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Abstract 

Packed-bed thermal energy storage (TES) system filled with low cost and sustainable 

sensible thermal energy storage material (STESM) is a promising option for medium-high 

temperature applications. STESM developed from demolition wastes are eco-innovative and 

compatible with circular economy.  They can be used in solar heat industrial applications up to 

750°C. One of the main concerns that should be taken into consideration is the stability of 

STESM developed from demolition wastes in direct contact with hot heat transfer fluids (HTF). 

In this study, thermal and mechanical stability of STESM developed from demolition waste 

were investigated using repeated heating and cooling cycles in Therminol 66 synthetic oil as 

HTF at 150°C for up to 500 h. The characterization results before and after thermal cycling 

showed that new STESM developed from demolition wastes is thermally and mechanically 

stable. Also, strong oil penetration into the STESM samples improved the porosity, strength 

and specific heat capacity. The specific heat capacity and mechanical strength values increased 

from 1330 J/kgC to 1490 J/kgC and from 4 MPa to 6 MPa, respectively. These results suggest 

that STESM samples developed from demolition waste can be used reliably in solar heat 

industrial applications for long term. 
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cycling 

 

 

 



1.INTRODUCTION 

For sustainable, uninterrupted and cost effective renewable energy supply in industrial 

plants sensible thermal energy storage (STES) systems is proven to be a good alternative. 

Number of industrial solar heat applications can be increased by integrating STES systems for 

a more sustainable future. Sustainability aspects of STESM make them even more favorable.  

Going green in industries requires being more carbon neutral. STES systems using 

packed-bed technology offer industries to replace fossil fuels with solar heat at low cost while 

reducing their CO2 emissions. Cost-effective and sustainable STESMs are the key elements of 

such systems for increased competitiveness while being green in industry.  

Recent studies focus on using packed-bed TES tank filled with solid packing to provide 

several benefits such as reducing the usage of mineral oil and molten salts as liquid, overall 

cost reduction potential, simple design, environmentally friendliness [1, 2]. Solid STESMs 

such as silica sand, natural rock, glass, steel, alumina, quartzite and concrete were suggested 

as alternative low cost STESMs instead of molten salt and mineral oil for high temperature 

applications [3-5]. There are several studies in literature showing that such solid STESMs have 

good storage performance for high temperature TES applications. Although their specific heat 

capacities ranging from 500 Jkg-1C-1 to 1300 Jkg-1C-1 are not very high, they have excellent 

thermal conductivities; 1.0 Wm-1K-1 to 3.0 Wm-1K-1 for rock, concrete, basalt and 30 Wm-1K-

1 to 40 Wm-1K-1 for ferrous alloys [5-12]. In addition, densities of solid STESMs are higher 

than liquid STES media; varying from 1700 kgm-3 to 7800 kgm-3, which give them superior 

volumetric heat capacities [13]. 

Natural solid STESMs are preferable options for STES applications due to their high 

thermal and chemical stability, low cost and high storage capacity [1, 4, 14]. But, in most large-

scale applications, tons of STESM requirement causes depletion of natural sources. 

Waste-based materials such as industrial by-products [15, 16], municipal solid wastes 

[17]; inertized wastes [17]; asbestos containing wastes [18, 19] and industrial furnace slags 

[20-24] are promising low cost and ecofriendly STESMs for high temperature industrial 

applications. These studies prove that STESMs developed from waste-based materials offer 

good thermal properties and cheapest solutions for high temperature applications. Another 

advantage of using such waste materials in STES is their compatibility with circular economy 

that is imposed by EU Green Deal in becoming climate neutral [25]. 



In our previous studies [26-28], demolition wastes (DW) taken from an urban 

regeneration project were assessed as alternative STESM in packed-bed TES system for high 

temperature industrial applications.  

DW, which is one of the heaviest and the most voluminous waste material, is a 

significant problem for governments. In Europe, more than 800 million tons of DW originates 

from partial or total demolition of residential, commercial and municipal buildings, roads or 

civil infrastructures [29]. Turkey is also suffering from this solid waste. After the Law No. 

