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Abstract:

 Efficient systems for high performance buildings are required to improve the integration of renewable energy sources and to reduce primary energy consumption from fossil fuels. This paper is focused on sensible heat thermal energy storage (SHTES) systems using solid media and numerical simulation of their transient behavior using the finite element method (FEM). Unlike other papers in the literature, the numerical model and simulation approach has simultaneously taken into consideration various aspects: thermal properties at high temperature, the actual geometry of the repeated storage element and the actual storage cycle adopted. High-performance thermal storage materials from the literatures have been tested and used here as reference benchmarks. Other materials tested are lightweight concretes with recycled aggregates and a geopolymer concrete. Their thermal properties have been measured and used as inputs in the numerical model to preliminarily evaluate their application in thermal storage. The analysis carried out can also be used to optimize the storage system, in terms of thermal properties required to the storage material. The results showed a significant influence of the thermal properties on the performances of the storage elements. Simulation results have provided information for further scale-up from a single differential storage element to the entire module as a function of material thermal properties.
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1. Introduction


Design of Sensible Heat Thermal Energy Storage Systems and High Performance Materials

Increasing interest has been directed towards concentrated solar power (CSP) plants, integrated with thermal energy storage (TES) systems, by means of very different solar plant layouts, storage principles, materials used and operating strategies, as reported by Gil et al. [1] and Medrano et al. [2].

Solar collectors can be also used for high performance buildings to provide utilities and services in a more efficient way in terms of primary energy used and costs [3,4,5]. Among TES options, one of the most suitable and economically feasible is represented by sensible heat TES (SHTES) in solid media [6,7,8], using traditional and innovative materials, such as high temperature concretes [9], fly ash/silica fume based concretes [10,11] and graphite concretes (A4) [12,13].

Design of a SHTES module, and determination of its operating conditions, is not easy due to the fluid dynamics and heat transfer phenomena involved in the storage process between heat transfer fluid (HTF), piping and storage material [14,15]. Particularly, the thermal energy stored in a SHTES module can be essentially expressed as:



Qnom = ρsol·Vsol·csol·∆Tnom



(1)




For the correct design of the overall storage system, prediction of its dynamic behavior during storage cycles is needed for performance evaluation in building applications, but in the design Equation (1) no information about time evolution of the system is provided. In order to take into account the influence of dynamic storage cycle, i.e., time dependence, the above equation can be modified as follows:



Q(t)eff = ρsol·Vsol·csol·∆T(t)eff



(2)




The maximum average temperature and the temperature profile within the solid medium, during repeated thermal storage cycles, are the most important parameters to evaluate the effective energy stored, Qeff, in the module. For this purpose, confident numerical simulations can be used to study the thermal performance of SHTES modules with different storage materials. Several studies are available on numerical modeling of TES systems, using the finite element method (FEM) to investigate separately the various thermophysical phenomena involved [14,15,16,17,18,19]. Nonetheless, in order to effectively refine the design process, the numerical modeling and the simulation approach should simultaneously take into consideration the following aspects: storage material thermal properties at high temperatures, the real geometry of the repeated differential storage element, and the operating storage cycle to be actually used.

Material selection and design for building applications essentially relies on compressive/tensile strength [20,21], ductility and casting/curing feasibility [22]. Actually the most relevant aspects for thermal storage application are thermal conductivity, heat capacity, thermal stability, along with compatibility with different materials, reversibility for large number of cycles, low heat losses, environmental impact and costs [23,24]. Concrete-based materials, derived from building and construction applications, offer the possibility to easily diversify physical, thermal and mechanical properties, by means of an application oriented mix design, because significant improvements of TES module performance depend on high temperature properties of the material used. A very attractive challenge, reported in a number of studies to increase greenness, durability and sustainability of such materials [25,26,27] is represented by the selection of natural or artificial aggregates [28,29], valorization of wastes [30,31], recycling of coal fly ash [32,33,34] or blast furnace slag [35].

Fiber-reinforced concretes (FCs) [36,37], geopolymer-based materials [38,39] and other cementitious composites have been assessed to be more eco-compatible than traditional concrete and can be potentially employed for storage applications due to their reliable mechanical and thermal properties. Especially, as regard geopolymeric materials, a number of literatures have assessed their fire resistance [40,41], high resistance to high temperature [42,43] and also the noticeable thermal-shock resistance in repeated exposure to high temperatures [44] as a consequence of the low free water content. These features are highly desirable when considering a cementitious material as eligible solid medium for thermal storage applications. An overview of a comprehensive design approach for SHTES system design, based on concrete-derived materials, is reported in Figure 1.

Figure 1. Schematization of sensible heat thermal energy storage (SHTES) design.
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Finally, the economic investment for a SHTES system is of fundamental importance to optimize the operations and increase the profitability of this technology in high performance buildings. Even if the major part of capital costs are due to the tube register heat exchanger, considerable total cost savings can be achieved by using alternative low cost materials. As reported by Fernandez et al. [23], the storage material cost depends essentially on its properties, like density, specific heat capacity, etc., and finally on the total weight of the material employed in the SHTES module fabrication. In order to reduce costs, lightweight but high thermal performance materials are required for large SHTES system realization.

