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Abstract 6 

Recycled aggregate (RA) is produced during construction and demolition activities, but its 7 

reuse is limited by residual mortar content and the energy-intensive thermal treatment required. 8 

Using RA as a filler in packed-bed thermal energy storage (PBTES) offers a dual function: 9 

acting as a sensible heat-storage medium and supporting RA thermal treatment, which enhances 10 

material recovery and circularity. This study explores a concept of concrete circularity-11 

renewable energy symbiosis through a case study of RA-PBTES with dual functions. 12 

Laboratory experiments assessed the thermal response, pressure drop, cyclic repeatability, and 13 

structural behaviour of RA-PBTES under repeated heating and cooling. Results showed RA 14 

maintained stable thermocline development, good heat storage, and acceptable hydraulic 15 

resistance, though some thermal ratcheting occurred at 250°C, emphasising the need to 16 

consider particle movement and bed structure for long-term design. Repeated thermal cycling 17 

made RA particles more brittle, suggesting benefits for crushing and residual mortar removal. 18 

To explore scalability, a one-dimensional heat-transfer model based on the Schumann 19 

formulation was developed and validated, accurately predicting temperature and thermocline 20 

development obtained from the experiments. Applying this model to a 1 MWh storage module 21 

assessed large-scale thermal performance, fan energy, and system behaviour, revealing trade-22 

offs among heat transfer, resistance, energy use, and material utilisation. The use of waste-23 

derived RA further offers potential sustainability benefits through material reuse and 24 

subsequent thermal upgrading. 25 
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1 Introduction 28 

This section presents the background and motivation of the study, focusing on thermal energy 29 

storage for renewable energy. It reviews its role in solar power and low-carbon systems, then 30 

narrows to packed-bed storage and recycled aggregate as a medium. Research gaps, objectives, 31 

and scope are outlined. 32 
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1.1 Background 33 

Governments worldwide are actively pursuing the swift decarbonisation of electricity systems. 34 

In Australia, this transition is particularly significant, as the Australian Government aims to 35 

achieve 82% renewable energy by 2030 [1]. To fully transition to renewable electricity, the 36 

share of solar energy could be considerably increased by deploying additional Concentrating 37 

Solar Power (CSP) facilities. In a typical CSP system, thermal energy storage (TES) is a crucial 38 

component [2, 3], as it stores excess energy during times of high renewable production and 39 

release it during periods of high demand or low generation, thereby greatly improving grid 40 

stability, reliability, and flexibility [4]. 41 

The available TES methodologies can be classified into sensible, latent, and thermochemical 42 

approaches based on the physical principle used to store heat [5, 6]. Sensible TES systems can 43 

be classified as active or passive [7]. In an active system, a heat transfer fluid (HTF) serves as 44 

both a heat transport medium and a TES medium, whereas in a passive system, it serves only 45 

as a heat transport medium [8]. A packed-bed (PB) TES system uses the thermal capacity of a 46 

bed of packed particulate material or packing elements (PEs) to store thermal energy, which is 47 

exchanged via heat convection with an HTF that flows through the PBTES system [9, 10]. 48 

PBTES systems can be configured as either fixed beds or moving beds. In a fixed-bed system, 49 

the solid storage particles remain stationary while the heat transfer fluid passes through the bed 50 

to charge and discharge thermal energy. In contrast, in a moving-bed system, the solid particles 51 

themselves move through the system, enabling direct heat exchange between the particles and 52 

the heat transfer fluid [11, 12]. PBTES is attractive for large-scale renewable-energy storage 53 

because of its relatively simple configuration, direct heat transfer, broad operating-temperature 54 

range, and potential use of low-cost solid fillers [13]. Nevertheless, the sustainability of a 55 

PBTES system depends not only on its thermal efficiency, but also on the origin, embodied 56 

carbon impacts, durability, and end-of-life (EoL) pathway of the storage material [14, 15]. 57 

Large-scale deployment using quarried rock or manufactured ceramic media may create 58 

additional demand for virgin resources and energy-intensive processing. Incorporating 59 

secondary materials recovered from industrial or construction waste streams could reduce 60 

reliance on virgin fillers while retaining material value within productive use [16, 17]. 61 

Accordingly, selecting PB media provides an opportunity to embed circular-economy 62 

principles directly into renewable-energy storage infrastructure. 63 

1.2 Conventional and waste-derived packed-bed materials 64 

Filler selection is a key consideration in PBTES design because it directly affects heat-storage 65 

capacity, heat-transfer behaviour, pressure drop, mechanical stability, system cost, and 66 

operating-temperature range. Conventional packed-bed materials generally include natural 67 

rocks and manufactured ceramic elements. Natural rocks are widely used because of their 68 

availability, low cost, and relatively high thermal stability, whereas ceramic packing elements 69 

can provide more controlled geometry, porosity, and flow distribution [18]. Metallic fillers 70 

offer higher thermal conductivity and faster heat transfer [9], but their high cost, density, 71 

embodied energy, and potential corrosion may limit their suitability for large-scale storage. [19] 72 



Using recycled waste materials as filler media in PBTES systems offers an eco-friendly, cost-73 

effective way to enhance thermal performance while reducing environmental impact [20, 21]. 74 

Demolition waste heated at 120~180 °C using synthetic oil as HTF in a pilot-scale solar heat 75 

system showed an energetic efficiency of over 95% and a total system efficiency of 66.6% [22]. 76 

Mining by-products such as Porcellanitic achieved charge and discharge efficiencies of 87% 77 

and 88%, respectively, in large-scale systems designed for industrial waste-heat recovery [23]. 78 

Asbestos-containing waste has shown a thermal efficiency of 82% when compared to 79 

traditional alumina packing, with significantly faster charging (12%) and discharging (16%) 80 

with synthetic oil up to 300 °C [24]. Electric arc furnace slag [12] and steel slag [13] have also 81 

shown efficiencies of 70–74%. Copper slag and metallurgical steel slag [25] were shown to 82 

reduce molten salt volume by 31.4% in hybrid two-tank systems [26]. Larger-scale applications 83 

using recycled ceramic [27] achieved a thermal exergy efficiency of 88% in CSP fields [28]. 84 

These studies collectively highlight the promising role of waste materials in enhancing the 85 

environmental profile and functional performance of PBTES. 86 

The literature above therefore shows that waste-derived materials can provide competitive 87 

thermal-storage performance and serve as viable alternatives to conventional packed-bed fillers. 88 

Existing research has extensively investigated key thermo-hydraulic aspects of PBTES, 89 

including heat-transfer behaviour, pressure drop across the bed, particle characteristics, and 90 

overall system performance. However, comparatively few studies have examined the long-term 91 

evolution of waste-derived filler materials under repeated thermal cycling, particularly 92 

mechanical degradation, particle breakage, fines generation, and post-use condition. 93 

1.3 Advances in recycled aggregate for thermal applications 94 

Construction and demolition waste (C&D) accounts for more than 30% of total solid waste 95 

worldwide [29], representing a significant opportunity for the filler media of PBTES [30] while 96 

representing an application for diverting a higher portion of C&D waste from landfills than 97 

others proposed in the literature (e.g., in concrete [31], in pavements [32, 33], etc.). Recycled 98 

aggregate (RA) accounts for about 60 to 70 % of all recycled materials from C&D waste [34]. 99 

In addition to its widespread availability and low acquisition cost, RA possesses thermal-100 

storage characteristics that support its potential use as a sensible-heat filler in moderate-101 

temperature PBTES systems. 102 

Previous studies indicate that RA can retain acceptable bulk integrity within the temperature 103 

range typically considered for low- to medium-temperature thermal storage. It exhibits 104 

sufficient thermal and structural stability for use in thermal energy storage systems operating 105 

at moderate temperatures under 300 °C, with significant changes in the dehydration of cement 106 

present in the attached mortar starting to occur around 350 °C [35]. RA retains its bulk integrity, 107 

and thermal cycling within this range does not significantly compromise physical properties 108 

[36]. Beyond its direct use as a sensible-heat filler, researchers have also incorporated recycled 109 

concrete and demolition-waste-derived materials into other TES configurations. Ramón-110 

