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A B S T R A C T

Renewable thermal energy sources have emerged as a sustainable option to meet the heat demand for space 
heating and domestic hot water production in buildings. In this framework, thermal energy storage systems are 
crucial for optimizing the deployment of renewables. Latent Heat Thermal Energy Storage Systems (LHTESSs) 
using Phase Change Materials (PCMs) as a heat-storing medium offer higher energy density and reduced storage 
volume requirements, but face challenges due to lower heat transfer performance and cost-effectiveness. In order 
to enhance the storage thermal performance, metallic inserts, such as metal fins, are typically installed in these 
systems. However, this solution is confronted with higher fabrication and maintenance costs and corrosion.

To overcome the afore-mentioned issues, this study experimentally explores a novel LHTESS that employs a 
mixture of Recycled Concrete (RC) aggregate and the paraffinic PCM RT-44HC as heat-storing material. Unlike 
previous studies, which primarily focused on building components such as roof and ceiling tiles, this work 
considers the RC-PCM compound as the primary heat-storing medium in thermal energy storage systems. In 
order to consider different RC-PCM mixtures, RC was crushed into different grain sizes, and the thermo-physical 
properties of the resulting compounds were assessed. Moreover, the influence of the Heat Transfer Fluid (HTF) 
inlet temperature on the LHTESS thermal performance was assessed. The proposed RC-PCM compound offers a 
significant improvement in system thermal performance during charging and discharging cycles, up to 75%, 
compared to a similar storage using pure PCM as heat-storing medium. Furthermore, finer particles demonstrated 
approximately 10% higher heat transfer rates than coarser particles due to their lower void fraction. Addition
ally, the proposed solution reduces PCM usage by 55%, improving sustainability by efficiently reusing waste 
materials. However, the storage energy density decreases by about 40% due to the lower PCM content in the 
mixture compared to the pure PCM solution.

1. Introduction

Excessive use of fossil fuels in energy systems has raised numerous 
environmental issues that widely threaten human well-being. Since the 
building sector contributes significantly to global energy consumption 
to meet space heating/cooling and domestic hot water production, 
several researchers [1,2] have developed various platforms based on 
renewable energy to reduce carbon emissions over the decades. Within 
this framework, solar energy has gained significant attention. Solar 
energy primarily considers electricity generation through concentrating 
solar power and solar photovoltaic systems, which are applicable for 
heating and cooling [3]. Additionally, solar thermal systems play a 

crucial role in direct heat production, essential for various applications, 
including industrial processes and building climatization.

Renewable energy sources, such as solar energy, exhibit variable 
intensity due to their natural intermittence. To address these fluctua
tions, Thermal Energy Storage (TES) systems are essential for storing 
excess heat when supply exceeds demand and releasing it during 
nighttime or periods of low solar insolation. Generally, the TES can be 
classified into three categories, depending on the primary heat transfer 
mode: sensible, latent, and thermochemical [4]. Other factors in 
designing TES systems include cost, storage periods, operation condi
tions, and temperature requirements. Regarding heat storage media, 
Phase Change Materials (PCMs) significantly improve the TES storage 
capacity compared to conventional sensible-based TES systems, which 
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use concrete, sand, water, and oil [5,6]. Therefore, PCMs have become 
pivotal materials in the TES industry due to their higher storage density, 
allowing a smaller system volume (and weight) [7–9].

Nowadays, several PCMs with a wide range of phase transition 
temperatures are available on the market. PCMs can be classified into 
three categories based on the phase change temperature range [9,10]: 

I. Low temperature: the phase transition temperature is below 15 
◦C, utilized in the food industry;

II. Medium temperature: the phase transition temperature ranged 
between 15 and 90 ◦C, suitable for HVAC system applications;

III. High temperature: the phase transition is above 90 ◦C, primarily 
considered in industrial applications [11].

Various studies have attempted to improve the thermal efficiency of 
PCM-based storage systems. The TES efficiency can be determined by 
the energy storage density and the average heat transfer rate between 
the Heat Transfer Fluid (HTF) and storage materials [12]. Some studies 
focused on the impact of the HTF inlet temperature and velocity on heat 
transfer rate to reduce the charging and discharging cycle times. Fadl 
et al. [10] experimentally studied a Latent Heat Thermal Energy Storage 
System (LHTESS) for domestic hot water storage using paraffin RT44HC 
and a multi-pass vertical tube. They found that natural convection 
significantly enhances charging, while discharging is less affected. 
Increasing the flow rate from 2.5 to 7.5 l/min reduced melting time by 
12–16%. Other studies investigated the impact of the PCM melting point 
on the heat transfer rate. For instance, Dogkas et al. [13] employed a 
staggered finned heat exchanger in a rectangular storage tank, filled 
with two organic PCMs having nominal melting temperatures of 53 ◦C 
and 58 ◦C. The results showed that the Sun or heat pump could charge 
the storage tank within 2 h when the heat transfer rate exceeded 5 kW.

Although optimizing the HTF inlet conditions enhances TES thermal 
performance, adding metallic fins to the heat exchanger structure is 
critical for improving heat transfer in PCM storage tanks. Therefore, 
Wang et al. [14] utilized a finned plate inside a LHTESS to reduce the 

charging process duration. They analyzed fins with different orienta
tions, lengths, and thicknesses. The results revealed that heat transfer 
rates increased significantly with horizontal, longitudinal, and vertical 
fins compared to finless structures. Due to the metallic inserts, the 
melting time was improved by 4.52, 3.63, and 3.62 times. Zhao et al. 
[15] utilized fins within a rectangular enclosure to reduce the melting 
time of PCM. The fins were designed for vertical orientation and 
compared by fin length while holding the fin pitch (spacing) constant. 
The results revealed that a 25 mm fin requires a fin pitch of 7.5–10 mm 
to achieve the optimal heat transfer rate.