This paper is focused on SHTES in solid media and numerical simulation of their transient behavior during the charging/discharging phases using the FEM. Specific attention has been dedicated to the influence of thermal properties, as collected in the literature or experimentally measured for several materials tested during the research activities presented in this work. Selected high-performance thermal storage materials from the literature have been tested and used as reference benchmarks. Concretes with recycled-plastic aggregates and a geopolymer concrete have been prepared and tested for the comparative analysis. Their thermal properties have been measured and implemented in the numerical model to preliminarily evaluate their application in thermal storage.




2. Materials and Methods


2.1. Design Criteria and Simulation Approach for Sensible Heat Thermal Energy Storage Differential Elements

Considering a 6 × 6 tube register in square arrangement, a single storage module with total height H, width W and length L, can be considered as a symmetric disposition in a 3D space of a repeating differential element, characterized by the diameter di of the internal tube and the tube spacing da as geometrical parameters. Figure 2 shows the frontal view of a SHTES module, to better understand the physical meaning of these quantities.

Figure 2. SHTES module, frontal view.
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The configuration described above is symmetric and modular, because it can be considered as the repetition of 36 differential storage elements, disposed in parallel. The thermal analysis of the SHTES module can be reduced to the study of heat transfer phenomena into a prismatic element with a cylindrical cavity in the center, representing the flow channel for the HTF flow, which is the storage element considered in this work. This differential element, differently from cylindrical elements considered in other works [17,45], depicts without geometric approximations the actual repeating differential storage element. In Figure 3, the 3D sketch of the differential storage element, assumed as the computational domain for unsteady heat transfer simulation, is shown with the grid employed for calculation.

Figure 3. 3D model for the differential storage element, with grid: (a) overall view; (b) isometric view; (c) frontal view; and (d) lateral view.
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The grid in Figure 3 has 1,150,000 triangular prism elements, 596,190 nodes and very good mesh quality parameters, (i.e., aspect ratio and skewness), the length L of differential element is fixed to 1 m, the inner diameter di of tube is 0.02 m for all the simulations and the distance da between two flow channels, i.e., the edge of the square cross-section, is 0.08 m.



TES, based on sensible heat in a solid medium, is essentially governed by the following equations:



[image: there is no content]



(3)
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(4)






ksol(Tsol) = αsol(Tsol)·ρsol(Tsol)·csol(Tsol)



(5)




The first equation is a form of the energy equation, the second one is used to calculate the effective thermal energy transferred to the solid during charging, and the last one is the constitutive equation for thermophysical properties involved. The boundary conditions (BC) and initial conditions (IC) to be numerically solved depend on the storage cycle imposed to SHTES element. In this work no thermal losses to environment and uniform temperature at the beginning of the charge phase are assumed, so that the resulting BC and IC can be written as follows:



BC: [image: there is no content] on element external walls



(6)






IC: T (x, y, z, t = 0) = T0 in the whole solid medium



(7)




According to Tamme et al. [17] and Salomoni et al. [45], the following conditions have been applied to the model:


	(a)

	the storage materials are considered homogeneous and isotropic;



	(b)

	for the length L, the variation of temperature in axial direction can be neglected;



	(c)

	the steel pipes, due to their very high thermal conductivity, have a negligible effect on heat transfer to the solid media;



	(d)

	the operating delta T for the element is 40 K (from 623 K to 663 K), so that thermal properties are assumed to be constant;



	(e)

	the HTF is considered as an infinite power tank during a complete thermal cycle;



	(f)

	for the operating storage cycle, the charging period lasts 3600 s, and the following break period lasts 3600 s.





As regards the actual operating storage cycle to be simulated, at the beginning of the charging phase, each storage material was considered at the constant and uniform temperature of 623 K. The thermal cycle starts with a sudden increase of HTF temperature to the maximum value of 663 K and, after 1 h of break, it rapidly decreases back to 623 K, which represents the IC of the discharging phase. For each material, considering Equation (1) and the module geometry proposed above, two different simulation approaches have been applied to the differential storage element: (i) by keeping the total volume (Vtot) constant; and (ii) by keeping the nominal stored energy (Qnom) constant. The temperature profiles at the wall, the contour maps into the solid media and other quantitative results for the differential element considered, such as solid mass (msol), effective thermal energy stored (Qeff), storage efficiency (ηstorage) and actual power density, have been reported and discussed to show the performances of storage materials studied.



2.2. Storage Materials Selected From Literature Review on Sensible Heat Thermal Energy Storage

Different materials developed and tested in the literature for TES application have been selected. Ozger et al. [46] prepared and tested a plain concrete (PC), composed of natural aggregates such as gravel, limestone sand from crushed dolomite, with a type II cement (CEM II/A-L 42.5N, [47]) as binder, and a FC, prepared with the same aggregates of PC, added with 0.5% v/v of recycled synthetic fiber. Characterization of thermal properties was carried out at 623 K.