Álvarez et al. [37] recently demonstrated an eco-efficient cementitious single-tank TES concept 111 

incorporating recycled construction and demolition waste as the internal filler, with the 112 



cementitious tank wall providing structural support while also contributing to sensible heat 113 

storage. Under repeated air-based thermal cycling between 30 and 180 °C, the CDW-filled 114 

systems showed discharge performance comparable to systems packed with volcanic rock. In 115 

parallel, researchers have exploited the porous mortar fraction of recycled concrete aggregate 116 

for PCM impregnation. Abden et al. [38] developed PCM-impregnated RCA composite 117 

concrete, achieving a latent heat storage capacity of approximately 9.2 J/g and improved 118 

thermal regulation compared with conventional RCA concrete. Collectively, these findings 119 

support the broader thermal-storage potential of RA and provide a practical basis for its use as 120 

a low-cost and sustainable sensible-heat filler in moderate-temperature PBTES. 121 

While numerous efforts have aimed to develop alternative filler materials for PBTES, 122 

systematic research on using RA in this context remains limited. The thermal behaviour of RA 123 

in actual PBTES setups remains a significant gap in current knowledge. Numerous challenges 124 

and inquiries remain to be addressed. The high porosity and water absorption of RA can 125 

significantly influence its thermal performance [39], thereby slowing heat transfer and leading 126 

to a thicker thermocline. The presence of attached mortar and weak interfacial transition zones 127 

(ITZs) can reduce mechanical strength and increase susceptibility to particle degradation under 128 

repeated thermal cycling [40]. Conversely, controlled thermal exposure may also create 129 

opportunities for subsequent material upgrading [41, 42]. The degradation of RA particles 130 

during thermal cycling can facilitate the weakening and detachment of adhered mortar, and 131 

PBTES operation may serve as a pretreatment stage that improves the efficiency of downstream 132 

thermal–mechanical recycling (TMR) [43], enabling easier material recovery and potentially 133 

reducing processing energy demand. These findings suggest a potential connection between 134 

thermal-energy storage and RA upgrading [44]. During service in a PBTES system, RA can 135 

first function as a sensible-heat storage medium 136 



(137 

 138 

Figure 1). Repeated thermal exposure may then progressively alter or weaken the attached 139 

mortar and aggregate–mortar interfaces, potentially reducing the effort required for 140 

downstream mechanical processing [45, 46]. In this way, the storage stage could provide a 141 

preliminary conditioning effect before crushing, mortar separation, and further material 142 

recovery [47].  143 



 144 

Figure 1 Conceptual framework for the integration of RA-PBTES  145 

However, thermal exposure may also create operational challenges during storage, as repeated 146 

heating and cooling can alter particle integrity, thermophysical properties, and packed-bed 147 

structure, potentially affecting long-term thermal and hydraulic performance [48]. Repeated 148 

expansion and contraction induced by temperature fluctuations may exacerbate existing 149 

microcracks and weaken the particle structure, potentially contributing to bed settlement and 150 

tank deformation, like the ratcheting effect [49]. The high porosity and water absorption of RA 151 

can influence its thermal response [50], while heat transfer and thermal gradients may weaken 152 

particle interfaces and increase susceptibility to cracking, fines generation, and changes in 153 

particle-size distribution under repeated cycling [51]. Furthermore, the inherent heterogeneity 154 

of RA, including variations in density, composition, and internal structure [52], can lead to non-155 

uniform thermal behaviour within the packed bed. These challenges highlight the need for 156 

dedicated experimental investigations to advance the understanding and reliable application of 157 

RA in PBTES systems. A comprehensive evaluation of RA-PBTES must therefore consider not 158 

only thermal-storage performance, but also hydraulic stability, particle durability, structural 159 

response, and the condition of the material after service. 160 

1.4 Motivation and contributions of this study 161 

Based on the preceding review, several research gaps remain. First, although researchers have 162 

investigated a range of waste-derived materials as PBTES fillers, experimental studies on RA 163 

remain limited, particularly under repeated heating and cooling. Second, most existing studies 164 

focus primarily on thermal performance, whereas the coupled thermal, hydraulic, and 165 

mechanical behaviour of heterogeneous packed beds, including particle rearrangement, bed 166 



settlement, and tank deformation, has received comparatively little attention. Third, the 167 

scalability of RA-PBTES systems and the associated trade-offs among heat-transfer 168 

performance, pressure loss, fan energy demand, and material utilisation remain insufficiently 169 

quantified. Finally, the potential role of thermal storage as an intermediate stage within a 170 

broader RA upgrading and material-recovery pathway has not been systematically discussed. 171 

To address these gaps, this study investigates the thermal, hydraulic, mechanical, and system-172 

level performance of an RA-PBTES system through laboratory experiments and analytical 173 

modelling. The principal contributions are: 174 

1. Experimental characterisation of RA-PBTES under repeated thermal cycling, including 175 

temperature evolution, thermocline development, cyclic repeatability, pressure drop, and 176 

tank deformation.  177 

2. Identification of the coupled effects of particle size and material characteristics on thermal 178 

discharge behaviour, hydraulic resistance, and packed-bed stability.  179 

3. Experimental observation and discussion of thermo-mechanical ratcheting and particle 180 

degradation, highlighting their implications for long-term operation and potential 181 

downstream RA processing.  182 

4. Development and validation of a one-dimensional Schumann-based heat-transfer model, 183 

followed by scale-up analysis of a 1 MWh RA-PBTES module.  184 

5. System-level evaluation of thermal performance, fan energy demand, and material 185 

utilisation, providing engineering insights into the performance and scalability of large-186 

scale RA-PBTES systems. 187 

The study is organised as follows: Section 2 covers the experimental procedure, including the 188 

storage materials used, the detailed design of the lab-scale prototype, the testing methodology, 189 

the sensor layout, and the data acquisition process, and concludes by defining key performance 190 

indicators for evaluation. Section 3 presents the core findings and progressively analyses the 191 

temperature distribution, thermocline development, pressure-drop behaviour, and the tank's 192 

thermo-mechanical response. Section 4 includes a scale-up analysis linking laboratory 193 

observations to potential large-scale applications. Finally, Section 5 summarises the main 194 

findings and contributions. 195 

2 Materials, Experimental System and Performance 196 

Evaluation 197 

This section describes the materials, experimental system, test procedures, and data-processing 198 

methods used to evaluate the packed-bed thermal energy storage system's performance. The 199 

section first presents the physical and thermophysical characteristics of the recycled aggregate 200 

and benchmark filler material, followed by a description of the laboratory-scale PBTES 201 

prototype. The paper then introduces the thermal cycling procedure, operating conditions, and 202 

experimental configurations. The sensor arrangement and data-acquisition system are then 203 



described, along with definitions and calculation methods for the thermal, hydraulic, and 204 

thermo-mechanical performance indicators used in the analysis. 205 

2.1 Recycled aggregate and benchmark material 206 

In this study, RA was primarily investigated as the filler of the PBTES system, while steel 207 

furnace slag (SFS) was also tested as a benchmark filler material. RA denotes a porous cement-208 

based recycled material with irregular morphology, whereas steel slag is a dense, crystalline 209 

industrial by-product with higher mechanical strength and thermal conductivity. Figure 2 210 

presents the RA and SFS materials used in this study. 211 

   

(a) RA-a (19~37.5 mm) (b) RA-b (9.5~19.5 mm) (c) SFS (9.5~19.5 mm) 

Figure 2 Recycled Aggregates (RA) (a) 19~37.5 mm, (b) 9.5~19 mm and SFS (c) 9.5~19.5 212 

mm, were used as the filler material for the experimental study 213 

The RA used in this study was from demolished pile caps at a residential development [43]. 214 

These caps, part of a structure demolished after about 3 months due to design changes, were 215 

made with Grade 50 concrete using ordinary Portland cement, washed river sand, and crushed 216 

basalt. The end-of-life concrete was pre-processed on-site with a jackhammer to break it into 217 

20-100 mm pieces. Then, RA was sieved into two size ranges: 19~37.5 mm (RA-a) and 218 

9.5~19.5 mm (RA-b). Steel slag was supplied from  Australian Steel Mill Services (ASMS) as 219 

single-sized 14 mm aggregate (SFS), with a typical grading ranging from 9.5 to 19 mm [53]. 220 