Several studies have investigated the effects of fin geometry on the 
performance of finned heat exchangers in LHTESSs. It was found that 
increasing the number of fins initially reduces melting time, but exces
sive fin density can lead to slower melting, indicating an optimal number 
of fins [16]. Especially under lateral or basal heating conditions, 
decreasing the fin spacing generally enhances the melting rate [17–19], 
and the optimal fin pitch can be predicted in some systems as a function 
of the Rayleigh number [20]. Regarding fin length, numerical and 
experimental studies showed that extending the fins can significantly 
improve melting performance, often more effectively than reducing fin 
spacing [21–25]. Additionally, adjusting the length ratio of upper to 
lower fins can optimize the melting rate, with an optimal ratio identified 
in specific lateral-heating systems [23]. Overall, a finer tuning of the fin 
arrangement, including number, spacing, and length, can significantly 
enhance heat transfer in LHTESSs.

On the other hand, other researchers investigated foam-based 
structures to increase heat transfer rates rather than using fins. For 
example, Meng et al. [26] used a copper foam with a high porosity of 
95% and a 10 PPI pore size. Their results showed that increasing the HTF 
inlet temperature from 70 ◦C to 80 ◦C reduced the melting time by 
42.7%. However, the cost of metal foams is much higher than that of 
fins, and, therefore, this solution is less suitable for practical 
applications.

Although utilizing metallic inserts within the storage containers or 
on heat exchanger tubes can provide a faster charging and discharging 

Nomenclature

Acronyms
HTF Heat transfer fluid
LHTESS Latent heat thermal energy storage system
PCM Phase change material
RC Recycled concrete
RP Reference PCM

Greek symbols
α Thermal diffusivity (m2/s)
β Regression coefficient
ε Random error term
θ Volume fraction
ϕ Packing void fraction of recycled concrete granules (%)
ρb Bulk density of recycled concrete aggregate (kg/m3)

Symbols
Cp Specific heat capacity (kJ/kg⋅K)
k Thermal conductivity (W/mK)
L Latent heat of fusion (kJ/kg)
m Mass (kg)
ṁ Mass flow rate (kg/s)
Nu Nusselt number
Pe Péclet number
Q Thermal energy (kJ)
Q̇ Heat transfer rate (W)

Re Reynolds number
T Temperature (◦C)
t Time (s)
V Volume (cm3)
p Power density (W/cm3)

Subscripts
b Bulk
c Charging
con Container
cs Concrete skeleton
d Discharging
eff Effective
final Final temperature
in Inlet
initial Initial temperature
l Liquid phase
melt_lower Lower melting temperature
melt_higher Higher melting temperature
out Outlet
s Solid phase
sens Sensible heat
t Total
v Volumetric
w Water
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process, they are not resistant to the corrosive effects of several PCMs, 
and their effectiveness decreases over time [27–30]. In addition, scaling 
up of LHTESSs with metallic inserts is complex and multiples the con
struction cost [31,32]. For these reasons, other heat-storing media or 
solutions to improve the overall system thermal performance are worth 
studying.

Previous works have investigated concrete and PCM composites 
primarily integrated in building components, like roof and ceiling tiles 
[33–36], rather than as the main heat storage medium. The present work 
addresses this gap by evaluating PCM–concrete compounds specifically 
as primary materials in TES systems. This study aimed to use a mixture 
of Recycled Concrete (RC) and PCM to develop a faster charging and 
discharging process without using metallic fins, thereby reducing the 
PCM share and associated environmental impacts and costs. The carbon 
emissions and cost of recycled concrete are negligible [37,38] compared 
to paraffin-based PCM, which generates approximately 4 kg CO₂/kg 
[39,40] and costs about 15 €/kg [41].

Specifically, the RC particles were assessed for their bulk density, 
chemical composition, and other relevant physical properties in this 
study. Then, we studied the impact of the RC grain size on the thermal 
performance of a LHTESS based on the commercial paraffinic PCM 
RT44HC during the charging and discharging processes. The results of 
this work can be used to design a compact, efficient, economical, and 
environmentally friendly LHTESS.

2. Methodology and experimental setup

This study is based on two experimental investigations focused on 
characterizing the physical and chemical properties of recycled concrete 
and on utilizing an RC-PCM compound as the heat-storing material 
within a LHTESS. Therefore, in the first part, the physical properties of 
RC were assessed using bulk density, packing void fraction, specific heat 
capacity, and SEM analysis. In the second part, three mixtures of RC- 
PCM were studied to assess the impact of RC properties on the 
LHTESS thermal performance during charging and discharging 
processes.

2.1. Recycled concrete sizing process and characterization of its physical 
properties

RC is selected as a granular material to mix with the PCM. The 
concrete was collected from train sleepers (railroad ties) and ranged in 
size from 5 mm to 60 mm. The concrete mix must meet high- 
performance standards, since it is optimized for: 

• High compressive strength: typically 40–60 MPa or higher, 
depending on the railway application;

• Low permeability: to resist water infiltration and protect embedded 
reinforcement;

• High durability: to withstand freeze-thaw cycles, abrasion, and 
chemical attacks;

• Fatigue resistance: to endure cyclic loading from passing trains.

A typical mix design example of producing a high-quality train 
sleeper is listed in Table 1 [42,43].