The materials developed by Laing et al. [9] were a high-temperature concrete (HT) and a castable ceramic (CC). The former was based on blast furnace cement as binder, iron oxide aggregate from steel production, fly ash and other materials; the latter was prepared with a binder containing pure Al2O3, iron oxides and accelerator agent to reduce viscosity and improve workability. For both materials, mix proportions were not specified and also aggregates used were not well defined, but thermal properties reported were determined at 623 K.

A new heat storage A4, presented by Guo et al. [12], has very interesting mix design and thermal properties. A4 contained components characterized by high specific heat capacity, such as basalt and bauxite as aggregates, steel fiber, aluminum micropowder, calcium-aluminate cement as binder, and 5% of graphite to increase thermal conductivity. Even in this case, reported properties were determined at high temperature (623 K) for heat storage purpose. The selected materials and their properties retrieved from the indicated references are summarized in Table 1.

Table 1. Storage material selected in the literature for SHTES. PC: plain concrete; HT: high-temperature concrete; CC: castable ceramic; A4: graphite concrete; and FC: fiber-reinforced concrete.


	Material
	Density ρsol (kg/m3)
	Specific heat capacity csol (J/(kg·K))
	Thermal conductivity ksol (W/(m·K))
	Thermal diffusivity αsol × 107 (m2/s)
	Volumetric heat capacity Cvol (kW·h/(m3·K))
	Reference





	PC
	2451
	810
	1.02
	5.14
	0.551
	[46]



	HT
	2750
	916
	1.00
	3.97
	0.700
	[9]



	CC
	3500
	866
	1.35
	4.45
	0.842
	[9]



	A4
	2680
	950 *
	2.43
	9.54
	0.707
	[12]



	FC
	2440
	630
	1.16
	7.55
	0.427
	[46]





* Estimated value.




The specific heat capacity for A4 has been necessarily estimated because no information about this property was reported. A linear rule of mixture based on available A4 mix proportion has been used for the estimation. The stability of above reported properties has been assessed by characterization tests performed at different temperatures [9,12,46]. Further, the selection of these specific storage materials has been driven by the fact that their thermal properties at high temperatures are reported. The reliability and applicability of these materials for TES purpose is so confirmed, and these data can be used in simulations.



Figure 4 shows a simple map where storage materials have been arranged in terms of volumetric heat capacity Cvol, calculated as ρsol·csol, and thermal diffusivity αsol, calculated as ksol/(ρsol·csol). In this way, the rectangular area described by perpendicular lines and symbols, represents the value of thermal conductivity.

Figure 4. Thermal properties of selected storage materials.
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The vertical axis represents the capacitive behavior of the material, while the horizontal axis provides qualitative information about the heat transport behavior. In fact a high capacity influences the storage volume, and hence the power density; a high thermal diffusivity increases the heat transfer rate of the system [9]. The data comparison proposed above is of interest because it allows making some considerations:


	(1)

	For a fixed value of the rectangular area, i.e., thermal conductivity, the constitutive equation for thermal properties describes a hyperbola, hence a high value of the thermal diffusivity corresponds to a low value of the volumetric heat capacity and vice versa;



	(2)

	Storage materials, with similar values of thermal conductivity, can behave very differently and the simple increase of the thermal conductivity value, as suggested in [17,45], could be insufficient to improve overall thermal performances;



	(3)

	A proper design of storage systems must be based on the selection of a high-thermal performance storage material so that an optimum balance between capacitive and heat transport behavior is required to the solid medium;



	(4)

	Both thermal diffusivity and volumetric heat capacity must increase and, for these characteristics, mix design and aggregate selection play the most important role.





Selected materials have been shown to cover a wide range of capacity and diffusivity values, so that confident state-of-the-art reference benchmarks for thermal performances can be created from data available in literature.



2.3. Lightweight Concretes and Geopolymeric Concrete Tested for Sensible Heat Thermal Energy Storage

In this work, lightweight concretes and a geopolymeric concrete have been considered to test the developed thermal analysis on materials produced for a different purpose and branded to have eco-compatibility and low weight, to reduce costs and increase sustainability.

Concrete specimens containing recycled-plastic aggregates, supplied by Ri.genera s.r.l. (Marigliano, Italy), have been prepared to produce lightweight concretes with different specific heat capacities and thermal conductivities. A PC specimen without artificial aggregate has been prepared with a natural limestone aggregate. Crushed limestone were separated into different particle size fractions and then recombined to a specific grading. They were used as fine and coarse aggregates, whose density values were 2351 kg/m3 and 2372 kg/m3 and water absorption capacity were 2.05% and 0.63%, respectively. A fixed amount of fly ash has been added to the mixtures. The fly ash employed was supplied by the National Institution for Electric Power (ENEL S.p.a., Brindisi, Italy). The cement used was CEM II/A-L 42.5R, according to European Standards EN-197-1 [47], produced by Italcementi (Matera, Italy). In addition to these aggregates, marble sludge from the marble cutting industry was used as filler material, to reduce the utilization of natural limestone as raw material and to reuse this type of waste in the manufacture of sustainable concretes [29,48]. The chemical compositions are reported in Table 2.

Table 2. Chemical composition of raw materials (wt%).