The density of the RA is 2461 kg/m3 [45] with a water absorption of 3.2%, and the SFS has a 221 

particle density of 3 300 kg/m3 and a water absorption of 1.7%, according to the provided 222 

material data sheet [53]. 223 

The thermal properties of RA were experimentally measured using a Hot Disk TPS 2 500. The 224 

thermal conductivity of RA is 1.49 W/(m·K). The thermal diffusivity is 0.36 mm²/s, and the 225 

volumetric specific heat capacity is 4.12 MJ/m³·K. Because this study could not experimentally 226 

measure the thermal properties of SFS, it adopted literature values for consistency. According 227 

to previous studies [54], the thermal conductivity of SFS is taken as 1.75 W/(m·K). The thermal 228 

diffusivity is reported to be approximately 0.82 mm²/s, while the volumetric specific heat 229 

capacity is in the range of 2.70 MJ/(m³·K). 230 



2.2 Lab-scale PBTES prototype 231 

In this study, the lab-scale PBTES system contains two major components for straightforward 232 

setup and operation: an AISI 201 cylindrical storage tank (Φ 200 mm × 500 mm, 1 mm 233 

thickness) with filler material positioned on a mobile support frame with wheels for easy 234 

positioning, and an integrated piping system with a three-way joint that manages hot air inflow 235 

and outflow from a heating unit. The heating unit is an Industrial Hot Air Blower (RY-P/R-3A) 236 

from Shanghai Reyou Machinery Equipment Co., Ltd. (China), with a 0.3 kW fan and a 3 kW/7 237 

kW heating module 238 

(  239 

Figure 3). 240 

 241 

Figure 3 Schematic of the lab-scale prototype, piping system, valve arrangement, and 242 

instrumentations 243 



The same flow path was used for both thermal charging and discharging in the present 244 

laboratory-scale setup. During charging, hot air entered the tank from the lower inlet and 245 

flowed upward through the packed bed; during discharging, ambient air was introduced 246 

through the same inlet and followed the same upward flow direction. This configuration was 247 

adopted because the heater was directly connected and sealed to the inlet piping, and reversing 248 

the flow direction between charging and discharging would have required disassembling the 249 

heated connection and reconfiguring the airflow path between cycles. The co-flow arrangement 250 

therefore allowed repeated charging–discharging tests to be conducted consistently without 251 

disturbing the packed bed or experimental setup. During discharge, the incoming cool air first 252 

interacts with the hottest lower region of the bed, causing the lower section to cool earlier while 253 

the upper region discharges later. As the air continues upward, its temperature may exceed that 254 

of the relatively cooler upper layers, allowing some of the heat extracted from the lower region 255 

to redistribute within the bed before reaching the outlet. Consequently, the discharge 256 

temperature profile differs from that of a conventional reverse-flow thermocline configuration 257 

[55]. 258 

2.3 Test Procedure and Cyclic Protocol 259 

The experimental program consisted of four test groups (RA-a1, RA-a2, RA-b, and SFS) 260 

designed to evaluate the performance of different filler materials in a PBTES system (Table 1).  261 

Table 1 The test groups designed for the PBTES with RA and SFS 262 

Test Group RA-a1 RA-a2 RA-b SFS 

Particle Size (mm) 19~37.5 19~37.5 10~19 10~19 

Bed Void Fraction 58% 58% 52% 48% 

Target Inlet Air Temperature (°C) 160 250 160 160 

Heating Power (kW) 3 7 3 3 

All experiments were conducted under comparable operating conditions, with charging and 263 

discharging durations set to 45 minutes and fan power fixed at 0.3 kW. An electric heater 264 

provided thermal charging by supplying hot air. For the RA-a1, RA-b, and SFS tests, the 265 

heating power was 3 kW, targeting an inlet air temperature of 160 °C. The inlet-air temperature 266 

increased rapidly during the initial heating period and subsequently approached this operating 267 

level rather than remaining constant throughout the charging process. In contrast, the RA-a2 268 

test intentionally employed a higher heating power of 7 kW to achieve a target inlet-air 269 

temperature of 250 °C. This case was designed to extend the operating-temperature range while 270 

keeping the same RA particle size and bed configuration as RA-a1, enabling assessment of how 271 

elevated charging temperature affects storage performance. This experimental design enables 272 

a systematic investigation of the effects of filler type, particle size, and operating temperature 273 

on the thermal performance and operational behaviour. 274 

Figure 4 presents the operating conditions of the PBTES experiments, including the heating 275 

module set temperature at different heating powers. As shown in Figure 4(a), the heating 276 

module temperature increases rapidly during the initial heating stage and stabilises at the target 277 



values. At 3 kW, the air temperature stabilises at 291 °C, whereas at 7 kW it stabilises at 278 

approximately 350 °C. After the heating stage, the temperature drops rapidly once the heater is 279 

turned off, indicating the transition to the cooling phase. Figure 4(b) shows the measured air 280 

velocity corresponding to a fan power of 0.3 kW. The air velocity remains relatively stable 281 

throughout the experiment, fluctuating around 0.6 m/s. 282 

  

(a) Temperature of the Heating Module (b) Air Velocity 

Figure 4 The set temperature (a) and the power consumption for the blower at relatively 283 

constant air velocity (b) of ~0.6 m/s 284 

2.4 Data Acquisition and Sensor Placement 285 

The PBTES system was instrumented with multiple temperature, pressure, and displacement 286 

sensors to capture the spatial and temporal thermo-hydraulic behaviour of the storage tank 287 

(Figure 5). Eight K-type thermocouples (TC1–TC8, JXWRN-XYQ, Taizhou Suou Electric 288 

Heating Appliances Co., Ltd., China, 0.01 K) were installed to monitor the axial and radial 289 

temperature evolution within the storage bed. Six thermocouples (TC1–TC6) were positioned 290 

along the tank's vertical centreline to measure the axial temperature distribution and 291 

thermocline development. The sensors were evenly distributed across the effectively packed 292 

region, with reduced spacing near the lower section to capture the initial propagation of the 293 

thermal front from the inlet. Two additional thermocouples (TC7 and TC8) were installed on 294 

the tank surface at mid-height, radially offset from the centre line, to assess tank surface 295 

temperature and potential effects on wall heat loss.  296 
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Figure 5 Data Acquisition and sensor placement of the PBTES 299 

An air pressure sensor (PS, SLD-PTG, Nanjing Shunlaida Measurement and Control 300 

Equipment Co., Ltd., China, ±0.1 Pa) was installed at the inlet duct to measure the inlet pressure. 301 

Three laser displacement sensors (DS1–DS2, ZML-100N-AT, Foshan Zhiman Electronics Co., 302 

Ltd., China, resolution 70 μm) were mounted on independent external brackets adjacent to the 303 

storage tank's vertical wall at different heights. As shown in Figure 5, to enable direct 304 

measurement of tank wall deformation, small openings (2 cm × 2 cm) were created in the 305 

insulation layer (30 mm Earthwool [56]), allowing the laser beams to target the steel tank 306 

surface directly. The sensors continuously monitored radial displacement during operation, 307 

capturing potential structural deformation or thermal expansion at elevated temperatures. These 308 

openings locally exposed the tank surface and may have introduced additional heat loss during 309 

operation. However, given their small size relative to the overall insulated surface area, the 310 

associated effect on the measured system-level thermal performance was expected to be limited. 311 

2.5 Performance Metrics  312 

The key performance indicators (KPIs) described below were used to evaluate the performance 313 

of the storage systems for packing materials. Several KPIs, listed and defined in Table 2 were 314 

investigated to analyse the thermodynamic performance of the TES and compare different 315 

designs in the literature. 316 

Table 2 Key performance indicators for this study 317 



KPI Definition Unit Eq. No 

Energy storage capacity 

[20] 
𝑄𝑚𝑎𝑥 = (1 − 𝜀)𝑉𝑡𝑎𝑛𝑘𝜌𝑠 ∫ 𝑐𝑝,𝑠(𝑇)𝑑𝑇

𝑇ℎ𝑜𝑡

𝑇𝑐𝑜𝑙𝑑

 J (1) 

Thermal energy storage 

density [20] 
𝑄𝑚𝑎𝑥

′′′ =
𝑄𝑚𝑎𝑥

𝑉𝑡𝑎𝑛𝑘
 kWh/m3 (2) 