The collected RC samples were visually inspected to ensure they 

were not mixed with other materials, then crushed to reduce their size. 
After the crushing process, the materials were sized using sieving bas
kets into three classes: A) 0.6–1 mm, B) 1–1.7 mm, and C) 1.7–2.36 mm. 
The mentioned sizing was based on the findings reported by different 
authors [44–47], who suggested a grain size between 0.6 and 1.7 mm. 
However, we added a coarser size (class C) to investigate the effect of 
larger particle sizes on the thermal performance and heat transfer 
characteristics of the LHTESS. The sizing categories are shown in Fig. 1.

The concrete grains were washed frequently, as the dust affects the 
bulk density and packing void fraction test results. Then, the samples 
were placed in an oven at 105 ◦C for 1 week to dry the materials. In the 
next step, each sample was filled into a graduated cylinder up to 50 ml 
with an accuracy of ± 0.5 ml, and its weight was recorded after 
compaction using a vibration device. Finally, water was added to the 
cylinder to fill the space among the concrete grains. Each test was 
repeated five times to confirm repeatability. This procedure measures 
the packing (inter-particle) void fraction, reflecting the empty spaces 
between grains in the packed bed. The intra-particle porosity of the 
aggregate must be determined by separate saturation or pycnometer 
methods, and will be the object of further studies.

The bulk density (ρb) of the packed RC aggregate is calculated as 
[45,46]: 

ρb =
mRC

Vt
(1) 

where mRC is the mass of the recycled concrete sample, and Vt is the total 
bulk volume of the packed sample. In this study, the packing (inter- 
particle) void fraction, ϕpack, is defined as: 

ϕpack =
Vw

Vt
×100% (2) 

In the previous equation, the term Vw denotes the volume of water 
absorbed by the granules, while Vt refers to the total volume of the 
granules.

Regarding the PCM uptake of recycled concrete particles, a gravi
metric impregnation procedure was used to quantify PCM uptake by the 
recycled concrete (RC) particles, repeated three times. Dry RC samples 
(10 g) were immersed in PCM and placed in an oven at 60 ◦C, 16 K above 
the PCM melting temperature, to ensure that the PCM remained fully 
molten during impregnation. After 3 days, the samples were removed, 
excess surface PCM was carefully wiped off, and the samples were 
reweighed. The procedure was applied to all RC fractions (C1, C2, and 
C3).

The recycled concrete samples were also examined in terms of their 
chemical properties using MIRA3, a high-resolution scanning electron 
microscope (SEM). This analysis helps to understand how grain size 
influences the distribution of chemical components in the material. The 
procedure for SEM analysis using an MIRA3 device involved preparing 
the sample, either as a fine powder or as a solid piece, to ensure accurate 
analysis. Particle morphologies were examined using a TESCAN MIRA3 
SEM at 140× magnification, 20 kV accelerating voltage, 14.9 mm 
working distance, and 1.18 μm pixel size. Elemental composition was 
measured using EDS with a Bruker XFlash 6|60 detector, calibrated with 
NIST-traceable standard reference materials. Data were acquired at 
~60 s per point, with an estimated relative uncertainty of ±2%. Results 
are presented both qualitatively (i.e., which elements are present) and 
quantitatively (i.e., their amounts), allowing for comprehensive mate
rial analysis.

2.2. LHTESS configuration and experimental test bench

In this study, the performance of a LHTESS based on different RC- 
PCM compounds was assessed experimentally. The system configura
tion and the test bench used for experimental runs are illustrated in 
Fig. 2. The LHTESS consists of a rectangular metallic case measuring 

Table 1 
Components of concrete for a railway sleeper.

Component Proportion (by weight)

Cement (OPC or blended) 350–450 kg/m3

Fine aggregates (sand) 600–800 kg/m3

Coarse aggregates 1000–1200 kg/m3

Water 140–180 kg/m3

Admixtures 1–2% of cement weight
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22.9⋅3⋅42.2 cm with a thickness of 2 mm, and is equipped with a 
vertically oriented heat exchanger made with a single-row copper tube 
through which the HTF flows [49]. The tube has a total length of 334 cm, 
an outer diameter of 1 cm, and an internal diameter of 0.87 cm. To 
reduce heat loss through the storage unit, a 20 cm layer of EPS insulation 
(λ = 0.04 W/m⋅K) was used to cover the LHTESS container.

Heat was stored/released in/from the LHTESS using hot and cold 
thermostatic baths, respectively. Pure water was used as the HTF and 
circulated through the system during the charging and discharging test 
cycles. The HTF temperature set point at the LHTESS inlet was 
controlled dynamically. To distribute the HTF through the TES inlet 
port, a series of auxiliary components, including a circulation pump 

Fig. 1. Categorization of the selected recycled concrete grain sizes: 0.6–1 mm (A), 1–1.7 mm (B), 1.7–2.36 mm (C).

Fig. 2. Configuration of the LHTESS and the main components of the experimental setup (a) and schematics of the heat exchanger (all dimensions are given in 
centimeters) (b).
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(Salmson NYL 43-25P) and flow control valves, were installed in the 
circuit. A Coriolis flow meter (Emerson 1700/2700 Transmitter) 
measured the HTF mass flow rate in the circuit with an accuracy of 
±3%. The data was collected via a cDAQ device (National Instruments) 
and transferred to a PC every two seconds. Before filling the heat-storage 
material into the LHTESS, T-type thermocouples with an accuracy of 
±0.2 ◦C were installed between the heat exchanger tubes to record the 
temperature of the heat-storing material. Moreover, three thermocou
ples were placed within the storage container. Additionally, the HTF 
temperature at the LHTESS inlet and outlet ports was measured using 
two PT1000 sensors, with an accuracy of ±0.2 ◦C.