	Oxides
	CEM II/A-L 42.5R
	Fly ash
	Marble sludge





	CaO
	60.84
	4.32
	53.76



	SiO2
	20.66
	53.75
	2.13



	Al2O3
	4.89
	28.12
	0.12



	Fe2O3
	3.24
	6.99
	0.69



	MgO
	1.94
	1.59
	0.15



	SO3
	2.95
	-
	-



	Na2O
	0.12
	0.87
	-



	K2O
	0.84
	1.89
	-



	Cl−
	0.94
	-
	-



	LoI *
	5.76
	6.01
	42.74





* Loss on ignition.




An acrylic-based superplasticizer was used to keep workability constant for all mixtures. The specific gravity of the superplasticizer was 1.2 kg/dm3, its solid content was around 40% and the water content of the superplasticizer was considered during the mix-design phase, so that four cement-based concrete mixtures have been prepared.



In addition to these mixtures, a geopolymeric concrete, characterized by S5 consistency class as defined in UNI EN 206-1:2006 [49], has been prepared with the same fly ash used for lightweight concretes, a commercial sodium silicate solution (SiO2/Na2O = 3.3), supplied by Prochin Italia s.r.l. (Marcianise, Italy), and a 10 M NaOH solution prepared with NaOH pellets (analytical R grade, Baker, Milan, Italy). The alkaline activating solution employed to prepare the geopolymer concrete had the following composition: Na2O·0.90SiO2·14.7H2O. The curing of the geopolymer specimens has been carried out at room temperature, completely wrapped in a PVC film in order to prevent the early water evaporation. The geopolymeric specimens were cured for 28 days, to obtain a high degree of geopolymerization for all specimens.

The mix proportions of all concrete mixtures, and the geopolymeric concrete, are reported in Table 3. The mixtures named PA indicate conventional concretes, G indicates the geopolymeric concrete, while the subscript refers to the percentage of plastic aggregate employed (from 0% to 30%), so that the sample named PA0 does not contain the plastic aggregate. In terms of the aggregate to cement ratio, mixture proportions are similar in all specimens, while the water to cement ratio has been kept constant at 0.5 for all the cement-based concrete mixtures.

Table 3. Mix proportions for concrete specimens.


	Materials
	Unit
	PA0
	PA10
	PA20
	PA30
	G





	CEM II/A-L 42.5R
	kg/m3
	300
	300
	300
	300
	-



	Marble sludge
	kg/m3
	146
	152
	171
	183
	-



	Crushed limestone
	kg/m3
	1648
	1351
	1227
	1101
	854



	Plastic aggregate
	kg/m3
	0
	70
	140
	210
	-



	Fly ash
	kg/m3
	90
	90
	90
	90
	208



	Alkaline solution
	kg/m3
	-
	-
	-
	-
	138



	Superplasticizer
	L/m3
	6.86
	7.26
	8.91
	9.95
	-



	w/c ratio
	-
	0.5
	0.5
	0.5
	0.5
	-










As stated before, the amount of superplasticizer accounts for a constant workability of mortars, developed in laboratory. As expected, the more the plastic aggregate percentage is, the more superplasticizer is required to compensate slump loss.

For all mixtures, thermal conductivity, specific heat capacity and density were experimentally determined, to implement measured properties in the successive numerical simulations. Thermal conductivity and the specific heat capacity of the four concrete mixtures and the geopolymer have been measured by using the TPS 1500 Thermal Conductivity System (ThermTest Inc., Fredericton, NB, Canada). This instrument has the following characteristics declared by the manufacturer: thermal conductivity measurement range 0.001–20 W/(m·K), specific heat capacity measurement up to 5 MJ/(m3·K), reproducibility typically better than 1%, accuracy better than 5%.

In addition, only for the geopolymer concrete, scanning electron microscopy (SEM) was used at the end of curing phase to verify that the geopolymeric reaction correctly occurred. The microscope used for microstructure analysis was a FEI-QUANTA 200 FEG (Hillsboro, OR, USA). Finally, thermal behavior of experimental geopolymer concrete has been preliminarily evaluated according to the following procedure: cubic geopolymer concrete specimens (5 cm edge) were submitted to thermal treatments starting from room temperature (298 K), cubic specimens were directly exposed to high temperature in a thermostatic oven for 30 min, then cooled down to 298 K and again placed directly in oven for another interval of 30 min. At first the test was carried out at 423 K, to evaluate possible spalling phenomena [46]. A second test was then performed at 723 K, that represents the actual limit for thermal storage in solid media [6]. For each temperature this procedure was repeated eight times for a total exposition of 4 h. Before and after the thermal shock test, specimens compressive strength was measured by a MCC8 100 kN testing machine (Controls Inc., Medina, OH, USA).




3. Results and Discussion


3.1. Simulation Results for Selected Storage Materials

As concerns the constant Vtot criterion, the average temperature at distance da/2 from center of the inner tube has been calculated. Figure 5 shows the results for the five materials chosen as literature benchmarks. The profile shows, for each material, the maximum average temperature reached after 3600 s, the break phase without heat losses, and the minimum average temperature reached during the discharging phase.