Discharging Power [9] 𝑄̇𝑑𝑖𝑠 = 𝑚̇𝑓 ( ∫ 𝑐𝑝,𝑓(𝑇)𝑑

𝑇𝑜𝑢𝑡

𝑇𝑖𝑛

𝑇) W (3) 

Cut-off temperatures [57] 𝑇𝑐𝑢𝑡 = 𝑇𝑐𝑜𝑙𝑑 + 0.1(𝑇ℎ𝑜𝑡 − 𝑇𝑐𝑜𝑙𝑑) °C (4) 

Discharging time [58] 
The time interval for the 𝑇𝑜𝑢𝑡𝑙𝑒𝑡  to drop 

𝑇𝑐𝑢𝑡 
min (5) 

Thermocline thickness 

[58] 

Temperature gradient region: 

 0.1 ≤
𝑇(𝑧)−𝑇𝑐𝑜𝑙𝑑

𝑇ℎ𝑜𝑡−𝑇𝑐𝑜𝑙𝑑
≤ 0.9 

mm (6) 

Pressure drop ∆𝑃 = 𝑃𝑖𝑛𝑙𝑒𝑡 − 𝑃𝑎𝑡𝑚 Pa (7) 

*Note: All symbols used other than the KPIs in this table are defined as follows: 318 
𝜀 is the bed porosity (Table 1) 319 
𝑉𝑡𝑎𝑛𝑘 is the volume of the storage tank (m³)  320 

𝜌𝑠 is the density of filler material (kg/m³) 321 

𝑚̇𝑓 is the mass flow rate of fluid (kg/s) 322 

𝑐𝑝,𝑠(𝑇) is the temperature-dependent specific heat capacity of solid (J/kg·K) 323 

𝑐𝑝,𝑓(𝑇) is the temperature-dependent specific heat capacity of fluid (J/kg·K) 324 

𝑇𝑖𝑛 is the inlet fluid temperature (°C)  325 
𝑇𝑜𝑢𝑡 is the outlet fluid temperature (°C) 326 

𝑃𝑖𝑛𝑙𝑒𝑡 is the inlet pressure (Pa)  327 
𝑃𝑎𝑡𝑚 is the atmospheric pressure (Pa) 328 

To enable consistent comparison between different experiments, 𝑇ℎ𝑜𝑡 is defined as 160 °C (RA-329 

a1, b and SFS) and 250 °C (RA-a2) and 𝑇𝑐𝑜𝑙𝑑  is defined as 30 °C. 330 

3 Experimental Results and Discussion 331 

This section discusses the experimental results of the RA-PBTES system under repeated 332 

heating and cooling cycles. It examines temperature evolution, cyclic thermal response, 333 

thermocline development, and storage use. It then assesses the effects of particle size and 334 

material type on pressure drop and discharge to clarify thermo-hydraulic trade-offs. Lastly, the 335 

thermo-mechanical response of the packed bed and storage tank is analysed, focusing on 336 

particle rearrangement, deformation, and thermal ratcheting under cyclic operation. These 337 

findings provide an integrated view of the system's thermal, hydraulic, and structural behaviour. 338 

3.1 Thermal Response of the RA-PBTES 339 

Figure 6 illustrates the temperature evolution at different axial locations (TC1–TC6) within the 340 

PBTES during repeated charging and discharging cycles. For all filler materials, clear thermal 341 



stratification is observed, with temperature increasing sequentially from the inlet thermocouple 342 

(TC1) to the outlet thermocouple (TC6) during charging. During charging, the temperature 343 

decreases gradually from the bottom to the top of the bed, indicating thermal-front propagation 344 

through the packed particles.   Compared with RA-a, the smaller particle size of RA-b increases 345 

the specific surface area for solid–fluid heat exchange, thereby enhancing the heat transfer 346 

between the packed particles and the heat transfer fluid. Compared with RA-a, RA-b and SFS 347 

show a more gradual axial temperature evolution during both charging and discharging. 348 

Although their smaller particle sizes provide a larger specific surface area for solid–fluid heat 349 

exchange, the denser packing of smaller particles also increases the solid fraction and 350 

volumetric thermal mass of the bed. Consequently, more energy is required to change the bed 351 

temperature in each time period, which slows overall propagation of the temperature front. The 352 

observed response therefore reflects the combined effects of particle size, packing density, 353 

porosity and material thermophysical properties rather than particle size alone [59]. 354 

Although RA-b and SFS have relatively similar particle-size ranges, their temperature 355 

responses are not identical, indicating that material properties also play an important role. 356 

Differences in thermal conductivity, heat capacity, particle morphology and inter-particle 357 

contact conditions can influence both internal particle conduction and effective heat transfer 358 

through the packed bed. Therefore, the contrast between RA-b and SFS reflects the combined 359 

effects of material thermophysical properties and packing characteristics [60]. 360 
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(c) RA-b 

 
(d) SFS 

Figure 6 Temperature distribution within the PBTES (TC1~6 ≡ from inlet to outlet) obtained 361 

from eight heating-cooling cycles 362 

For comparison across the different test groups, the measured temperatures were normalised 363 

using the corresponding hot and cold reference temperatures Thot (160 or 250 °C) and Tcold (30 364 

C) defined in Table 2, as θ = (T-Tcold) / (Thot -Tcold). A normalised temperature θ of 0 therefore 365 

represents the cold reference state, while a value of 1 represents the hot reference state.  366 

Figure 7 further compares the axial evolution of normalised temperature during Cycle No. 5. 367 

The 15 and 30 min profiles represent the charging stage, while the 60 and 75 min profiles 368 

correspond to 15 and 30 min after the start of discharging, respectively. During charging, the 369 

temperature decreases progressively from the inlet region at the bottom of the bed (i.e., hot 370 

inlet) towards the outlet (i.e., colder outlet), reflecting the upward propagation of the heat front. 371 

The RA-a cases retain relatively higher normalised temperatures over the upper part of the bed 372 

(outlet), whereas RA-b and SFS show a more pronounced decrease with path length (i.e.,  bed 373 

height), indicating a slower progression of the heated region. This behaviour is consistent with 374 

the denser packing and higher volumetric thermal mass of the smaller-particle beds, which 375 

require more energy to achieve a comparable temperature rise. 376 
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 377 

(a) Charging Stage (b) Discharging Stage 

Figure 7 The normalised temperature change across the height of PBTES during the (a) 378 

charging and (b) discharging stages of Cycle 5 379 

The axial temperature distributions at representative steady-state charging (30 min) and rapid 380 

discharging (60 min – only 15 min since thermal discharging starts) times for different cycles 381 

are compared in Figure 8 to evaluate the thermal stability of the PBTES system. The 30 and 60 382 

min profiles were selected because they are symmetrically located 15 min before and after the 383 

45 min charging–discharging transition. This avoids the instantaneous switching condition and 384 

provides representative late-charging and early-discharging states. Using the same relative 385 

operating times for Cycles 1, 5 and 8 further enables a consistent assessment of the evolution 386 

and repeatability of the axial thermal stratification, as commonly adopted in cyclic PBTES 387 

analyses [61]. 388 

For all three filler materials, the axial temperature profiles obtained in Cycles 1, 5 and 8 follow 389 

broadly similar trends, although some cycle-to-cycle variations are observed, particularly for 390 

RA-a1 and SFS. Such variations are not uncommon during repeated operation of packed-bed 391 

TES systems, where the temperature field may evolve over the initial cycles before 392 

approaching a recurrent thermal response. The literature has also reported cycle-to-cycle 393 

variation during the initial operation of packed-bed TES systems. Ortega-Fernández et al. [62] 394 

observed that the axial temperature distribution evolved during the first several charge–395 

discharge cycles before becoming recurrent after approximately five to six cycles, at which 396 

point the system reached a stationary condition with reproducible thermal performance. In the 397 

present tests, RA-a2 shows the closest agreement between the selected cycles, whereas RA-a1 398 

and SFS show larger variations. The axial temperature evolution remains comparable over 399 

repeated operation, indicating that the tested beds maintain a generally reproducible thermal 400 

response rather than an identical cycle-to-cycle temperature distribution. 401 



 402 

(a) RA-a1 (b) RA-a2 

 403 

(c) RA-b (d) SFS 

Figure 8 Axial temperature distributions within the PBTES at representative charging (30 404 

min) and discharging (60 min) times for Cycle 1/5/8: (a) RA-a1, (b) RA-a2, (c) RA-b, (d) 405 