6306 on Transformation of Areas under Disaster Risk, urban regeneration is increased rapidly 

in the last 9 years. Thus, it is estimated that construction and demolition waste amount 

increased from 4-5 million tons/year to 10 million tons/year in Turkey [30].   

According to Turkish Waste Framework Directive (2008/98/EC) [31], at least 70 % of 

the non-hazardous demolition wastes should be recycled. Therefore, valorization of DW will 

become an important key performance indicator for municipalities.   

Utilizing the most voluminous DW, which would otherwise be a big burden to the 

environment for energy saving purposes provides multiple benefits. In addition to reaching 

recycling targets for DW, especially industry sector can profit from using cost-effective, high 

energy density and sustainable alternative storage material for renewable energy applications. 

High energy density, good heat transfer and low cost are the most relevant properties 

when selecting the most proper STESM candidate. Furthermore, lifetime, mechanical and 

chemical stability of STESM, and compatibility of STESM with heat transfer fluids (HTF) at 

high temperatures are important criteria to be taken into account for secure and uninterrupted 

operations in industry [32]. 

There are several studies on stability of solid STESMs for long-term applications. 

Martin et al. [2] investigated the long-term stability of quartzite and basalt up to 560°C to 

reduce cost of molten-salt based thermocline storage system by replacing a significant amount 

of solar salt. Quartzite and basalt were thermally stable after thermal treatment in solar salt at 

560°C for 1000 h. Jemmal et al [33] applied 110 thermal cycles to siliceous rocks in an 

electrical oven. Hot air was used as heat transfer fluid from 300°C to 550°C. Although no 

significant mass loss was observed, cracking occurred due to thermal expansion. Grirate et al. 

[34] studied the compatibility of quartzite pebbles and silica sand with Therminol 66 synthetic 

oil. No significant change was found in both oil and rocks that affects the TES system 

performance. Diago et al. [9] pointed out significant mass loss in desert samples due to 

http://eur-lex.europa.eu/legal-content/EN/TXT/?uri=CELEX:32008L0098


calcination of high content of calcite after the first thermal cycle in a furnace at 1100°C. Allen 

et al. [35] investigated different rock types to be used in an air based packed-bed TES system 

for solar power plants. A number of rock samples such as gneiss, granite, pegmatite, dolerite, 

sandstone, hornfelsic and greywacke were cycled approximately 950 times under air flow at 

temperature range of 350 - 500°C. At the end of thermal cycling, the greywacke and sandstone 

samples (both sedimentary rocks) withstood the thermal cycling process well and no mass loss 

was detected due to thermal cycling. Becattini et al. [36] assessed six types of rocks such as 

mafic rock, felsic rock, calcareous sandstone, limestone, quartz rich conglomerate and 

serpentinite from Alpine to investigate their suitability for high-temperature packed-bed TES 

systems. Mafic rocks, felsic rocks, serpentinite, and quartz-rich conglomerates were found as 

thermally and mechanically stable under air flow between 100°C and 600°C. Li et al [37] 

investigated the effects of thermal cycles on mechanical stability of granite and revealed that 

thermal cracks occur in the first cycle and slightly increase with thermal cycles. Molina et al. 

[3] performed ageing and compatibility test to various natural solid materials in Jarytherm® 

DBT oil at 340°C for 500 h. Glass, steel and alumina were determined as potential solid 

materials that can be used in direct contact with oil. 