Figure 5. Temperature profile at distance da/2 for the differential storage element, constant Vtot.
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From Figure 5, different dynamic behaviors can be observed for the five benchmarks, because each material reached a different maximum temperature due to its own thermal properties. For the same thermal cycle and constant storage volume, A4 and FC attained the highest temperatures, very close to 663 K, which is the asymptotic value. Moreover they charged very quickly, but also fast cooled down during the discharging period, compared to remaining materials considered in the simulations. It is worth observing that the higher the thermal diffusivity of the investigated materials, the better the thermal profile and the greater the attained maximum temperature. Further at the beginning of the discharge phase, PC, HT and CC showed a little transient temperature raise of 0.5–0.7 K for 120–180 s.

Figure 6 shows the temperature contour maps at different charging times, for a storage element cross-section, which highlights the dissimilar dynamic behavior: the scale on the left, by means of forty color shades, indicates the temperature value into the solid medium with accuracy of 1 K.

Figure 6. Temperature contour maps at constant Vtot, charge phase.
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After 60 min, as a consequence of internal gradients and non-uniform temperature distribution, HT, PC and CC show several temperature zones within the analyzed cross section. These non-uniform temperature distributions explain the transient temperature raises observed above, at the beginning of discharge phase, because they are related to the hypothesis assumed for the break phase. Nevertheless, this behavior is likely due to the slow response of HT, PC and CC to the sudden HTF temperature change. The presence of internal temperature gradients influence the maximum average temperature achieved by these materials that is considerably lower than 663 K, the maximum allowable value.

Table 4 summarizes the simulation results for referenced materials, in terms of msol, Vtot, Qeff, and ΔTeff, that is the effective average temperature difference experienced by the storage element, used to calculate Qeff from Equation (2).

Table 4. Analysis results at constant Vtot for selected materials.


	Material
	msol (kg)
	ΔTeff (K)
	Vtot × 103 (m3)
	Qeff (kW·hth)
	Qnom (kW·hth)
	ηstorage (%)
	Volume power density (kW·hth/m3)
	Power density (kW·hth/ton)





	PC
	14.92
	33.32
	6.40
	0.112
	0.134
	83.58
	17.50
	7.51



	HT
	16.74
	29.69
	6.40
	0.126
	0.170
	74.12
	19.69
	7.53



	CC
	21.30
	31.39
	6.40
	0.161
	0.205
	78.54
	25.16
	7.56



	A4
	16.31
	38.56
	6.40
	0.166
	0.172
	96.51
	25.94
	10.18



	FC
	14.85
	37.23
	6.40
	0.097
	0.104
	93.27
	15.16
	6.53










At constant storage volume, the total weight of material required to build the SHTES module obviously depends only on density, in fact CC has the highest weight, while PC and FC present the lowest weight due to their low density. Considering also the values of specific heat capacity, an analogous conclusion can be drawn for calculated Qeff and Qnom so that CC has the highest capacity and FC the minimum one, essentially due to its very low csol value. The heat storage efficiency and power densities values are obtained on the basis of Qeff and ΔTeff. The volume power density is calculated by multiplying power density by the storage material density. Results show that for increasing storage material thermal diffusivity, at constant volume, ηstorage increases too. The low storage efficiency attained by PC, HT and CC indicates a worse dynamic behavior and that the only way to achieve an efficiency similar to that of A4 and FC, for constant Vtot, is by considering an extended charging time. In fact, calculated power densities are all about 7.5 kW·hth/ton, so that even if PC, HT and CC thermal properties are different, the performances are similar. Finally, it is worthy to observe that the above discussed influence of specific heat capacity is clearly supported by FC storage efficiency and power density: its high αsol leads to high ηstorage; on the contrary, its low csol leads to a low power density. To complete the analysis, temperature contour maps during discharging phase are reported in Figure 7, at different times. A quasi-complete reversible discharge can be observed for A4 and FC, while a slower heat transfer dynamic is related to PC, HT and CC, as previously discussed.

Figure 7. Temperature contour maps at constant Vtot, discharge phase.
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As concerns the constant Qnom criterion, it results in different storage element volumes, obtained by adjusting the distance da (i.e., height and width of the prismatic differential element depicted in Figure 4). The average temperature profiles, at the external wall, obtained from simulations for the five materials are reported in Figure 8.

Figure 8. Temperature profile at distance da/2 for the differential storage element, constant Qnom.
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In Figure 8, the temperature profiles showed above are ordered for increasing Qeff performed during dynamic simulation, in contrast to the value of Qnom, assumed to be constant for all materials and limited transient temperature raise phenomena at the beginning of the discharge phase, for PC, HT and FC, are showed, indicating a low heat transfer rate in response to a rapid HTF temperature variation.





Transient simulation results showed very different behavior, compared to that observed in Figure 5. In fact, A4 concrete resulted in both cases to have the best profile and a significant storage capacity, very close to design parameters and operating conditions imposed. On the opposite CC performed very well, compared to previous analysis, and HT also improved its thermal behavior but with limited enhancement, especially if compared to the top benchmark in this case, i.e., A4 and CC. A noticeable decrease in dynamic behavior has been experienced by FC, because it shows the worst profile, in contrast with the brilliant performances observed above.