SFS 406 

3.2 Thermocline development and utilisation of bed capacity 407 

Figure 9 presents the temporal evolution of the thermocline thickness during both the charging 408 

and discharging processes for three different filler materials in a typical charging and 409 

discharging cycle (Cycle 5). This comparison allows evaluation of how particle size and 410 

material properties influence the development of thermal stratification. 411 

Inlet 

Outlet 

Inlet 

Outlet 

Inlet 

Outlet 

Inlet 

Outlet 

Inlet 

Outlet 
Inlet 

Outlet 

Inlet 
Outlet 

Inlet 
Outlet 



  

Figure 9 Typical thermocline thickness comparison of the PBTES (Cycle 5) 412 

During the charging process (0–45 min), thermocline thickness initially increases rapidly as 413 

hot air enters the bed and heats the lower layers of packed particles. At this stage, the lower 414 

thermocouples rise rapidly while the upper part of the bed remains near the initial temperature, 415 

expanding the thermal transition zone. As the hot front continues to propagate upward, the 416 

thermocline reaches its maximum thickness, then gradually decreases as the entire bed 417 

approaches thermal equilibrium. Among the three filler materials, RA-a shows the most rapid 418 

expansion of thermocline thickness, reaching its peak earlier than the other materials. This 419 

behaviour is mainly attributed to its larger particle size (19~37.5 mm), which results in higher 420 

bed porosity and enhanced axial thermal dispersion. Consequently, the thermal front propagates 421 

more rapidly through the bed, resulting in a wider transition region during the early stages of 422 

charging. Once the hot region extends through most of the bed, the thermocline thickness 423 

decreases rapidly as the cold region diminishes. 424 

In contrast, the SFS packed bed exhibits a relatively narrow, more gradual evolution of 425 

thermocline thickness. The smaller particle size of the steel slag provides a larger specific 426 

surface area for heat transfer between the solid and the heat-transfer fluid. This enhances the 427 

solid–fluid thermal exchange and reduces axial thermal dispersion, resulting in a sharper 428 

thermocline and improved thermal stratification. RA-b exhibits an intermediate behaviour 429 

between RA-a and SFS, reflecting the combined influence of particle size and material thermal 430 

properties. A similar trend is observed during the discharging stage (45–90 min), where the 431 

cold front propagates through the bed in the opposite direction. The thermocline thickness 432 

initially increases as the cold region develops, then gradually decreases as the bed approaches 433 

the initial temperature state. The consistent behaviour observed during both charging and 434 

discharging confirms the strong influence of particle size on thermocline formation and 435 

stability in PBTES. Compared with charging, the differences among the four cases become less 436 

pronounced during discharging. This may partly result from the combined effects of forced 437 

convective heat removal and heat loss to the surroundings, both of which contribute to the 438 

overall cooling of the packed bed. Previous studies have shown that wall and environmental 439 

heat losses can influence thermocline development and discharge behaviour in packed-bed 440 



thermal storage systems [57, 63]. Under such conditions, differences arising from particle size 441 

and material properties may become less distinguishable. 442 

3.3 Pressure-drop characteristics and particle-size effects 443 

The pressure drop across the PBTES was monitored during repeated charging and discharging 444 

cycles to assess the system's flow resistance and hydraulic stability. Figure 10 shows the 445 

temporal variation in pressure drop across multiple operating cycles. In all cases, the pressure 446 

drop shows periodic fluctuations corresponding to cyclic heating and cooling of the storage 447 

bed. The consistent waveform over time indicates stable airflow and good system repeatability 448 

during long-term operation. Clear differences can be observed among the filler materials. The 449 

SFS packed bed shows the highest pressure drop, ranging from approximately 220–280 Pa, 450 

mainly because of its smaller particle size and reduced void fraction, which increases flow 451 

resistance. In contrast, RA-a shows the lowest pressure drop (around 90–130 Pa) because of its 452 

larger particle size and higher bed permeability. As presented in Table 1, the bed void fractions 453 

of RA-a and SFS are 58% and 48%, respectively, while RA-b exhibits an intermediate value 454 

of 52%. Although RA-b and SFS share the same nominal particle-size range (10–19 mm), 455 

identical size ranges do not necessarily result in identical packing structures. The void fraction 456 

of randomly packed beds is also influenced by particle morphology, size distribution, density, 457 

and packing arrangement [64, 65]. The different physical characteristics of RA and SFS 458 

therefore lead to distinct packing behaviours, which are reflected in their measured bed void 459 

fractions and corresponding pressure-drop responses.  460 

 461 

Figure 10 Pressure Drop of the PBTES 462 

A comprehensive review of pressure drop correlations for packed beds (Table 3) was conducted 463 

by the recent study [66] systematically compared classical and modified Ergun-type equations 464 

for both spherical and non-spherical particles. Following the recommendations and 465 

comparative analysis presented in that review, the present study selected the Ergun equation 466 

[67] as a reference model and further evaluated the Tallmadge [68], Nemec & Levec [69], 467 

Harrison [70], and Özahi [71] correlations to assess the influence of particle irregularity on the 468 

pressure drop. 469 

Table 3 Common friction factor equations for a packed bed [66] 470 



Author Friction factor (f) Eq. No 

Ergun [67] 𝑓 =
150(1 − 𝜀)

𝑅𝑒𝑝
+ 1.75 (8) 

Tallmadge 

[68] 
𝑓 =

150

𝑅𝑒𝑝
+

4.2

𝑅𝑒𝑝
0.1666 (9) 

Harrison [70] 𝑓 =
119.8𝑎

𝑅𝑒𝑝
+

4.63𝑏

𝑅𝑒𝑝
0.1666         𝑎 = (1 +

𝜋𝐷𝑝

6𝐿(1−𝜀)
)

2

, 𝑏 = 1 −
𝜋2𝐷𝑝

24𝐿
 (10) 

Çarpinlioğlu  

& Özahi [71] 𝑓 =
139.57

2
(

𝐷𝑝

𝐿
)

0.5267 𝜀−0.3131

1 − 𝜀
𝑅𝑒𝑝

−0.4733 (11) 

Nemec & 

Levec [69] 
𝑓 =

150

𝜑3/2𝑅𝑒𝑝
+

1.75

𝜑4/3
 (12) 

*Note: All symbols used in this table are defined as follows: 471 

𝑅𝑒𝑝 is the particle Reynolds number defined as 𝑅𝑒𝑝 =
𝜌𝑓𝑢𝑑𝑝

𝜇
; 472 

𝑑𝑝 is the particle diameter (m); 473 

𝜌𝑓 is the fluid density (kg/m³); 474 

𝑢 is the superficial velocity (m/s); 475 
𝜇 is the dynamic viscosity of the fluid (Pa·s); 476 

𝜑 is the particle sphericity; 477 
𝐷 is the tank diameter (m); 478 
𝐿 is the packed bed height (m); 479 

The input parameters used in the pressure-drop correlations were determined consistently with 480 

the formulations summarised by Hassan and Hoffmann [66]. The representative particle 481 

diameter 𝑑𝑝was taken as the arithmetic mean of the upper and lower sieve sizes defining each 482 

particle-size range; the superficial velocity 𝑢was obtained from the measured airflow rate and 483 

tank cross-sectional area. The temperature-dependent density and dynamic viscosity of air were 484 

used for 𝜌𝑓and 𝜇 [72], respectively. For basic oxygen furnace slag, the mean 𝜑 of steel slag A 485 

distributed around 0.76 [73];  as for crushed RA, the average 𝜑 is around 0.72 [74].  486 

Error! Reference source not found. compares the experimentally measured pressure drop 487 

with predictions from several packed-bed friction-factor correlations. For all three filler 488 

materials, the predicted pressure drops follow a consistent order: the Ergun model yields the 489 

lowest values, followed by the Tallmadge and Harrison correlations, while the Özahi and 490 