Py et al. [18] found that recycled industrial ceramics made by vitrification of asbestos 

containing wastes (ACW) is thermally stable after 2 thermal cycles at 1200°C and can be used 

as STESM for all kinds of CSP plants. In the study of Faik et al. [17], 2 heating/cooling cycles 

between room temperature to 1100°C were applied to asbestos-containing wastes and fly ashes 

under air-flow. Both materials were defined as suitable for high temperature CSP applications 

with their thermally stable structure and high total emissivity. Grosu et al [23] applied 6 heating 

cooling cycles to basic oxygen furnace slag, magnetite ore and river rock samples to be used 

as STESM in 1 MWel pilot CSP plant in Morocco. Although samples were found as thermally 

stable under air at operation temperature range (170-320°C), Grosu et al [38] reassessed 

thermal and mechanical stability of the materials in direct contact with Delco Term Solar E15 

oil (current HTF used in CSP plant). As a result, using basic oxygen furnace slag in direct 

contact with oil was not recommended due to the strong oil penetration into the material's 

macropores. Agalit et al [20] showed that induction furnace slags are thermally stable after 

three heating/cooling cycles up to 1000°C under air. Calvet et al [19] presented that Cofalit 

produced from asbestos containing wastes by high temperature plasma treatment at 1500°C 

was thermally and mechanically stable in direct contact with nitrate salt up to 500 °C in molten 

salt storage systems. Motte et al [39] investigated compatibility of postindustrial ceramics with 



molten salt (mixture of sodium and potassium nitrates). Although asbestos containing wastes, 

coal fly ashes, blast furnace slags were stable in molten salt for 500 h at 500°C, direct contact 

of converter steel slags and electric arc furnace slags with molten salt was not recommended 

due to the corrosion risk. 

As a conclusion of the previously reviewed literature, most of these studies were carried 

out for natural STESMs. There are some recent studies that show stabilities of waste based 

STESMs after thermal cycling. But, most of them were done with air and for short term. 

Most of waste-based STESMs cannot be used as they are and need to be produced by 

some necessary processes such as crushing, milling, molding, pressing etc. [15, 16, 21, 26, 39, 

40]. Although its chemical content varies according to the source of waste, DW mainly consists 

of gypsum, wood (plywood, chip wood and sawdust), masonry (brick, concrete, rock), metals, 

plastic and cardboard. DW’s physical and chemical properties such as size, shape, density, 

humidity and chemical content are not uniform. As a result of DW being stored in open space, 

its humidity may reach to over 20 % depending on climate condition. Density of DW varies 

for each particle based on its composition; for bricks it is 1600 kgm-3 and for concrete it is 2200 

kgm-3. Therefore, similar processes like the other waste-based materials were applied to DW 

to get homogeneous and rigid structure [26]. 

Compared with natural solid STESMs, STESMs developed from demolition waste are 

ecofriendly and cost effective materials. Simulation studies showed that valorization of 

demolition wastes as STESM to be used in packed-bed is a sustainable approach in reducing 

fossil fuel consumption of medium-high temperature industrial applications and increasing 

efficiency of CSP [41-44]. But applying extra processes can have a significant effect on thermal 

and mechanical behavior of STESM and their lifetime.  

In this perspective, a thorough understanding of stability of the new STESM under 

thermal cycling is necessary. Although the STESM developed from DW was tested in a lab-

scale packed-bed TES system and showed high storage efficiency in a temperature range of 

120°C to 180°C [28], change in structural, chemical, thermophysical and mechanical properties 

of waste based STESM with cycling should be investigated for ensuring long lifetime and 

reliability of the TES system.  

  



The main objective of this paper is to evaluate the potential of demolition waste for 

reliable and long-term use as STESM in high temperature industrial applications. The 

thermophysical, chemical, mechanical and structural changes of the new STESM developed 

from demolition waste exposed to repeated heating and cooling cycles from room temperature 

to 150°C for up to 500 h were investigated to assess its stability. 

2.MATERIALS AND METHOD 

2.1 Materials 

Demolition waste samples that had a heterogeneous structure were collected from an 

urban regeneration project in Adana, Turkey. Homogeneous dry powders were produced from 

DWs by crushing, sieving, mixing and drying processes [26]. Figure 1 shows homogeneous 

demolition waste powders (a), spherical STESMs (b) and cubic STESMs developed from DW 

(c).  

The new STESM was prepared by molding the DW powder with Portland cement to 

prepare desired geometries.  The DW - CEM I 52.5 white Portland cement mass ratio of 9:1 

was defined as the best mortar formulation for higher strength and storage capacity [26]. Tap 

water was used in preparing the mortar mixtures which were poured into cubic and spherical 

molds. STESM samples were dried under the sun for 8 hours and in an oven at 150 °C for 1 

hour. 

