consequent decrease in heat transmission. Although this may not appear to be an exceptional improvement, it is important, in absolute terms, for the decrease in storage volumes and land use, which are usually large in CSP systems.



The results of this work demonstrate how the materials developed and characterized in this paper are not only in agreement with what was previously highlighted but also constitute a synthesis of the best characteristics both from a thermal and a mechanical point of view, and can be useful for applications such as CSP/CST, heat production for an industrial process at medium temperature, heating and cooling for districts or buildings, water desalination and heat waste recovery.



Since this analysis was based on room temperature measurements, albeit also including some heat treatments, it would be useful to study the related heat exchange conditions and storage capacity when it is integrated into a tube and shell storage system. This will be the objective of future experimental analyses for the current research line.
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Figure 1. Flowchart of the methodology adopted to develop and characterize new concrete/mEPCM heat storage materials. 
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Figure 2. DSC curves of 1st (on the right) and 2nd (on the left) heating/cooling cycles for (a) KNO3 and (b) NaNO3. The two curves are related to the heat flow behavior in the temperature range −10 to 360 °C. 
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Figure 3. Solubility curves of KNO3 and NaNO3 concerning temperature per 100 g of water. 
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Figure 4. Comparison of DSC curves of the 2nd thermal cycle of eutectic produced with the synthesis in solvent LAC + VD and with the synthesis in melted MeM. The two peak temperatures Tm, Tc and enthalpies ∆Hm, ∆Hc are presented. 
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Figure 5. TG/DTG curves of diatomite DIA2 in N2 and air atmosphere. 
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Figure 6. Impregnation process. (a) Vacuum furnace with a movable tank, (b) preparation with depressurization, (c) spillage of the saline solution onto the porous medium, (d) impregnation of the porous medium and (e) drying in depression. 
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Figure 7. FESEM micrographs of the eutectic PCM, of the diatomite PM (DIA2) and the mEPCM samples with 80% (20DIA2) and 85% (15DIA2) of PCM. 
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Figure 8. Some specimens inside the climatic chamber ready for the degassing (a) and evolution of temperature and humidity in degassing phase (b). 
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Figure 9. KE series Tecnotest compression machine with maximum load 2000 kN (a) and model 3382 Instron traction/compression machine with maximum load 100 kN (b). 
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Figure 10. Density of the various mix designs for fresh and hardened concrete as a function of heat treatment temperature. 
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Figure 11. Average compressive (a) and indirect traction (b) strength, in MPa, for the various concrete mix designs, as a function of the heat treatment temperature. 
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Figure 12. Average thermal properties for the various concrete mix designs, as a function of the heat treatment temperature: conductivity, in W/(m·C) (a), capacity, in J/(m3·C) (b), specific heat, in J/(kg·°C) (c), diffusivity, in m2/s (d) and effusivity, in (e), in (W/°C·m2·√s). 
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Table 1. Calorimetric characteristics by DSC of the basic nitrate salts (transformation enthalpies and temperatures of the main peaks).
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Nitrate Salt

	
1st Heating

	
1st Cooling

	
2nd Heating

	
2nd Cooling




	
∆H (J/g)




	
∆Hm’

	
∆Hm’’

	
∆Hc’

	
∆Hc’’

	
∆Hm’

	
∆Hm’’

	
∆Hc’

	
∆Hc’’






	
KNO3

	
48.4

	
92.5

	
93.7

	
26.3

	
46.75

	
92.0

	
93.7

	
26.8




	
NaNO3

	
28.1

	
159.5

	
160.9

	
29.4

	
30.8

	
159.5

	
160.3

	
30.3




	

	
Peak Temperature (°C)




	
KNO3

	
135.6

	
337.6

	
328.7

	
119.6

	
132.7

	
338.4

	
328.3

	
119.2




	
NaNO3

	
276.2

	
309.5

	
300.6

	
271.8

	
275.8

	
310.4

	
300.6

	
271.7
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Table 2. Thermal characteristics of the microencapsulated PCMs obtained by DSC analysis during the 2nd thermal cycle (transformation enthalpies and temperatures of the main peaks).
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Name

	
PM

	
PCM

	
Tm

	
∆Hm

	
Ec

	
Tc

	
∆Hc




	

	
wt%

	
wt%

	
°C

	
J/g

	
%

	
W/g

	
J/g °C






	
EUT

	
-

	
100

	
226

	
97.7

	
-

	
218

	
96.9




	
20DIA2

	
20

	
80

	
232

	
77.9

	
99.7

	
211

	
77.6




	
15DIA2

	
15

	
85

	
228

	
77.7

	
93.6

	
210

	
77.9
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Table 3. Base concrete mix design.
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	Component
	Component Weight in 1 m3 of Concrete (kg/m3)





	Water
	117



	Cement
	360



	Washed sand 0–4 mm
	929



	Small rubble 5–15 mm
	467



	Rubble 15–30 mm
	504



	Metal fibers
	50



	Synthetic fibers
	1



	Super-fluidifying
	4.32



	Volume mass for fresh concrete
	2434










[image: Table] 





Table 4. Concrete/mEPCM mix design.
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Component

	
Component Weight in 1 m3 of Concrete (kg/m3)




	

	
with 5 wt% of mEPCM

	
with 10 wt% of mEPCM






	
Water

	
133

	
148




	
Cement

	
360

	
360




	
Washed sand 0–4 mm

	
853

	
822




	
Small rubble 5–15 mm

	
371

	
288




	
Rubble 15–30 mm

	
407

	
324




	
mEPCM

	
126

	
208




	
Metal fibers

	
50

	
50




	
Synthetic fibers

	
1

	
1




	
Super-fluidifying

	
4.32

	
4.32




	
Volume mass for fresh concrete

	
2305

	
2206
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Table 5. Mix design density for fresh and hardened concrete as a function of heat treatment temperature.