To prepare the RC–PCM compounds, both the PCM and RC aggre
gates were heated to approximately 70 ◦C, well above the PCM phase 
change range (40–44 ◦C), to ensure complete PCM melting. The pre
heated RC aggregates were first placed in the container, and the molten 
PCM was then added to infiltrate the RC pore spaces. Maintaining the 
compound above the PCM solidification temperature range prevented 
subcooling effects and allowed the PCM to effectively penetrate the RC 
particles. This procedure was applied to produce three heat-storing 
materials. The weight of each material and the corresponding RC 
grain sizes are presented in Table 2.

The deployed RP was RT-44HC, a paraffinic material utilized 
frequently in previous studies on latent storage systems [51–54]. The 
PCM thermal and physical properties are taken from the manufacturer's 
data sheets and are listed in Table 3, along with the RC and container 
metal properties.

The effective thermal diffusivity (αeff) a fundamental property that 
characterizes the rate at which heat propagates through a material and is 
particularly important for composites containing PCMs, where transient 
thermal response governs performance in applications such as thermal 
energy storage or building envelopes. In a composite of recycled con
crete aggregates (RC) and PCM, (αeff) can be estimated using its standard 
definition: 

αeff =
keff

ρeff × cp,eff
(3) 

where keff is the effective thermal conductivity, ρeff is the effective 
density, and cp,eff is the effective specific heat capacity of the composite.

The effective thermal conductivity of the PCM-filled concrete was 
estimated using the Maxwell–Eucken model, which is suitable for 
composites consisting of inclusions embedded in a continuous matrix. 
The Maxwell–Eucken [55,56] equation adopted in this work is: 

keff = kcs
kPCM + 2kcs − 2θ(kcs − kPCM)

kPCM + 2kcs − θ(kcs − kPCM)
(4) 

where kcs and kPCM are the thermal conductivities of the concrete skel
eton and PCM, respectively, and θ is the PCM volume fraction. For the 
present system, θ = 0.5447, kcs = 2.5 W/(m.K), and kPCM = 0.2 W/(m.K), 
giving keff = 1.04 W/(m.K). This value is physically consistent, lying 
between the conductivities of the PCM and the concrete skeleton.

The effective density and specific heat were determined using the 
volume-weighted averaging method, also known as the Voigt model 
[57,58], which assumes uniform distribution and thermal equilibrium of 
the phases. The effective density is given by: 

ρeff = (1 − θ)ρcs + θρPCM (5) 

and the effective specific heat capacity by: 

cp,eff = (1 − θ)cp,cs + θcp,PCM (6) 

where ρcs and cp,cs are the density and specific heat capacity of the 
concrete skeleton, and ρPCM and cp,PCM are those of PCM. For the liquid 
PCM (ρPCM = 700 kg/m3, cp,PCM = 2.0 kJ/kg⋅K) and concrete skeleton 
(ρcs = 1450 kg/m3, cp,cs = 0.8 kJ/kg⋅K) the effective properties were (ρeff 
≈ 1041 kg/m3,cpeff ≈ 1.454 kJ/kg⋅K).

Substituting these values into the thermal diffusivity definition 
yields αeff ≈ 6.87 × 10− 7 m2/s for RC-PCM. This value lies between the 
thermal diffusivities of PCM and the concrete skeleton, reflecting the 
influence of low-conductivity PCM while the continuous concrete matrix 
maintains higher heat transfer. For comparison, pure PCM has αPCM ≈

1.43 × 1− 7 m2/s. Thus, the inclusion of the concrete skeleton increases 
the effective thermal diffusivity, thereby enhancing heat transfer within 
the RC-PCM compound.

2.3. The charging and discharging process

In this study, a closed loop was considered for both charging and 
discharging cycles. Fig. 3 shows the configuration of the experimental 
setup and the HTF stream path for the processes. The experimental tests 
were performed with two HTF inlet temperatures during both charging 
and discharging processes, with a fixed mass flow rate of 50 kg/h [59]. 
Based on the tube inner diameter, total length, and water properties at 
the mean bulk temperature, the Reynolds number (Re) was ≈ 3100, 
indicating transitional flow. The corresponding Péclet number (Pe) was 
≈ 13,400, and the Nusselt number (Nu), estimated using the Dit
tus–Boelter correlation [60], was ≈ 58. These values show that HTF-side 
convection was moderate and consistent across all experiments, 
providing a baseline for interpreting differences in thermal performance 
between the RC–PCM mixtures. In addition, each measurement under 
identical conditions was independently repeated five times to assess 
experimental repeatability; these repetitions do not represent cycling or 
durability tests. In the charging cycle, hot water from a hot bath was 
circulated through the LHTESS. Heat was transferred from the HTF to 
the heat-storing material through the heat exchanger. The cooled HTF 
returned to the hot bath for reheating, ensuring continuous energy 
circulation.

The HTF stream absorbed heat from the storage material during the 
discharging process. A fan coil was used to assist in dissipating heat to 
the environment, preventing overheating. The HTF stream was then 
directed towards the cold bath. In Table 4, the temperature difference 
between the HTF inlet temperature and the edges of the PCM phase 
change range (i.e., 44 ◦C and 41 ◦C for charging and discharging pro
cesses, respectively) is denoted as ΔT. The HTF operating conditions are 
reported in Table 4.