In this study, the cubic samples with dimensions of 50 × 50 × 50 mm3 and spherical 

samples with diameter of 10 mm were produced with the method given in Koçak and Paksoy 

[26], where thermal, physical and chemical properties of the new STESM were shown to be 

suitable for low cost applications up to 750°C with high storage capacity (4100 kJm-3C-1).. 

   

                    (a)                                              (b)                                            (c) 

FIGURE 1. Demolition waste as STESM a) DW powder b)Spherical STESM c)Cubic STESM 



 In packed-bed TES systems, the considered STESM samples have to be stable with 

high temperature heat transfer fluid (HTF). The properties of Therminol 66 synthetic oil 

selected as HTF are listed in Table 1. 

TABLE 1 The properties of Therminol 66 synthetic oil  

Properties Values Unit 

Density, at 25°C 1005 kgm-3 

Specific Heat, at 25°C 1579 Jkg-1C-1 

Maximum bulk temperature 345 °C 

 

2.2 Thermal Cycling Tests 

Eleven sets of cubic and spherical samples were prepared for thermal cycling tests. One 

set of the samples was not subjected to thermal cycling to characterize the sample before 

thermal cycling. The other 10 sets of samples were immersed in separate closed glass 

containers filled with Therminol 66 synthetic oil. Containers were placed into an oven (Heraeus 

T6420) to apply heating/cooling cycles. Temperature deviation of the oven was ±3 °C at 150°C.  

The maximum heating cycle temperature of 150°C was chosen to simulate the most 

common solar heat industrial process temperature range [13].  

Each set of samples were immersed in separated closed glass containers filled with 

Therminol 66 oil and were placed into the oven. Figure 2 shows the temperature program of 

the oven.  The oven was heated from room temperature to 150°C at a heating rate of 2°C/min, 

stayed at 150°C for 2 h and then it was cooled down to room temperature with a cooling rate 

at 2°C/min. There was no waiting time at room temperature. When the oven reached room 

temperature, the heating step started again. 



 

FIGURE 2. Temperature program for heating/cooling cycles 

 

TABLE 2 Test duration of cubic and spherical set of samples  

Sample No: 1. 2. 3. 4. 5. 6. 7. 8. 9. 10. 11. 

Test duration, h 0 50 100 150 200 250 300 350 400 450 500 

 

Test periods for each set of cubic and spherical samples are given in Table 2. Repeated 

heating/cooling cycles were performed up to 500 h. The oven had a time counter instead of 

cycle counter. For this reason, each set of samples was taken out from the oven at equal time 

intervals of 50 hours. Finally, the 10th set of samples were removed from the oven at the end 

of 500 h. Figure 3 shows all the samples before and after thermal cycles.  



 

FIGURE 3 Pictures of cubic (a) and spherical (b) storage material samples before and after 

the tests 

 

2.3 Characterization 

Changes in structural, chemical, thermophysical and mechanical properties of samples 

before and after thermal cycling were analyzed in order to determine any changes.  

Inner surface of spherical STESMs were imaged by Zeiss Axiovert S100 microscope at 

10 X magnification. BET Surface area and porosity analysis of STESM samples were measured 

based on "Brunauer–Emmett–Teller" (BET) theory by TriStar 3000 V6.04 instrument. The test 

was carried out under pure Nitrogen flow at -196°C. Infrared spectrum of the materials were 

obtained by attenuated total reflectance infrared spectroscopy (FT-IR ATR) using Spectrum 

Two™ from Perkin Elmer. The test was applied by scanning of wavelengths from 4000 to 450 

cm-1. Average density of spherical STESMs was measured by gas displacement technique 

using AccuPyc 1330 Pycnometer automatic density analyzer. Specific heat (Cp) of STESM 

samples was measured using Sapphire DSC 3 Star System Mettler Toledo. DSC analysis of 

samples was carried out in temperature range of 25-500°C at a heating rate of 10°Cmin-1. 