Nemec models predict relatively higher pressure drops. This trend is consistent with the 491 

increasing level of corrections these models introduce to account for non-spherical particle 492 

effects. For the RA-a bed, the measured pressure drop ranges from approximately 95 to 130 Pa 493 

and 130 to 180 Pa during charging. The Tallmadge and Harrison correlations agree most closely 494 

with the experimental results for RA-a1, while the Ergun model slightly underpredicts the 495 

pressure drop because it assumes spherical particles. When the particle size decreases and the 496 

packing density increases in the RA-b bed, the pressure drop increases significantly to around 497 

180~220 Pa. In this case, the Tallmadge and Harrison models again provide reasonable 498 

predictions. The highest pressure drop is observed in the SFS bed, ranging from approximately 499 

220 to 280 Pa. Consequently, the Nemec correlation, which explicitly accounts for particle 500 

sphericity effects, provides the closest prediction for the SFS case. The comparison 501 



demonstrates that particle size, bed porosity, and particle morphology play critical roles in 502 

determining the hydraulic performance of packed-bed thermal energy storage systems. Models 503 

that account for non-sphericity, such as the Nemec correlation, are better suited to predicting 504 

highly irregular materials like SFS and RA. 505 

  
(a) RA-a1 (b) RA-a2 

  
(c) RA-b (d) SFS 

Figure 11 Comparison between experimentally measured (Cycle 5) and predicted pressure 506 

drops in the packed-bed TES (a) RA-a1, (b) RA-a2, (c) RA-b, (d) SFS using different friction 507 

factor correlations 508 

3.4 Thermal Mechanical Behaviour of the Tank 509 

To further evaluate the tank's thermal behaviour, the temperature evolution at the tank surface 510 

(TC7) and outer insulation layer (TC8) is monitored over multiple charging–discharging cycles, 511 

as shown in Figure 12. These measurements provide insight into heat transfer through the tank 512 

wall and the insulation's effectiveness under cyclic operation. The results show that the tank 513 
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surface temperature (TC7) closely follows the system's cyclic thermal behaviour, with peak 514 

temperatures during charging and rapid decreases during discharging. The temperature at the 515 

insulation layer (TC8) exhibits significantly lower amplitudes and delayed responses, 516 

indicating effective thermal resistance and reduced heat loss to the environment. Among the 517 

tested materials, the RA-based cases show thermal trends comparable to the SFS case, with 518 

slight differences in peak temperature and response time.  519 

 
Figure 12 Comparison of temperature on the tank surface (TC7) and insulation (TC8) 520 

Figure 13 shows tank-wall deformation measured at two different heights during multiple 521 

charging and discharging cycles. DS1 was installed at 125 mm near the lower region of the 522 

tank, while DS2 was located at 250 mm around the mid-height of the packed bed. In both 523 

locations, the deformation exhibits clear periodic behaviour corresponding to the system's 524 

cyclic heating and cooling. For the RA-a2 test, valid displacement data were available only 525 

from Cycle 3 onward because the laser displacement sensors experienced a temporary data-526 

logging interruption during the first two cycles. Therefore, we present and discuss only the 527 

subsequently recorded cycles. 528 
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(a) DS1 

 
(b) DS2 

Figure 13 Deformation of the tank in the PBTES experiments 529 

During charging, the tank wall expands as the bed temperature rises, leading to outward 530 

deformation. During discharging, the temperature decreases, and the tank gradually contracts. 531 

This cyclic expansion and contraction are consistently observed throughout the repeated cycles. 532 

The magnitude of deformation differs between the two measurement locations. In general, the 533 

deformation measured at DS2 (mid-height) is slightly larger than at DS1 for some materials, 534 

suggesting that thermal expansion of the tank wall and internal pressure generated by the 535 

packed particles are not uniformly distributed along the tank height. The differences among 536 

filler materials are also evident. The RA-a1 bed tends to produce relatively larger deformation 537 

in the lower section (DS1), whereas the RA-b bed shows larger deformation near the mid-538 

height (DS2).  The different deformation profiles of RA-a1 and RA-b may reflect differences 539 

in granular stress transmission arising from their particle sizes and packing structures. Previous 540 

studies of packed-bed thermocline tanks have shown that particle–wall interactions and 541 

downward particle rearrangement during thermal cycling can modify the radial stress 542 

distribution along the tank height, thereby producing non-uniform wall deformation [75, 76]. 543 
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Particle size has also been shown to influence the magnitude and distribution of lateral wall 544 

pressure in confined granular beds [77]. Therefore, the smaller and more densely packed RA-545 

b particles may redistribute lateral loading differently from the coarser RA-a1 bed, contributing 546 

to the observed difference in the location of maximum tank-wall deformation. 547 

While most cases show stable and reversible deformation, the RA-a2 case at high temperature 548 

shows progressive deformation accumulation; the deformation response became progressively 549 

asymmetric at higher operating temperatures. The lower sensor (DS1) showed an increasing 550 

radial displacement over successive cycles, whereas the mid-height sensor (DS2) exhibited a 551 

decreasing trend. This behaviour likely reflects irreversible particle rearrangement and 552 

downward migration within the packed bed, which progressively increased local packing and 553 

lateral loading in the lower section while reducing confinement around the mid-height region. 554 

In contrast, RA-b and SFS cases exhibit more stable deformation amplitudes over cycles, 555 

highlighting the influence of particle size distribution and morphology on mechanical stability. 556 

The SFS bed exhibits more irregular deformation patterns, which may be associated with the 557 

higher angularity and stronger interlocking of steel slag particles. 558 

4 Analysis of a 1 MWh RA-PBTES module 559 

This section extends the laboratory-scale observations to a larger engineering context through 560 

analytical modelling and system-level assessment. A one-dimensional transient heat-transfer 561 

model based on the Schumann formulation is first developed and solved using the finite 562 

difference method, and its predictions are validated against the experimental temperature 563 

measurements reported in Section 3. The validated model is then applied to a 1 MWh RA-564 

PBTES module to evaluate thermal performance, thermocline behaviour, fan energy demand, 565 

and net energy output under representative operating conditions. MWh-scale thermal storage 566 

is relevant to both district-heating and industrial process-heat applications. For residential 567 

heating, reported average annual heat demand across several European district-heating markets 568 

ranges from approximately 11.4 to 18.6 MWh per household, including space heating and 569 

domestic hot water [78]. On an equivalent energy basis, a 1 MWh storage unit therefore 570 

represents approximately 20–32 days of the average heat demand of one household, or roughly 571 

one day of average heat demand for 20–30 households. At the industrial scale, the Hardwick 572 

Meatworks project in Victoria employs a 1 MW-class heat-pump system for process-hot-water 573 

production, with an operating thermal output of approximately 1.09–1.27 MW and supplying 574 

around 61% of the site hot-water demand [79]. MWh-scale packed-bed storage has also been 575 

demonstrated directly for district heating, including a 2.0 MWh air–rock packed-bed system 576 

reported by Jia et al. [80]. These examples indicate that the 1 MWh capacity considered here 577 

should be interpreted as a representative modular storage unit rather than as the total thermal 578 

requirement of a large community. Larger thermal demands could be accommodated by 579 

increasing module size or operating multiple modules in parallel. Finally, the implications of 580 

large-scale RA utilisation are discussed in terms of material demand, cost, environmental 581 



considerations, and the potential integration of thermal storage with downstream aggregate 582 

upgrading and recovery. 583 

4.1 Finite Difference Method with Schumann’s Model 584 

Assessing the performance of large-scale TES systems requires reliable predictions of their 585 

thermal behaviour under realistic operating conditions. Modelling approaches are commonly 586 

employed to extrapolate the thermal performance of experimentally validated systems to larger 587 

storage capacities. A simplified one-dimensional PBTES thermal model is developed in 588 

MATLAB using a finite-difference method (FDM) [40] and Schumann’s model [41] to 589 

describe transient heat-transfer behaviour within the storage system. The thermal behaviour of 590 

the RA-a PBTES system was modelled based on the fundamental principles of energy 591 

conservation in porous media. Heat losses through the tank wall are accounted for by an overall 592 

heat transfer coefficient determined from the thermal resistance of the insulation layer and the 593 

external convective resistance. The model is expressed by the following equations: 594 