Table 5 summarizes simulation results obtained for this analysis, showing the same quantities reported before for the constant volume criterion. A4 grants for the lowest total weight and the highest energy density in addition to its excellent transient behavior in terms of ΔTeff and Qeff. The decrement observed for the dynamic behavior of FC are related to results showed in Table 5: for fixed value of Qnom, the differential storage element, employing FC as storage material, has the highest values of msol and Vtot, if compared to remaining benchmarks, due to its low csol and ρsol.

Table 5. Analysis results at constant Qnom for selected materials.


	Material
	msol (kg)
	ΔTeff (K)
	Vtot × 103 (m3)
	Qeff (kW·hth)
	Qnom (kW·hth)
	ηstorage (%)
	Volume power density (kW·hth/m3)
	Power density (kW·hth/ton)





	PC
	16.11
	31.87
	6.88
	0.116
	0.145
	80.00
	16.86
	7.20



	HT
	14.25
	32.96
	5.50
	0.120
	0.145
	82.76
	21.82
	8.42



	CC
	15.07
	36.93
	4.62
	0.134
	0.145
	92.41
	29.00
	8.89



	A4
	13.74
	39.30
	5.44
	0.142
	0.145
	97.93
	26.10
	10.33



	FC
	20.71
	32.13
	8.80
	0.116
	0.145
	80.00
	13.18
	5.60










These evidences can be explained by the following way: the nominal heat capacity is a direct function of the storage material volumetric heat capacity, Cvol = ρsol·csol, so that temperature profiles are largely ordered with increasing Cvol. During unsteady simulations, the effective thermal energy stored, Qeff, is not only a function of Cvol, but also a function of the average temperature difference ΔTeff and the latter is governed by thermal conductivity k, so that these combined effects influence the observed behavior. In fact, A4 hasn’t got the highest Cvol, but instead displayed the highest ΔTeff due to its very high thermal conductivity. Consequently, calculated ηstorage and power density for A4 shows that this material has a very well balanced mix design and adequate transient thermal behavior to satisfy both design criteria used. For remaining materials, the volumetric heat capacity has a higher relevance than thermal conductivity on the dynamic behavior and on the performances during the thermal cycle. In fact, for a fixed value of the nominal storage capacity, PC and FC have the largest volume and consequently volume power densities are the lowest. This is at last a consequence of Cvol value because, operating storage cycle being the same, a higher amount storage material is required for the imposed nominal capacity. This increase also leads to a limited storage efficiency, 80% for PC and FC, because charging time being constant, higher storage volumes attain lower temperatures and so a limited amount of thermal energy stored.

Temperature contour maps, within the different solid media, are reported in Figure 9 to confirm the presence of internal gradients at the end of the charging period for PC, HT and FC, in contrast to the more uniform temperature distribution realized by A4 and CC. The analysis at constant storage capacity is completed by the temperature contour maps during discharging phase, in Figure 10, at different instants.

Figure 9. Temperature contour maps at constant Qnom, charge phase.
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Figure 10. Temperature contour maps at constant Qnom, discharge phase.
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A complete discharge is confirmed for A4 and a quasi-complete reversible discharge can be observed for CC. Again, a slower heat transfer dynamic is related to remaining materials, i.e., PC, HT and FC. Finally, by calculation of storage efficiencies and effective power densities, on the basis of ΔTeff and Qeff, very different performances can be observed, even if they are remarkably high in all cases for TES applications. In fact, ηstorage ranges from 74.12% for HT at constant Vtot, to 97.93% for A4 at constant Qnom, and demonstrate that the simulation approach provides interesting a priori information about dynamic behavior. Further, storage material performances depend on design criteria adopted and the proposed thermal analysis can determine them to afterwards refine the design process.







3.2. Thermal Characterization of Tested Concretes and Simulation Results

The four concrete mixtures, with different percentage of recycled-plastic aggregate, and the geopolymeric concrete, as listed in the previous Table 3, have been experimentally characterized, to determine thermal conductivity, specific heat capacity and density. Results of these measurements are summarized in the following Table 6.

Table 6. Thermal properties for prepared materials.


	Mixture
	Thermal conductivity ksol (W/m·K)
	Density ρsol (kg/m3)
	Specific heat capacity csol (J/kg·K)





	PA0
	1.42
	2094
	722



	PA10
	1.18
	1914
	743



	PA20
	0.94
	1762
	766



	PA30
	0.71
	1518
	789



	G
	1.01
	1811
	751










From Table 6, the addition of different amount of plastic aggregate has an evident influence on each thermal property: by increasing the quantity of plastic aggregate, density and thermal conductivity decrease, while specific heat capacity increases. Geopolymeric concrete shows sufficiently high specific heat capacity and thermal conductivity, and a quite low density value, compared to the concrete specimens containing the recycled-plastic aggregate. Figure 11 shows a comparison of thermal properties determined in terms of volumetric heat capacity Cvol and thermal diffusivity αsol.

