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Utilising Recycled Concrete Aggregate in Packed Bed Thermal Energy Storage:
A Feasibility and Performance Study

Introduction

Utilising recycled waste materials as filler media in packed bed thermal energy storage (PBTES)
systems offers a sustainable and cost-effective solution for enhancing thermal performance while
reducing environmental impact [1]. This research evaluates the feasibility and thermal
performance of using waste concrete aggregate as a filler in PBTES. Numerical simulations are
based on prior experimental data to analyse transient heat transfer during charging and
discharging phases. CT-scanned geometries of recycled concrete aggregates (RCA) are
incorporated into the simulation domain. Different packed bed setups, accounting for various and
aggregate shapes, were integrated to accurately capture the structural features that influence
energy storage capacity and thermal efficiency. The results lay the groundwork for future
experimental prototypes and scalable thermal storage solutions made with recycled materials.
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Figure 1. Schematic diagram of Research Methodology

This study uses a three-stage methodology combining experimental analysis, numerical modelling,
and optimisation to assess the potential of recycled concrete aggregate in PBTES systems (Figure
1). Initially, 3D scans of crushed concrete particles are performed to capture their realistic shapes,
along with an analysis of their size distribution and measurements of key thermal and mechanical
properties to guide the modelling. Subsequently, a 3D conjugate heat transfer simulation using
ICFD is created, with validation against existing experimental data from a sensible heat storage
study. Parametric simulations evaluate how particle shape and packing density influence
performance metrics like pressure drop, stored thermal energy, and charging efficiency.

Design of the PBTES Module

To separate individual particles from CT-scanned packing structures, the open-source software 3D
Slicer was employed due to its powerful segmentation and visualisation capabilities (Figure 2).
After importing the volumetric CT data, thresholding and region-growing algorithms were applied to
distinguish solid aggregates from the surrounding void space. The “Segment Editor” module in 3D
Slicer enabled semi-automatic labelling of connected components, allowing for the identification
and isolation of individual particles based on grayscale intensity and spatial continuity.
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Figure 2. Representative particle shapes from the CT reconstruction of RCA

To identify representative particle shapes from RCA, particles were filtered within an equivalent
diameter range of 9.5 to 10.5 mm, targeting sizes near 10 mm. Five representative particles were
then selected for each type using a quantile-based approach: the particles with the minimum, first
quartile (Q1), median, third quartile (Q3), and maximum sphericity values were chosen.
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Figure 3. Geometric fitting of RCA using idealised shapes (¥=0.56, V=503.24 mm3)

To facilitate a direct comparison with the reconstructed RCAPB, a series of synthetic particles with
controlled geometries—including ellipsoids, cylinders, and simplified polyhedral [2] (cube,
octahedron, and dodecahedron) — were also generated. These shapes were designed to match
the target particle volume and sphericity of selected RCA samples, enabling an isolated
investigation of shape effects on packing behaviour, porosity, and thermal performance. The
cylindrical container measures 100 mm in diameter and 200 mm in height. The system’s total
kinetic energy over time, peaking around 0.4 seconds and then decreasing to nearly zero,
signalling system stabilisation.
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Figure 4. Packed bed structures generated via free-fall packing

Figure 4 presents a comparison of seven packed bed structures generated using particles of
different geometries within a fixed cylindrical container (diameter 100 mm, height 200 mm, volume
= 1.57x10° mm?). The packed beds include RCA PB, and six idealised shapes: sphere, cuboid,
ellipsoid, cylinder, hexagon, and polyhedron. The corresponding packed volumes and calculated
packing densities are labelled beneath each structure.
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Results and Discussion
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Figure 5. Validation results of the discharging cycle

Figure 5 demonstrates that the numerical results are in close agreement with the whole
discharging cycle reported in the reference study [3], confirming the reliability of the simulation
approach. The simulated pressure drop with the predicted values using Cheng et al.'s wall-effect-
corrected Ergun equation [4]. The simulation rapidly reaches a quasi-steady-state pressure drop of
approximately 298 Pa, which aligns well with Cheng's model.
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Figure 6. Temperature distribution and discharging performance of packed beds with
different particle geometries

RCA packed beds were systematically compared with spheres, cuboids, cylinders, hexagons,
ellipsoids, and polyhedral particle beds using four normalised indicators: pressure drop,
discharging efficiency (cut-off at 350 K), thermocline sharpness, and packing fraction, to evaluate
the influence of particle shape and identify simpler, idealised shapes that can be used for speedier
design of PBTES systems.

Using the RCA PB as the baseline, the discharging characteristics of different particle geometries
with identical volume and sphericity were compared to isolate the influence of shape. At 400 s, the
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RCA PB reached Tavg 400 = 403 K. Among the idealised shapes, the polyhedron PB demonstrated
the highest thermal retention (Tavg 400 = 472 K), whereas the cuboid PB showed the lowest (Tavg,400 =
334 K), representing the two extremes. The sphere PB (419 K) and hexagon PB (413 K) exhibited
moderately higher temperatures than RCA, while the ellipsoid PB (405 K) and cylinder PB (397 K)
showed nearly identical performance.

Compared to idealised particle shapes, the RCA packed bed displays moderate hydraulic
resistance, with a stable pressure drop of around 438 Pa. This performance resembles cylindrical
and hexagonal shapes, which show pressure increases of 28% and 40%, respectively. This
resemblance indicates that the irregular, angular forms of RCA particles generate flow resistance
like that of these prismatic shapes. In contrast, spherical and cuboidal beds experience
significantly lower pressure drops—25-30% less than RCA—for their smooth surfaces and
consistent packing, which enable smoother fluid flow. On the higher end, ellipsoidal and polyhedral
beds have pressure drops nearly two to four times greater than RCA, emphasising how elongated
or faceted shapes impede flow.
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