2.4. Calculation methods for the LHTESS thermal performance

The amount of net stored and released thermal energy is calculated 
based on an energy balance on the HTF side. The instantaneous heat 
transfer rate between the HTF and heat-storing material during the 

Table 2 
LHTESS configurations and details on the heat-storing materials.

LHTESS configuration PCM mass (kg) RC mass (kg) RC size (mm)

RP 1.57 – –
C1 0.71 2.7 0.6–1
C2 0.71 2.7 1–1.7
C3 0.71 2.7 1.7–2.36

Table 3 
Thermophysical properties of PCM (RT-44HC), RC and metallic container.

Property PCM RC Metal

Melting range [◦C] 41–44 – –
Solidification range [◦C] 44–41 – –
Latent heat of fusion [kJ/kg] 250 – –
Specific heat capacity [kJ/kg.K] 2 0.8 0.4
Density in solid state [kg/m3] 800 1450 6500
Density in liquid state [kg/m3] 700 – –
Thermal conductivity [W/(m.K)] 0.2 0.172 25
Volume expansion [%] 12.5 – –
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charging/discharging processes (Q̇c/d, respectively) can be calculated 
according to the following equations: 

Q̇c = ṁHTFCp,HTF(Tin − Tout) (7) 

Q̇d = ṁHTFCp,HTF(Tout − Tin) (8) 

where ṁHTF represents the HTF mass flow rate, Cp,HTF is the HTF specific 
heat capacity, calculated for the mean temperature of the fluid, and Tin 
and Tout denote the HTF temperature at the inlet and outlet ports, 
respectively.

The thermocouple TC3 was selected as the evaluation point to assess 
the LHTESS thermal performance (see Fig. 2 for reference) due to its 
central position within the system. Therefore, the duration of the 
charging and discharging processes was calculated based on the tem
perature values recorded by TC3. First, the charging process is consid
ered to begin and end when the PCM temperature measured by TC3 rises 
above 36 ◦C and 48 ◦C, respectively. Conversely, the discharging process 
begins when the TC3 records a PCM temperature below 48 ◦C and ends 
when TC3 measures a PCM temperature below 36 ◦C. The corresponding 
time instants, tstart,c, tend,c, tstart,d, and tend,d, denote the start and end of the 
charging and discharging phases, respectively.

The total thermal energy transferred during charging (Qc) and dis
charging (Qd) processes was then obtained by integrating the respective 
instantaneous heat transfer rates over the process durations according to 
Eqs. (9) and (10): 

Qc =

∫ tend,c

tstart,c

Q̇cdt (9) 

Qd =

∫ tend,d

tstart,d

Q̇ddt (10) 

However, only a portion of the thermal energy exchanged between 

the LHTESS and HTF during the charging and discharging processes can 
be effectively absorbed/released by the thermal storage medium, 
including both the heat-storing material and the metallic case. The 
remaining amount of supplied/released heat can be considered a heat 
loss.

In order to quantify these losses during the charging process (Qc,loss), 
the theoretical net heat-storage capability of the LHTESS (Qc,th) was 
calculated. It is worth mentioning that this calculation was carried out in 
full consistency with the PCM temperature trend measured at TC3. For 
the charging process, the sensible heat transfer in both the solid and 
liquid phase and the latent heat transfer were evaluated according to the 
manufacturer's technical data (i.e., sensible heat transfer in the solid 
phase from 36 ◦C to 41 ◦C, latent heat transfer from 41 ◦C to 44 ◦C, and 
sensible heat transfer in the liquid phase from 44 ◦C to 48 ◦C). Qc,loss can 
be assessed according to Eqs. (11)–(18). 

Qc,loss = Qc − Qc,th (11) 

Qc,th =

{
Qc,PCM + Qc,cont for configuration RP

Qc,PCM + Qc,RC + Qc,cont for configurations C1,C2,C3 (12) 

Qc,PCM = Qsens,c,s +Qlat +Qsens,c,l (13) 

Qsens,c,s = mPCMCp,PCM
(
Tmelt,lower − Tinitial

)
(14) 

Qlat = mPCMLPCM (15) 

Qsens,c,l = mPCMCp,PCM
(
Tfinal − Tmelt,higher

)
(16) 

Qc,RC = mRCCp,RC
(
Tfinal − Tinitial

)
(17) 

Qc,cont = mcontCp,cont
(
Tfinal − Tinitial

)
(18) 

Here, Qc,PCM, Qc,RC and Qc,cont are the theoretical amount of heat 
absorbed by the PCM, RC and metallic container during the charging 
process, respectively, Qsens,c,s and Qsens,c,l are the theoretical amount of 
sensible heat absorbed by the PCM in solid and liquid phase during the 
charging process, respectively, Qlat is the theoretical amount of latent 
heat absorbed by the PCM during the charging process, mPCM, mRC and 
mcont are the mass of the PCM, RC and metallic container, Cp.PCM, Cp.RC 
and Cp.cont are the specific heat capacity of the PCM, RC and metallic 
container, LPCM is the PCM latent heat of fusion, Tmelt,lower and Tmelt,higher 
are the starting and ending temperatures of the PCM melting process 

Fig. 3. Scheme of charging (left) and discharging (right) processes.

Table 4 
Operating conditions of the HTF stream during the experimental tests.

Process HTF inlet temperature (◦C) HTF flow rate (kg/h)

Charging 54 (ΔT = 10 K) 50
59 (ΔT = 15 K) 50

Discharging 25 (ΔT = 15 K) 50
30 (ΔT = 10 K) 50
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(equal to 41 ◦C and 44 ◦C, respectively), Tinitial and Tfinal are the initial 
and final temperatures for the calculation of the LHTESS thermal per
formance (equal to 36 ◦C and 48 ◦C, respectively).