Figure 11. Thermal properties of the developed storage materials.
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As stated in the previous section, the selection of a solid medium for thermal storage purposes cannot be based on a single thermal property, but capacitive and heat transport behavior should be considered. In fact, the thermal conductivity decreases as recycled-plastic aggregate amount increases but thermal diffusivity is higher than that of PC, HT and CC, because the low density leads to a lower volumetric heat capacity than cited benchmarks. In Figure 12, a comparison of thermal properties in a 3D space, for both selected and developed materials, is reported.

Figure 12. 3D graph for thermal properties of storage materials.
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Thermal properties involved in SHTES are essentially three, and the axes represent density, specific heat capacity and thermal conductivity respectively. In this way, each storage material can be distinguished as a triplet of values. Analyzing Figure 12, it is evident that the tested materials are lighter than the benchmarks and that the increasing amount of recycled-plastic aggregate results in a linear dependence of thermal properties, compared to benchmarks which show scattered thermal properties.



For the geopolymeric concrete G, assessment of geopolymerization process can be proven by the analysis of specimen microstructure, reported in the micrographs of Figure 13, obtained for different magnification values.

Figure 13. Geopolymer microstructure obtained by scanning electron microscopy (SEM) analysis: (a) 500×; (b) 1000× geopolymerization products; (c) 10,000×; and (d) 1000× coarse aggregate.
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The microstructure composed of aggregates and geopolymerization reaction products (Figure 13a,b) is visible. Some unreacted fly ash particles, maintaining their spherical shape within the geopolymer microstructure, can be observed for a large magnification value in Figure 13c. Finally, a coarse aggregate within the geopolymeric matrix is shown in Figure 13d. The reported micrographs show a typical geopolymer concrete microstructure [50].

Finally, the compressive strength (Rc), of cubic 5 × 5 × 5 cm3 geopolymer concrete specimens, before and after isothermal treatment at different temperatures, is reported in Figure 14. Each value is obtained as the average of three measurements.

Figure 14. Geopolymer concrete compressive strength Rc after isothermal treatments.
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The compressive strength at room temperature is 21.70 MPa and it decreases slightly, after eight thermal cycles, to a value of 20.34 MPa at 423 K. In addition no spalling phenomena were observed for the specimens, probably due to the low free water content in the prepared geopolymer concrete. After the thermal treatment at 723 K again no spalling phenomena were observed. In addition the compressive strength value still reaches the remarkable value of 15.00 MPa.

As concerns transient behavior simulations, the same approach followed for reference benchmarks has been applied to lightweight concretes and geopolymeric concrete. No qualitative differences were observed for tested materials in dynamic behavior passing from constant Vtot criterion to constant Qnom criterion, thus the latter will not be discussed further. The results, summarized in Table 7, are similar due to the homogeneous nature of prepared mixtures, as visible in Figure 11.

Table 7. Analysis results at constant Vtot for developed materials.


	Material
	msol (kg)
	ΔTeff (K)
	Vtot × 103 (m3)
	Qeff (kW·hth)
	Qnom (kW·hth)
	ηstorage (%)
	Volume power density (kW·hth/m3)
	Power density (kW·hth/ton)





	PA0
	12.74
	38.49
	6.40
	0.098
	0.102
	95.86
	15.31
	7.69



	PA10
	11.65
	37.87
	6.40
	0.091
	0.096
	94.63
	14.22
	7.81



	PA20
	10.72
	36.58
	6.40
	0.083
	0.091
	90.94
	12.97
	7.74



	PA30
	9.24
	35.02
	6.40
	0.071
	0.081
	87.66
	11.09
	7.69



	G
	11.02
	37.11
	6.40
	0.085
	0.092
	92.42
	13.28
	7.71










These five materials showed good performances in terms of maximum average temperature reached during charge phase, better than PC and HT, and slightly better than CC. Simulation results confirm that the ΔTeff decreases, as expected, due to increasing plastic aggregate percentage in the concretes. As a consequence, ηstorage decreases too, passing from 95.86% for PA0 to 87.66% for PA30. However, it can be observed that they are remarkably higher than efficiency calculated for PC, HT and CC. An analogous conclusion is valid in terms of power densities, in fact, for above mentioned reference benchmarks, calculated power density is about 7.5 kW·hth/ton, while for developed materials it is 7.7 kW·hth/ton, that is also higher than FC power density.

The average temperature profiles, at a distance da/2 from the center of inner tube, for constant Vtot criterion, are reported in Figure 15. The temperature profiles are very close because, as discussed before, Cvol and αsol of tested materials have been proven to be not so different.

Figure 15. Temperature profile at distance da/2 for developed materials, constant Vtot.
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The temperature profiles are ordered for increasing thermal diffusivity and agree with the constant volume analysis carried out in previous section for reference benchmarks. However, only a limited transient temperature raise, as response to the rapid HTF temperature change, can be observed at the beginning of the discharge phase. This is a noticeable difference when comparing these concretes with reference benchmarks, especially PC, HT and CC.

In Figure 16, the contour maps during the charging phase for developed mixtures are reported, to obtain the temperature field time evolution within the simulated elements.