Sapphire was used as reference sample and analyses were performed using 40 mL aluminum 

crucibles under 50 mLmin-1 N2 flow. Mass loss and thermal degradation behavior of packing 

materials were determined by SDT Q600 V20.9 Build 20 Thermogravimetric Analysis (TGA) 

device. Samples before thermal cycling were heated up to 1200°C at a heating rate of 20°Cmin-

1. Samples after thermal cycling were heated up to 300°C at a heating rate of 10°C under air 



and stayed at 300°C for 60 minutes. TGA analysis was limited up to 300°C to prevent 

degradation of Therminol 66 synthetic oil that may have infiltrated in the STESM samples’ 

structure. Mechanical strength of the STESMs was investigated by compressive strength test 

method. The test was applied to cubic packing materials by single axial load measurement 

device according to TS EN 12390-3 international standard.  

 

3.RESULTS AND DISCUSSION 

3.1 Change in Structural and Chemical Properties 

The visual inspection is essential to evaluate macroscopic changes such as cracking, 

texture and color. Figure 4 shows the spherical samples before thermal cycling (a), after 250 h 

(b) and 500 h thermal cycling (c). Surface deformations or cracking were not found at the end 

of thermal cycling. It is apparent from Figure 4 that spherical STESMs immersed in Therminol 

66 synthetic oil darkens with cycling time. Color change that takes place in the STESMs varies 

depending on several factors such as structure of STESM, type of HTF and temperature range. 

For example, in the study of Diago et al. [9] color of desert samples shifted to whiter tones due 

to the calcination after thermal cycling under air at 1100°C.  In the case for DW, the color 

change can be attributed to oil penetration into the samples. 

 

FIGURE 4 Images of spherical STESM samples; before cycling (a), after 250 h (b), after 

500h (c) 

Figure 5 shows the images of inner surfaces of cubic STESMs that were crushed. Oil 

penetration into cubic STESM samples can be easily seen. Penetration towards the center 

increases with time and at the end of 500 hours the oil penetrates all over the material.  



 

FIGURE 5 Images of inner surface of cubic test samples; 50h (a), 250 h (b), 500h (c) 

 

Thermal cycling does not only affect the visible properties but can also change 

mechanical properties that affect the storage performance. In the study by Li et al. [37] micro-

cracks were observed over the surface of granite sample as a result of thermal expansion at 

650°C. According to Jemmal et al. [33], crack formation after thermal cycling is a significant 

issue that reduces mechanical strength of the STESM. They recommended using smaller sized 

STESM to avoid cracking. In the study of Motte et al [39], no significant crack and porosity 

formation were found in asbestos containing waste ceramics before and after thermal treatment 

in molten salt. However, some significant open porosities were found in steel slags after 

thermal treatment due to the corrosion of iron phases. 

In this study, the spherical samples before and after thermal cycling were cut in half to 

observe any thermal cracks and porosities. Microscopic images of STESM (See Figure 6) were 

taken by Zeiss Axiovert S100 microscope at 10 X magnification. As seen in Figure 6 no new 

porosity and crack formations were detected after thermal cycling. However, it is clearly seen 

that samples get darker as the thermal cycling time increases. This is an evidence of Therminol 

66 synthetic oil penetration as described in Figure 5. This shows that Therminol 66 synthetic 

oil penetration is not only on the outer surface of the STESM samples, but also into the inner 

surface. Similar oil penetration behavior was also seen in basic oxygen furnace slag. But, due 

to its high macro porous structure, erosions and big cracks were formed after oil penetration 

that prevented its use in direct contact with oil [38]. 



 

FIGURE 6 Microscopic images of packing material at 10X magnification; before cycling (a), 

after 250 h cycling (b), after 500 h cycling (c) 

 

Low porosity is a preferred criterion for STESMs [33]. According to Zahir et al [45] 

porosity has a high influence over the mechanical and physical properties of the materials. 