Similarly, the theoretical heat-release capability of the LHTESS 
during the discharging process (Qd,th) can be assessed according to Eqs. 
(19)–(26): 

Qd,loss = Qd,th − Qd (19) 

Qd,th =

{
Qd,PCM + Qd,cont for configuration RP

Qd,PCM + Qd,RC + Qd,cont for configurations C1,C2,C3 (20) 

Qd,PCM = Qsens,d,l +Qlat +Qsens,d,s (21) 

Qsens,d,l = mPCMCp,PCM
(
Tfinal − Tmelt,higher

)
(22) 

Qlat = mPCMLPCM (23) 

Qsens,d,s = mPCMCp,PCM
(
Tmelt,lower − Tinitial

)
(24) 

Qd,RC = mRCCp,RC
(
Tfinal − Tinitial

)
(25) 

Qd,cont = mcontCp,cont
(
Tfinal − Tinitial

)
(26) 

Qd,PCM, Qd,RC, and Qd,con are the theoretical amounts of heat released 
by the PCM, RC, and metallic container during the discharging process, 
respectively, and Qsens,d,l and Qsens,d,s are the theoretical amounts of 
sensible heat released by the PCM in liquid and solid phase during the 
discharging process, respectively. All other variables are the same as 
defined for the charging cycle. It is worth mentioning that the values of 
effective and theoretical heat released by the PCM, RC and metallic 
container during the discharging process are calculated as positive ac
cording to the previous Equations.

This study also utilizes the Ragone plot to compare the thermal 
performance of the different LHTESS configurations. The Ragone plot is 
commonly used to assess energy and power densities in energy storage 
systems, such as lithium-ion batteries [62–64]. On the other hand, using 
a Ragone plot to assess LHTESS thermal performance is challenging due 
to the specific nature of PCMs. Energy density depends on factors such as 
latent heat and subcooling, while the heat-storing material thermal 
conductivity, HTF operating conditions and system design influence 
power density. PCMs operate within narrow temperature ranges, and 
challenges such as low thermal conductivity, scaling effects, and mate
rial degradation complicate standardized evaluations [65,66].

Despite the issues mentioned above, several researchers addressed 
these limitations by using the average or specific point temperature as a 
comparison criterion. For instance, Woods et al. [67] used the plot to 
examine the impact of PCM thickness within a LHTESS. Lin et al. [68]
applied the same methodology to evaluate the thermal performance of a 
PCM-based heat battery for granular heat-storage materials, such as RC 
mixed with PCM.

To summarize, this paper developed a Ragone plot based on volu
metric energy density and volumetric power density to clearly compare 
LHTESS performance across materials with different compositions. 
Volumetric energy density is obtained from the stored and released 
energy, while volumetric power density is determined using the dura
tion of the charging or discharging process, as described in Eqs. (27)– 
(30). 

Qv,c =
Qc

V
(27) 

Qv,d =
Qd

V
(28) 

Pv,c =
Qc

Vtc
(29) 

Pv,d =
Qd

Vtd
(30) 

Here, Qv,c and Qv,d represent the volumetric energy density of the 
LHTESS during the charging and discharging processes, respectively, 
and Pv,c and Pv,d correspond to the volumetric power density of the 
charging and discharging processes. In addition, V is the volume of the 
storage container, equal to 2835 cm3, and tc and td represent the dura
tions of the charging and discharging processes, respectively. tc and td 
are calculated as the difference between tend,c and tstart,c, and tend,d and 
tstart,d, respectively.

In this work, Qc represents the thermal energy absorbed during the 
charging process, while Qd represents the thermal energy released dur
ing the discharging process. Both quantities are treated as positive 
magnitudes for consistency and are directly used in the calculation of 
volumetric energy and power densities in the Ragone analysis for 
charging and discharging modes, respectively.

3. Results and discussion

3.1. RC chemical and physical properties

Typically, packing void fraction and bulk density are inversely 
related, and a higher void fraction generally corresponds to lower bulk 
density because more void spaces reduce the mass per unit volume. 
Nevertheless, when dealing with RC, the relationship between void 
fraction and bulk density can differ from that of natural aggregates or 
virgin concrete, due to the crushing and processing of old concrete, 
which results in irregularly shaped aggregates. Additionally, some 
components exhibit higher physical resistance, making their distribution 
unpredictable relative to the dedicated sieving sizes. For example, the 
residual mortar attached to aggregates can influence the bulk density 
relationship.

Table 5 presents the packing void fractions and bulk densities for the 
RC types considered in this paper, as assessed experimentally, along 
with their corresponding relative experimental uncertainties. Reported 
data highlight that RC with grain size equal to 1–1.7 mm (category B) 
has the highest bulk density with 1.3890 g/cm3, followed by category C 
(grain diameter of 1.7–2.36 mm) and category A (grain size equal to 
0.6–1 mm) with 1.3265 g/cm3 and 1.271 g/cm3, respectively. The 
gravimetric impregnation test showed a consistent mass increase from 
10 g to approximately 10.3 g for all RC fractions (C1, C2, and C3), 
corresponding to a PCM uptake of about 3 wt% (±0.1). No significant 
differences in PCM uptake were observed among the RC fractions under 
the applied impregnation conditions.

On the other hand, the RC categories present a different trend in void 
fraction. Category C registered the highest figure, equal to about 47%, 
almost 2% higher than type B (45.16%). Finally, the RC characterized by 
the finest grain (category A), presented the lowest void fraction, equal to 
44.80%.