Table 5. Mix design density for fresh and hardened concrete as a function of heat treatment temperature.





	
Material Type

	
Density




	
Reference Temperature

	
By Formulas

	
20 °C

	
105 °C

	
200 °C

	
300 °C

	
400 °C






	
A

	
2435.0

	
2378.0

	
2327.1

	
2256.7

	
2245.0

	
2228.3




	
Std.dev.

	
-

	
25.4

	
22.9

	
21.6

	
16.4

	
29.3




	
Weight loss %

	
2.40%

	
-

	
−2.14%

	
−5.10%

	
−5.59%

	
−6.29%




	
B

	
2305.0

	
2373.0

	
2323.3

	
2198.3

	
2198.3

	
2180.0




	
Std.dev.

	
-

	
17.4

	
18.1

	
14.7

	
27.1

	
19.0




	
Weight loss %

	
−2.87%

	
-

	
−2.09%

	
−7.36%

	
−7.36%

	
−8.13%




	
C

	
2206.0

	
2264.7

	
2202.5

	
2075.0

	
2045.0

	
2030.0




	
Std.dev.

	
-

	
56.5

	
37.4

	
28.8

	
48.9

	
42.4




	
Weight loss %

	
−2.59%

	
-

	
−2.75%

	
−8.38%

	
−9.70%

	
−10.36%
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Table 6. Compression and indirect tensile strength for the concrete mix designs as a function of heat treatment temperature.
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	Id
	T (°C)
	fc (N/mm2)
	fct (N/mm2)





	A
	20
	42.63
	9.25



	A
	105
	35.72
	7.28



	A
	200
	29.62
	6.65



	A
	300
	30.26
	6.03



	A
	400
	23.25
	7.23



	B
	20
	25.39
	3.26



	B
	105
	25.39
	4.11



	B
	200
	25.39
	3.33



	B
	300
	21.02
	2.97



	B
	400
	9.89
	1.48



	C
	20
	18.05
	2.42



	C
	105
	19.09
	3.15



	C
	200
	20.74
	2.77



	C
	300
	20.08
	2.35



	C
	400
	12.49
	1.49
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Table 7. Thermal properties of the concrete mix designs.
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Material

	
Tref

	
ρ

	
k

	
Cv

	
α

	
Cp

	
e




	
Type

	
(°C)

	
(kg/m3)

	
(W/m·C)

	
(J/m3·C)

	
(m2/s)

	
(J/kg·°C)

	
(W/°C·m2·√s)






	
A

	
20

	
2390.00

	
1.90

	
1.45·106

	
1.31·10−6

	
605.23

	
1655.92




	
A

	
105

	
2333.33

	
1.94

	
1.46·106

	
1.33·10−6

	
627.08

	
1683.29




	
A

	
200

	
2250.00

	
1.69

	
1.42·106

	
1.2·10−6

	
631.03

	
1549.26




	
A

	
300

	
2233.33

	
1.94

	
1.47·106

	
1.32·10−6

	
659.66

	
1687.84




	
A

	
400

	
2203.33

	
1.62

	
1.46·106

	
1.12·10−6

	
662.61

	
1624.21




	
B

	
20

	
2336.67

	
1.98

	
1.48·106

	
1.33·10−6

	
633.15

	
1711.75




	
B

	
105

	
2346.67

	
1.56

	
1.49·106

	
1.05·10−6

	
634.89

	
1524.98




	
B

	
200

	
2263.33

	
1.60

	
1.44·106

	
1.11·10−6

	
637.61

	
1520.55




	
B

	
300

	
2256.67

	
1.44

	
1.43·106

	
1.01·10−6

	
633.63

	
1430.98




	
B

	
400

	
2253.33

	
1.37

	
1.43·106

	
9.62·10−7

	
633.16

	
1553.21




	
C

	
20

	
2373.33

	
1.46

	
1.54·106

	
9.44·10−7

	
650.31

	
1498.45




	
C

	
105

	
2333.33

	
1.57

	
1.54·106

	
1.02·10−6

	
660.31

	
1554.57




	
C

	
200

	
2186.67

	
1.12

	
1.6·106

	
7.0·10−7

	
731.79

	
1336.44




	
C

	
300

	
2196.67

	
1.07

	
1.4·106

	
7.22·10−7

	
676.58

	
1260.96




	
C

	
400

	
2176.67

	
0.96

	
1.51·106

	
6.35·10−7

	
695.34

	
1470.81
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