Becattini et al [36] reported that porosity in some rock types, which contain high amount of 

calcite and quartz increases after thermal cycling due to the decomposition of calcite and the 

quartz inversion.  

Surface area and porosity of spherical STESM samples (Table 3) before and after 

thermal cycling were measured by BET analysis. Test results showed that spherical STESM 

samples developed from demolition waste had very low porosity before thermal cycling. 

According to Chaki et al. [46] porosity of solid STESMs is expected to increase with 

temperature. On the contrary, BET surface area, pore width and total pore volume of the 

STESM samples in this study decreased after 500 h thermal cycling. This shows there was no 

significant enhancement of the porosity during the thermal cycling at 150°C. The average 

adsorption pore width decreased slightly from 242 Å to 226 Å. This may be the result of the 

deposition of Therminol 66 into pores of the STESM.  

TABLE 3 Surface area and porosity of spherical STESM samples 

Properties Before cycling After 500 h cycling 

BET surface area 11.6969 ± 0.0377 m2g-1 8.3733 ± 0.0484 m²g-1 

Molecular cross-sectional area  0.1620 nm2 0.1620 nm² 

Average adsorption pore width 242.45 Å  226.73 Å  

Pore volume 0.006403 cm³g-1 0.047463 cm³g-1 

 

Grirate et al. [47] stated that liquid HTFs such as oil or molten salt can alter properties 

of STESM by penetrating into their structure. The thermal cycling study on asbestos containing 

wastes by Faik et al [17] reported that crystallization behavior limited the usage of inertized 

asbestos containing waste glass as STESM to 500°C applications. 



Therefore, penetration of Therminol 66 synthetic oil into the internal structure can affect 

chemical properties of the STESM and it should be evaluated. FTIR analysis was carried out 

to determine chemical change in of STESM after thermal cycling. Figure 7 compares infrared 

spectra of packing materials before cycling and after 500 h cycling. At the end of thermal 

cycling, similar spectra were observed before and after thermal cycling with some new peaks 

between 2850-3050 cm-1, corresponding to an organic substance as seen in the spectrum in red 

of Figure 7. FTIR spectra of Therminol 66 synthetic oil before cycling and after thermal cycling 

was examined before by Grirate et al. [34] and peaks around 2950, 2850, 1600, 1500 and 600 

cm-1 were observed. These new peaks and the others seen after thermal cycling are compatible 

with the results of Grirate et al. [34], which shows the presence of Therminol 66 oil without 

any degradation of chemical structure. 

 

 

FIGURE 7 FTIR spectra STESM samples, before and after 500 h thermal cycling 

 

3.2 Change in Thermophysical and Mechanical Properties 

Densities of packing materials before and after thermal cycling are given in Table 4. 

Average density that was determined as 2855 kgm-3 before thermal cycling decreased to 2030 

kgm-3 after 500 h of thermal cycling. This reduction in density can be explained by the 

deposition of Therminol 66 heat transfer oil into the pores. In the study of Baba et al [32], 



density of magnetite was increased by 2.4% after thermal cycling due to the oxidation and 

decomposition of some organic materials at high temperature. 

TABLE 4 Density of the spherical STESM samples before and after thermal cycling 

Sample Density, ρ @25 °C, kgm-3 

STESM before cycling 2855 

STESM after 500 h cycling 2030 

 

Specific heat capacity of STESMs may change after thermal cycling due to possible 

changes in chemical composition such as decomposition, dehydration, evaporation depending 

on the material and operating conditions. For example, in the study by Jemmal et al [33], 

specific heat capacity of siliceous rocks decreased more than 15% after 110 thermal cycles 

under air up to 550°C due to the dehydration of rocks. In another case [36], specific heat of 

felsic rock sample started to decrease after 100°C due to evaporation of water, which has 

approximately 4 times higher specific heat than rocks. Reduction in specific heat reached to 

45% at cycling temperature of 550°C due to the dehydration of chlorite. 