Figure 16. Temperature contour maps at constant Vtot for tested materials, charge phase.
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Finally, it is worth noting that the geopolymeric concrete has a time evolution of the temperature contour between PA10 and PA20, because, as discussed before, their thermal properties are similar. Moreover, G, PC and HT have the same value of ksol but their dynamic behavior is very different. The geopolymeric concrete has no transient temperature raise, no relevant internal temperature gradients and a storage efficiency higher than that of PC and HT. These last two have higher effective thermal energy storage than geopolymeric concrete because their ρsol and csol values are higher. On the contrary, their ΔTeff is lower than G, because this attains a higher ηstorage so that, due to the geopolymer weight, a higher power density is achieved. The same is true when comparing G to CC and FC, even if the two reference benchmarks have a higher value of thermal conductivity.





PA0 shows a remarkable dynamic behavior and temperature distribution, due to a high thermal diffusivity, while a large use of plastic aggregate worsens the thermal behavior of developed material. A value in the range of 10%–20% of plastic aggregate seems to be the best for obtaining an acceptable transient behavior and a sustainable economic storage material by using a recycled aggregate from waste-plastic. Higher percentage of plastic aggregates resulted in poor thermal properties and so a non-satisfying dynamic behavior for a storage element. In Figure 17, the contour maps during the discharging phase for the five developed mixtures are reported.

Figure 17. Temperature contour maps at constant Vtot for tested materials, discharge phase.
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All the thermal cycles seem to be almost reversible and without large internal gradients, which, as discussed in previous section, would indicate a sensibly slower heat transfer dynamic in the solid media and the major sources of thermal stresses for the storage element. Further, these numerical results demonstrate that the tested geopolymeric concrete is an eligible solid medium for SHTES because it performs with a high storage efficiency and a high power density, compared to storage materials retrieved from the literature.




4. Conclusions

In this work, thermal property data from the literature and experimentally measured, have been used in FEM-based simulations to evaluate the suitability of different concretes for TES applications. Further, thermal properties at high temperature, non-approximated geometry of the differential storage element and actual operating storage cycle have been concurrently taken into consideration.

The numerical results presented in this work, coupled with calculated values of ηstorage and power densities, are very useful during SHTES system design to discern storage material behavior under dynamic conditions. For instance, when a constant Vtot criterion is used, simulation results demonstrate that a conventional PC attains better performances than sophisticated storage materials such as CC and HT. Only the A4 provides the best performances in all cases, and it stands out as the top benchmark for comparative analysis. In fact, it has the highest heat storage efficiency, 96.51% at constant Vtot and 97.93% at constant Qnom, the highest power density and thus the minimum material weight to realize the entire module, starting from the studied differential storage element.

The selection of the storage material for a SHTES module cannot be based only on the value of solid medium thermal conductivity, but a thermal analysis is required to evaluate the dynamic behavior and an optimum balance between capacitive and heat transport behavior is required to the solid medium. If different design criteria are used, simulation results show that, for the same materials investigated, some differences in the thermal behavior, and hence performance emerge. The awareness of these different performances is not known a priori when selecting storage materials for SHTES module design. A correct simulation approach must be used to envisage such transient behaviors, in order to choose the best storage material to satisfy design specifications and to reduce costs.

Moreover, at the end of the charge phase, temperature contour maps, obtained from dynamic simulations, showed internal gradient and non-uniform temperature distribution for PC, HT and FC when the HTF temperature rapidly changes from charge phase to discharge phase. In a real module, thermal gradients can lead to undesired cyclic thermal stresses in the storage materials, so that they must be avoided to prevent decrease of thermo-mechanical properties.

Simulation results have demonstrated that the prepared materials have contributed to reduce material weight and to increase the specific heat capacity. In fact temperature contour maps and temperature profiles showed a good dynamic behavior and limited temperature gradients with respect to some benchmarks.

Especially for the geopolymeric concrete prepared and preliminarily characterized in this work, the comparative analysis with reference benchmarks has demonstrated that its thermal performances are very interesting for SHTES, because storage efficiency and power density are higher than that of cementitious composites like HT, CC and FC, or a conventional concrete, such as PC. Moreover, it has shown a remarkable mechanical stability at high temperature, also for repeated thermal cycles. In conclusion, these results confirm that geopolymeric concretes represent a sustainable alternative to conventional concrete as solid media for TES applications.






Nomenclature








	c
	specific heat capacity (J/(kg·K))




	k
	thermal conductivity (W/(m·K))




	Cvol
	volumetric heat capacity (kW·h/(m3·K))




	PA0–30
	concrete mixture (subscript from 0 to 30 indicate the percentage of plastic aggregate)




	G
	geopolymer




	T
	temperature (K)




	t
	time (s)




	Q
	thermal energy (kW·h)




	m
	weight (kg)




	V
	volume (m3)




	di
	inner tube diameter (m)




	da
	distance between center of two parallels tube (m)




	L
	length (m)




	W
	width (m)




	H
	height (m)




	ΔT
	temperature difference (K)






Greek Symbols








	ρ
	density (kg/m3)




	α
	thermal diffusivity (m2/s)




	η
	heat storage efficiency (%)






Subscripts








	0
	initial




	f
	final




	tot
	total




	nom
	nominal




	eff
	effective




	th
	thermal




	sol
	solid
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