From the graphs provided by the MIRA 3 device (Fig. 5), Oxygen (O) 
is the dominant element in the selected RC compounds, with a con
centration exceeding 50%. It is worth mentioning that the RC with the 
smallest grain size has the highest Oxygen concentration, equal to 
52.17%. Calcium (Ca) is another common element in recycled concrete. 
The experimental measures show that the higher the RC grain diameter, 
the higher the Calcium share. By scaling from the coarse RC category C 

Table 5 
Bulk density and packing void fraction of RC categories.

RC category (grain size) A (0.6–1 
mm)

B (1–1.7 
mm)

C (1.7–2.36 
mm)

Average bulk density (g/cm3) (±
1%)

1.2710 1.3890 1.3265

Average packing void fraction 
(%) (± 1%)

44.80 45.16 46.98
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to the most fine category A, the Calcium proportion decreases from 33% 
to 19.84%. On the contrary, the Carbon (C) share decreases with 
increasing grain size, with concentrations of 13.03%, 11.18%, and 
9.08% for categories A, B, and C, respectively. Silica (Si) is the next 
notable constituent, with a concentration ranging from 5% to 10%. In 
addition, the RC compounds are based on other chemical substances 
with shares of less than 4%, including magnesium (Mg), aluminum (Al), 
and iron (Fe). Generally, both Calcium and Silica (Si) contribute to the 
thermal performance of RC-PCM mixtures used in storage systems, with 
Calcium having the most significant impact. The surface morphology 
and structural differences were observed at 154× magnification, and 
further test specifications are detailed in Fig. 4. Due to the high 
magnification, the edges of the coarse sample C fell outside the camera's 
field of view, explaining their absence in the images. In contrast, the 
smaller grain-size samples A and B fit within the frame and are clearly 
visible for comparison.

Concrete is made of water, cement, and fine and coarse aggregates 
(see Table 2). Aggregates and cement paste have different crushing re
sistances and densities. During the crushing process, the concentration 
of aggregates, usually made of Calcium-rich stones, remains high 
because they resist being broken down. Conversely, cement paste rich in 
Carbon, Oxygen, and Silica breaks down into finer particles more easily. 
Therefore, the deviation from the expected density of the RC categories 
is due to compositional balance rather than grain size. More in detail, 
each component has a different density, which can affect the total bulk 
density of the RC compound.

According to Fig. 5, the RC category B is denser than the other 
compounds due to its highest silicon content, which is almost equal to 
11.00% by mass, contributing significantly to the total bulk density. It 
also maintains a moderate concentration of Calcium and Carbon, equal 
to 20.90% and 11.18%, respectively, minimizing the negative impact of 
lighter materials. It is worth mentioning that the data reported in Fig. 5
derive from surface composition measurements, obtained through the 
SEM-EDS technique.

3.2. Experimental results on the LHTESS thermal performance

The LHTESS thermal performance during the charging process was 
assessed by calculating the charging thermal power. It represents the 
instantaneous heat transfer rate between the HTF stream and the heat- 
storing material, providing insight into the system heat transfer effi
ciency. In Fig. 6, the LHTESS thermal performance during the charging 
process is shown as a function of ΔT for all the studied configurations.

Fig. 6a (ΔT = 10 K) shows that the thermal power is strongly time- 
dependent, with the most significant contribution occurring during the 
initial part of the charging process. The RP configuration exhibits the 
weakest performance, with thermal power decreasing rapidly over time 
and an average value of 59 W, reflecting limited heat transfer capability. 

In contrast, the addition of recycled concrete particles substantially 
enhances both peak and average thermal power. Configuration C1 (fine 
particles) demonstrates the best performance, achieving an average 
thermal power of 173 W, nearly three times higher than RP. Configu
rations C2 and C3 show comparable but slightly lower average values 
(160 W and 158 W, respectively), indicating that increasing particle size 
reduces heat transfer efficiency. The higher average power of C1 is 
attributed to the larger contact surface area and improved heat transfer 
within the PCM matrix, allowing it to sustain higher power for a longer 
charging duration.

Fig. 6b shows that increasing the inlet temperature difference to 15 K 
results in a noticeable increase in thermal power across all configura
tions, particularly during the early charging stage. The average thermal 
power of RP rises to 89 W, while C1, C2, and C3 reach 231 W, 225 W, 
and 220 W, respectively. Compared with the lower temperature differ
ence, this corresponds to an increase of approximately 50% for RP and 
30–35% for the composite systems. Despite improvements in thermal 
power and a shorter effective charging time, the performance ranking 
among the studied configurations remains unchanged. This confirms 
that while a higher inlet temperature difference intensifies heat transfer, 
the particle size of recycled concrete remains the dominant factor gov
erning the average thermal power of the LHTESS.

Fig. 7 presents the cumulative thermal energy supplied to the storage 
unit to raise its temperature from 36 ◦C to 48 ◦C at ΔT = 10 K and ΔT =
15 K. It also shows the theoretical stored energy represented in a dashed 

Fig. 4. Micrographs of the RC categories A (fine grain), B (medium-size grain) and C (coarse grain) obtained with the SEM analysis.