Fluid Phase: 𝜀𝜌𝑓𝑐𝑝,𝑓

𝜕𝑇𝑓

𝜕𝑡
+ 𝜌𝑓𝑐𝑝,𝑓𝑢

𝜕𝑇𝑓

𝜕𝑧
= ℎ𝑎(𝑇𝑠 − 𝑇𝑓) − ℎ𝑙𝑎𝑙(𝑇𝑓 − 𝑇𝑎𝑚𝑏) (14) 

Solid Phase: (1 − 𝜀)𝜌𝑠𝑐𝑝,𝑠

𝜕𝑇𝑠

𝜕𝑡
= ℎ𝑎(𝑇𝑓 − 𝑇𝑠) (15) 

Interphase 

heat transfer 

ℎ =
𝑁𝑢∙𝑘𝑓

𝑑𝑝
  (16) 

𝑁𝑢 = 2 + 1.1𝑅𝑒0.6𝑃𝑟1/3 (17) 

𝑅𝑒 =
𝜌𝑓𝑢𝑑𝑝

𝜇
, 𝑃𝑟 =

𝑐𝑝,𝑓𝜇

𝑘𝑓
 (18) 

Specific 

surface area 
𝑎 =

6(1−𝜀)

𝜑𝑑𝑝
, 𝑎𝑙 =

4

𝐷
 (19) 

where z is the axial coordinate. h is the interphase heat transfer coefficient (W/m2·K), and 𝑎 is 595 

the specific surface area of particles (m-1). 𝑎𝑙 is the specific surface area of the cylindrical tank 596 

(m-1). 𝑘𝑓 is the fluid thermal conductivity (W/m·K), and 𝜇 is the fluid dynamic viscosity (Pa·s).  597 

The properties of the air are temperature-dependent [81]. 𝑢 is the superficial velocity (0.6 m/s). 598 

The heat loss to the environment is evaluated using a thermal resistance network, considering 599 

heat conduction through the insulation layer and natural convection to ambient air (𝑇𝑎𝑚𝑏 =600 

26 °𝐶). The overall heat transfer coefficient is expressed as: 601 

 
ℎ𝑙 =

1

𝐿𝑖𝑛𝑠

𝑘𝑖𝑛𝑠
+

1
ℎ𝑎𝑖𝑟

 
(20) 



where 𝐿𝑖𝑛𝑠 and 𝑘𝑖𝑛𝑠 denote the thickness (0.03 m) and thermal conductivity (0.04 W/m·K) of 602 

the insulation layer, respectively, and ℎ𝑎𝑖𝑟  is the external convective heat transfer coefficient 603 

(20 W/m2·K) [82]. The internal convective resistance is neglected because of the relatively 604 

high heat-transfer rate within the packed bed. The resulting heat-loss term is incorporated into 605 

the fluid energy equation as a volumetric sink.  606 

 607 

(a) RA-a1 (b) RA-a2 

Figure 14 Comparison between experimental measurements (Cycle 1 – solid line) and model 608 

predictions (dashed line, -S suffix_) of the temperature evolution at different thermocouple 609 

locations: (a) RA-a1, (b) RA-a2 610 

Figure 14 compares the temperature evolution at different thermocouple locations from the 611 

experiment and the simulation based on Schumann’s model. The simulated temperature 612 

evolution agrees well with the experimental measurements at all thermocouple locations. 613 

Schumann’s model captures the general thermal response of the packed bed during both 614 

charging and discharging. Minor deviations in the thermocline propagation speed (as shown in 615 

the TC4 and TC6 temperature development) may be attributed to flow maldistribution and 616 

heterogeneity in particle packing in the experimental system. The discrepancy between the 617 

experimental result and the modelling prediction is also higher for the RA-a2 model than for 618 

the RA-a1 model. The good agreement indicates that Schumann’s model is suitable for the 619 

present RA-PBTES. Although the model neglects intra-particle temperature gradients [83], its 620 

agreement with the experiments suggests that this simplification remains reasonable for the 621 

irregular RA particles under the present operating conditions. 622 

4.2 Thermal and Net Energy Performance  623 

Using the validated Schumann’s model, the thermal and net energy performance of a 1MWh 624 

RA-PBTES is investigated in this section. For a temperature range of 30–250 °C, the 1 MWh 625 

RA-PBTES system requires approximately 18 t of filler material, corresponding to a bed 626 

volume of 12 m³. Considering thermocline effects, the practical tank volume is estimated at 627 

15 m³, achievable with a cylindrical tank 2.2 m in diameter and 5.5 m in height. The fan power 628 



required could be estimated based on the measured pressure drop across the packed bed and 629 

the corresponding airflow rate [84]: 630 

 
𝑃𝑓𝑎𝑛 =

Δ𝑃 ⋅ 𝑉̇

𝜂𝑓𝑎𝑛
 (21) 

 𝑉̇ = 𝑢 ⋅ 𝐴 (22) 

where 𝑃𝑓𝑎𝑛 is the fan power (W), 𝑉̇ is the volumetric flow rate (m³/s), and 𝜂𝑓𝑎𝑛 is the fan 631 

efficiency (0.88 for comparison). 𝐴 is the cross-sectional area of the packed bed (m²). Nemec 632 

& Levec [69] correlation, which shows high accuracy in predicting pressure drop in Section 633 

3.3, is used for pressure-drop comparison. 634 

Figure 15 presents the performance of the RA PBTES system under different airflow velocities. 635 

The “instantaneous” stored energy was obtained from the Schumann-model solid-temperature 636 

distribution by integrating the sensible heat content of the filler over the packed-bed volume 637 

relative to the cold reference temperature (Eq. (1)). As shown in Figure 15 (a), increasing the 638 

air velocity significantly accelerates the charging process, with the stored energy approaching 639 

its maximum value much faster at higher velocities. For instance, at 2.0 m/s, the system reaches 640 

near-full capacity within about one hour, whereas at 0.5 m/s, charging is considerably slower 641 

and remains incomplete even after extended operation. A similar trend is observed during 642 

discharging, as illustrated in Figure 15 (b). Higher airflow velocities lead to a more rapid 643 

decline in outlet temperature, indicating faster heat extraction from the packed bed. This 644 

behaviour reflects enhanced convective heat transfer between the air and solid filler at higher 645 

Reynolds numbers. 646 
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Figure 15 Scale-up RA PBTES Module Behaviour Analysis 647 

The trade-off between thermal performance and operational cost is clearly highlighted in Figure 648 

15(c) and (d). Increasing airflow velocity substantially reduces both charging and discharging 649 

times; however, this improvement comes at the expense of a sharp increase in fan power 650 

consumption. Notably, fan power grows nonlinearly with velocity, resulting in 651 

disproportionately high energy consumption above 1.0 m/s. These results indicate that while 652 

high airflow velocities improve thermal response and reduce operation time, they significantly 653 

increase parasitic energy consumption. Therefore, an optimal operating range exists, typically 654 

between 0.5 and 0.8 m/s, where a balance can be achieved between efficient heat transfer and 655 

acceptable pumping energy requirements. This highlights the importance of integrated thermo-656 

hydraulic optimisation in designing large-scale PBTES systems. The discharging power in 657 

Figure 15(e) shows that increasing airflow velocity significantly increases peak discharging 658 

power because of the higher mass flow rate. For example, at 2.0 m/s, the initial discharging 659 

power exceeds 1.9 MW, compared to approximately 0.5 MW at 0.5 m/s. However, the higher 660 

flow rate also accelerates the thermal depletion of the packed bed, leading to a rapid drop in 661 

outlet temperature and a shorter effective discharge duration. In contrast, lower flow rates 662 

provide more sustained heat release with reduced peak power. This highlights a fundamental 663 

trade-off between power output and discharge duration in PBTES systems. 664 
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4.3 Circular Material Utilisation, Cost and Environmental 665 

Implications 666 

Unlike conventional TES systems that rely on inert or non-recyclable filler materials, using RA 667 

introduces an additional lifecycle dimension. After repeated thermal cycles, the filler material 668 

can be processed by grinding and sieving in the thermo-mechanical recovery (TMR) process 669 

to recover reusable aggregates and cementitious powder [25], thereby enabling a closed-loop 670 

material pathway. Table 4 presents a comparative evaluation of different filler materials for 671 