Average specific heat measurements of spherical STESM samples in this study between 

80-180°C are given in Table 5. An increasing trend was observed in specific heat with 

increasing cycling time due to the deposition of Therminol 66 synthetic oil that have higher 

specific heat than demolition waste. Increasing specific heat capacity of STESM with thermal 

oil is beneficial in such systems due to increase in TES capacity. Xu et al [48] used sand 

saturated with heat transfer oil to increase the storage efficiency of TES system by 5%.  

TABLE 5 Specific heat of STESM samples 

Samples Average Specific heat, Cp, Jkg-1C-1 

STESM before cycling 1330 

STESM after 250 h cycling 1380 

STESM after 500 h cycling 1490 

 

In this study, even if the specific heat was increased, the density decreased after thermal 

cycling. Although volumetric storage capacity (ρ*Cp) of the sample seems to decrease after 

thermal cycling due to the lower density caused by 28% mass gain observed in the spherical 

samples after 500 h thermal cycling, this increase in mass due to penetrated oil will ensure that 

there will be no significant change in total storage capacity of the system (m*Cp*ΔT).  



As discussed above, mass of the samples changed after thermal cycling due to the oil 

penetration. A number of studies mention that mass loss was observed after thermal cycling up 

to 1000°C under air due to the calcination, decomposition of organics, dehydration etc. [2, 9, 

33]. In other studies, no mass loss after thermal cycling was observed [20, 35]. In the study by 

Grosu et al [23], river rock and basic oxygen furnace slag samples showed minor mass loss at 

170°C due to the organics decomposition and water removal. On the other hand, magnetite 

samples gained mass after thermal cycles because of oxidation of Fe3O4 to Fe2O3.  

In previous study by Koçak and Paksoy [26], TGA analysis showed that STESM 

samples developed from demolition waste lost 3-4% of mass between 100-200°C due to the 

humidity before any thermal cycling tests. Decomposition started at around 750°C and about 

80% of inorganic content remained after 1000°C. In this study, TGA measurements were 

carried out on STESMs after thermal cycling. As seen in Figure 8, spherical STESM samples 

after thermal cycling were heated up to 300°C and then kept at 300°C for 1 hour. Unlike TGA 

behavior of the sample before thermal cycling, mass losses up to 15 % were observed between 

200-300°C due to volatiles from Therminol 66 synthetic oil. Also, samples were kept at 300°C 

for 1 hour and no significant mass loss was observed. According to Jemmal et al [33] all mass 

losses up to 300°C occurring in the first heating cycle, is the result of evaporating of humidity. 

Decomposition starts at higher temperatures, but in this study TGA analysis was limited up to 

300°C because Therminol 66 synthetic oil is stable up to 345°C, at atmospheric conditions. 

 



 

FIGURE 8 TGA measurements of spherical STESM samples after thermal cycling 

 

STESMs in lower layers of packed-bed need to have sufficient mechanical strength to 

be durable under the weight of the materials above. Natural materials such as quartzite, basalt, 

greywacke are called hard rocks due to their high mechanical strength [2]. However, their 

mechanical strengths decrease after thermal cycling due to the thermal cracking occurring with 

increasing temperature [35]. For example, in the study by Li et al [37], micro-crack formation 

in granite after thermal cycling caused the strength to decrease by 69%. Micro cracks generated 

in the granites are due to the different thermal expansion behaviors of various mineral grains, 

especially in the first thermal cycle. 

It is important to consider the effect of thermal cycling on the mechanical stress of new 

STESMs developed from DW. Compressive strength test was applied to cubic STESMs before 

and after thermal cycling to understand change in mechanical strength. The results show that 

there is an increase in the strength from 4 MPa to 6 MPa with 500 h cycling time. Figure 9 

predicts the change in mechanical strength up to 1000 h by extrapolation of the regression line 

that shows mechanical strength can be 8 MPa after 1000h.  However, the mechanical strength 

may remain constant after pores are saturated with oil. 