PBTES. While materials such as recycled ceramic achieve high energy densities due to their 672 

wide operating temperature ranges, their prohibitively high costs significantly limit practical 673 

application. In contrast, steel slag and limestone offer a more balanced performance, combining 674 

moderate-to-high energy densities with relatively low material costs. Notably, RA 675 

demonstrates a unique advantage among all materials considered. Although its initial 676 

procurement cost is approximately 100 AUD/m3 [85], RA undergoes thermal treatment during 677 

TES operation, which can facilitate removing or weakening attached mortar. This process 678 

enables reprocessing and reuse as high-quality aggregate after its service life in the TES system 679 

[45]. As a result, RA has a potential residual or recovery value that can offset or even exceed 680 

its initial cost. This results in a negative net material cost from a lifecycle perspective. 681 

Compared with other materials that are consumed or degraded over time, this circular 682 

utilisation pathway gives RA a significant economic advantage. 683 

Table 4 A comparison of filler materials used in the PBTES and the cost per kWh 684 

Filler 

Material 

Demolition 

Waste [20] 

Steel Slag 

[25] 

Limeston

e [86] 

Recycled 

Ceramic [87] 

Stearic Acid 

(PCM) [88] 
RA 

T (°C) 290~565 20~300 300~585 20~1000 30~68 30~250 

dP/D 0.015 0.046~0.091 0.005 0.144 0.150 
0.095~

0.188 

𝜀 22% 42% 33% 43% 56% 58% 

HTF Molten Salt Air 
Solar 

Salt 
Air Air Air 

𝑄𝑚𝑎𝑥
′′′  

(kWh/m3) 
266 154 231 352 26.5 51.7 

Cost 

(AUD/m3) 
6.3 44.0 [89] 36.96 2400.0 [27] 2000.0 [90] -5.0 

Cost per kWh 

(AUD/kWh) 
0.02 0.29 0.16 6.82 75.50 -0.10 

*dP/D denotes the ratio of particle diameter to tank diameter. 685 

According to the life cycle assessment of the TMR [43], the total energy consumption of ball 686 

milling and sieve shaker steps is approximately 20 kWh/t of RA. The results indicate that the 687 

proposed TMR process emits approximately 106 kg CO₂/t, whereas conventional cement 688 

production emits approximately 953 kg CO₂/t. The operating temperature of the current PBTES 689 

system (250 °C) is lower than that typically required for RA thermal activation (600 °C). 690 



However, the stored thermal energy can be repeatedly utilised over multiple charging–691 

discharging cycles, resulting in a cumulative thermal input comparable to that of high-692 

temperature short-duration treatments. A simplified energy-equivalence analysis suggests that 693 

approximately 6–8 cycles may provide a total energy input like that required for conventional 694 

thermal activation (1 425 MJ/t). Nevertheless, the underlying mechanisms differ from those of 695 

conventional high-temperature treatment. High-temperature exposure can directly promote 696 

dehydration and weakening of the mortar–aggregate interface, whereas repeated moderate-697 

temperature cycling is more likely to induce progressive damage through differential thermal 698 

expansion, microcracking, and repeated interfacial stress. A conceptually similar cumulative-699 

damage mechanism has been reported for freeze–thaw treatment of recycled aggregate, where 700 

repeated cycles progressively weaken and detach adhered mortar from the original aggregate 701 

surface [91, 92]. Such studies demonstrate that repeated cyclic exposure, even when individual 702 

cycles are insufficient to cause extensive material degradation, can progressively alter the 703 

integrity of attached mortar. The present PBTES cycling may therefore provide a gradual 704 

thermal pre-conditioning effect that facilitates subsequent mechanical processing of RA rather 705 

than directly replacing conventional high-temperature treatment. This indicates that the 706 

proposed approach represents a low-temperature, multi-cycle alternative to conventional high-707 

temperature processing, potentially improving energy utilisation efficiency. 708 

5 Conclusions and Outlook 709 

The key lessons from this experimental and numerical study, along with potential directions 710 

for future work, are summarised below.  711 

5.1 Conclusions 712 

This study demonstrates the technical feasibility and sustainability potential of using recycled 713 

aggregate (RA) as a filler material in packed-bed thermal energy storage (PBTES) systems. 714 

Conclusions have been summarised as follows: 715 

1. Experimental results show that the RA packed bed can achieve stable thermal stratification 716 

within the operating temperature range of approximately 30–250 °C. The system shows 717 

clear thermocline formation and predictable temperature evolution during both charging 718 

and discharging. The packed-bed pressure drop is strongly influenced by particle size and 719 

morphology. For the RA beds, the pressure drop ranges from approximately 130~180 Pa 720 

(RA-a, 160 °C/250 °C) and increases to 220 Pa (RA-b) due to reduced particle size and 721 

lower porosity. The SFS bed exhibits the highest pressure drop, ranging from 220 to 280 Pa, 722 

attributed to its greater angularity and surface roughness. The Nemec correlation performs 723 

best for pressure-drop prediction, highlighting the importance of accounting for particle 724 

shape effects in predicting hydraulic behaviour. 725 

2. Cyclic deformation of the tank is observed under repeated thermal loading, with the RA-726 

a2 case at 250 °C exhibiting progressive deformation accumulation (thermal ratcheting), 727 

while other cases remain largely stable. This highlights the importance of particle 728 



characteristics and operating temperature in governing the long-term structural stability of 729 

packed-bed systems. 730 

3. The one-dimensional Schumann-based model showed good agreement with experimental 731 

data in predicting temperature evolution and thermocline movement. The validated model 732 

provides an efficient tool for scaling analysis, enabling the prediction of system 733 

performance and pumping energy requirements for a 1MWh RA-PBTES. The volumetric 734 

heat storage capacity of RA is estimated at 51.7 kWh/m³ at a target temperature of 250 °C, 735 

demonstrating competitive performance among low-cost sensible heat storage materials. 736 

RA offers significant advantages due to its low cost, wide availability, and contribution to 737 

the valorisation of construction and demolition waste. Compared to alternative materials, 738 

RA offers a pathway whereby, after thermal cycling, it can be further processed and reused 739 

as a construction material. The stored thermal energy can potentially offset part of the 740 

processing energy demand, enhancing overall system sustainability. 741 

5.2 Outlook 742 

Future research should first establish the long-term thermal and thermo-mechanical stability of 743 

recycled aggregate under repeated charging–discharging conditions. The present study 744 

demonstrates short-term cyclic repeatability, whereas substantially extended testing is required 745 

to quantify progressive particle breakage, strength degradation, mortar detachment, interfacial 746 

transition zone deterioration, and changes in packed-bed structure. These effects may alter heat-747 

transfer efficiency, pressure drop, dust generation, and overall system reliability over prolonged 748 

operation. Attention should also be given to the influence of operating temperature, thermal-749 

cycle duration, heating and cooling rates, moisture content, and RA source variability. 750 

At the system level, further work should assess how RA-based packed-bed thermal energy 751 

storage can be integrated with renewable heat, industrial waste-heat recovery, and thermal-752 

mechanical recycling processes. Such integration could enable cascading utilisation of 753 

construction and demolition waste, in which RA is first employed as a thermal storage medium 754 

before entering subsequent material-recovery or recycling pathways. Larger-scale validation, 755 

energy-flow optimisation, and techno-economic assessment are therefore required to determine 756 

the operating conditions under which the thermal benefit of RA outweighs pressure-loss-related 757 

auxiliary energy demand. A comprehensive life-cycle assessment should also quantify the 758 

effects of material processing, transportation distance, avoided use of virgin material, 759 

operational energy consumption, and end-of-life reuse. 760 

More fundamental studies are required to clarify the coupled thermal, mechanical, and fluid-761 

dynamic mechanisms governing RA behaviour in packed beds. It remains unclear whether 762 

increased airflow velocity or rapid thermal cycling could induce internal stress accumulation 763 

and particle damage through short-duration exposure to elevated convective heat-transfer rates. 764 

Addressing these questions will require controlled experiments combined with multi-physics 765 

modelling that can resolve particle-scale heat transfer, airflow distribution, contact mechanics, 766 

and damage evolution. Such work would support the development of predictive design tools 767 



and enable more reliable optimisation of RA particle size, bed configuration, and operating 768 

conditions for large-scale packed-bed thermal energy storage. 769 
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