 

FIGURE 9 Change in mechanical strength of STESMs with cycling time 

 

Table 6 compares the change in mechanical strength of different STESM samples 

before and after thermal cycling tests at different durations with STESM developed from 

demolition waste. As seen in Table 6, while mechanical strength of the new STESM developed 

from demolition waste increases with thermal cycling, for most of the natural alternative 

materials it decreases as a result of crack formation, enlargement of pores or chemical 

decomposition under hot air. In the study by Emerson et al [4], compressive strength of 

concrete samples decreased from 25 MPa to 5 MPa after 30 cycles at 600 °C. Riaz [49] 

observed no significant reduction in compressive strength after 100 h thermal cycling under 

hot air at 500 °C, except the granodiorite. Tiskatine et al [50] evaluated compressive strengths 

of different rock types for high temperature applications up to 650 °C. Results showed that 

Rhyolite has excellent mechanical stability during thermal cycling while compressive strength 

of limestone, granite and marble decreased dramatically. 

STESM samples developed from demolition waste used in the lab-scale packed-bed 

tank of 0.9 m height and 0.3 m diameter should have mechanical strength of at least 0.02 MPa 

considering the storage tank volume and material’s density. For large-scale systems, Allen et 



al. [35] reported that storage materials with strength of 1 MPa were durable in a rock bed of 25 

m height.  

STESM samples after 500 h thermal cycling have acceptable mechanical strength for 

the lab-scale system and even for larger systems. In addition to the chemical content of the 

material, porosity is a parameter that affects the mechanical strength. The reduced pore volume 

and pore width by Therminol 66 penetration may have also increased the mechanical strength 

of the STESM in this study. 

 

TABLE 6. Change in mechanical strengths of different STESM samples after thermal cycling 

Material 

Mechanical 

Strength -

Initial State 

(MPa) 

Mechanical 

Strength - 

After Cycling 

 (MPa) 

Cycling 

Time, h 

Cycling 

Temp., 

°C 

Cycling 

Media 
Ref. 

Demolition 

Waste 
4.02 6.07 500 h 150 

Therminol 

66 

This 

study 

Concrete 25 5 

180 h 

(30 

cycles) 

600 Air [4] 

Basalt 479 

%20 reduction 

in compressive 

strength 

100 h 

(100 

cycles) 

500 Air [49] 

Limestone 83 

%20 reduction 

in compressive 

strength 

100 h 

(100 

cycles) 

500 Air [49] 

Quartzite 512 

%20 reduction 

in compressive 

strength 

100 h 

(100 

cycles) 

500 Air [49] 

Granodiorite 280 

%60 reduction 

in compressive 

strength 

100 h 

(100 

cycles) 

500 Air [49] 

Limestone 11.4 6.9 
20 h (10 

cycles) 
650 Air [50] 

Granite 43.1 18.5 
20 h (10 

cycles) 
650 Air [50] 

Rhyolite 42.8 41.5 
20 h (10 

cycles) 
650 Air [50] 

Marble 13.2 7.7 
20 h (10 

cycles) 
650 Air [50] 

 

 



4. CONCLUSIONS 

In this study, thermal behavior and service life of the new STESM were assessed using 

repeated heating/cooling cycles from room temperature to 150°C up to 500 h in Therminol 66 

synthetic oil. 

This study showed that new STESM developed from demolition wastes is thermally 

and mechanically stable in direct contact with Theminol 66 synthetic oil. No significant crack 

and porosity formation were found after thermal cycling.  

The second major finding was that oil penetration improved the properties of the new 

STESM by lowering porosity, increasing strength and specific heat capacity. As a result of the 

deposition of Therminol 66 into pores of the STESM, pore width decreased slightly from 242 

Å to 226 Å and density decreased from 2855 kg/m3 to 2030 kg/m3. The specific heat capacity 

and mechanical strength values increased from 1330 J/kgC to 1490 J/kgC and from 4 MPa to 

6 MPa, respectively  

It can be concluded that new STESM developed from demolition waste is a good 

candidate for long-term use in packed-bed STES systems for industrial solar heat applications. 

For further studies it is recommended to investigate the stability of new STESM with different 

heat transfer fluids at higher temperature ranges.  
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