Fig. 5. Density (bars) and chemical composition (dashed lines) across 
RC categories.
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line for pure PCM and a short dash-dot line for RC-PCM mixtures. Ac
cording to Eqs. (11) and (18), the thermal energy theoretically storable 
by configurations based on RP and RC-PCM compounds is equal to 434 
kJ and 243 kJ, respectively. The difference between the cumulative 
thermal energy supplied to the LHTESS and the aforementioned values is 
considered a heat loss in charging cycles. The results in Fig. 7a indicate 
that the RP configuration exhibits a heat loss rate of 6.8% (31 kJ) at ΔT 
= 10 K, due to the low heat transfer rate of the pure PCM. In contrast, 
configurations based on RC-PCM compounds show slightly higher heat 
loss rates, with C1 at 8.6%, C2 at 9%, and C3 at 10.5%.

More to the point, Fig. 7a indicates that the LHTESS employing pure 
PCM as the heat-storing material received approximately 465 kJ of heat 
to reach the target temperature of 48 ◦C, which is about 60% higher than 
the systems based on RC-PCM compounds. However, the latter LHTESS 
configurations had shorter charging times than the reference system 
using pure PCM. In this case, the system charging process lasted about 
132 min, more than 4 times longer than the charging time of the LHTESS 
using RC-PCM compounds. In particular, the system thermal perfor
mance does not vary significantly with the typologies of recycled con
crete. The mixture C1 shows the best performance, with a supplied heat 

of 265 kJ and a charging time of 24 min. The compounds C2 and C3 
exhibit a slight increase in cumulative energy input to 285 and 289 kJ, 
respectively. With these configurations, the charging time is prolonged 
to 25.5 and 26.5 min, respectively.

A summary of the system thermal performance is presented in 
Table 6. The findings indicate that increasing ΔT primarily improves 
heat-storage performance by accelerating the charging process. For pure 

Fig. 6. Thermal performance of the LHTESS configurations during the charging process for ΔT = 10 K (a) and ΔT = 15 K (b).

Fig. 7. Cumulative thermal energy stored during the LHTESS charging process as a function of heat-storing material for ΔT = 10 K (a) and ΔT = 15 K (b).

Table 6 
Thermal performance of the LHTESS configurations during the charging process.

Configuration ΔT 
(K)

Supplied 
energy (kJ)

Average 
thermal 
power (W)

Process 
duration 
(min)

Heat 
loss 
(kJ)

RP 10 465 59 130 31
15 439 89 80.5 5

C1 10 265 173 27.5 21
15 256 231 20 9

C2 10 285 159 28.5 41
15 262 225 20.5 18

C3 10 289 158 30 45
15 280 220 21 36
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PCM, the cumulative energy input decreases by approximately 7% as ΔT 
increases, while the charging time is reduced by about 39%. This energy 
demand drop is a consequence of faster heat transfer at higher HTF 
temperatures, rather than increased system losses. For RC-PCM mix
tures, the total delivered energy decreases by an average of around 4% 
with increasing ΔT, and charging times reduce modestly by about 25%, 
reflecting a pronounced sensitivity to ΔT changes. These results show 
that higher ΔT primarily shortens charging duration and slightly reduces 
total energy requirements, with minimal effect on cumulative heat 
losses.

The comparison of Fig. 7a and b shows that the heat-loss ratio de
creases by increasing ΔT from 10 to 15 K. Reported data indicate that 
configuration RP exhibits a heat loss ratio equal to 1.2%, while the RC- 
PCM compounds show higher values: 5% for C1, 7.5% for C2, and 9.5% 
for C3. These results indicate that a higher HTF inlet temperature leads 
to reduced overall heat loss, attributed to the shorter charging time at 
the higher driving temperature.

Regarding the cumulative energy released during the discharging 
cycles of the LHTESS, the results reported in Fig. 8 indicate that the total 
discharged energy of the RP configuration was substantially higher than 
that of the RC-PCM categories. Nevertheless, the released thermal en
ergy in the RP configuration was approximately 18% and 10% lower 
than the corresponding stored energy at ΔT = 10 K and ΔT = 15 K, 
respectively. This discrepancy may be associated with a combination of 
thermophysical and system-level effects. In particular, subcooling dur
ing solidification and phase-change hysteresis may limit complete latent 
heat recovery. These mechanisms are discussed here as plausible con
tributors rather than being directly quantified in the present experi
ments. Moreover, the discharging process of RP was 40% faster than the 
charging duration.

In contrast, the cumulative released energy of the RC-PCM compo
nents remained within a similar range to that observed during charging, 
exhibiting approximately a 15% shorter discharging duration. Among 
all configurations, the LHTESS based on configuration C1 demonstrated 
a slightly superior thermal release performance, as illustrated in Fig. 8.

The Ragone plots describing the LHTESS thermal performance dur
ing the charging and discharging processes are shown in Fig. 9. The 
experimental results for charging cycles (see Fig. 9a) show that using a 
mixture of RC and PCM as a heat-storing material decreases the energy 
density by approximately 55% compared to a pure PCM configuration, 
due to the reduced PCM amount (from 1.57 kg in configuration RP to 
0.71 kg in configurations C1-C3). On the other hand, RC-PCM matrices 
increased the power density by approximately a factor of three, reaching 
about 90 kW/m3 at ΔT = 10 K and 130 kW/m3 at ΔT = 15 K, on average. 

In comparison, the reference PCM (RP) showed lower power densities of 
30 kW/m3 at ΔT = 10 K and 45 kW/m3 at ΔT = 15 K. Furthermore, the 
experimental results indicate that increasing the HTF inlet temperature 
during the charging process significantly influences the volumetric 
power density of LHTESSs using both RC-PCM and RP, with variations of 
about 50%.

A comparison of the Ragone plots reporting the LHTESS thermal 
performance during charging and discharging cycles shows that the 
volumetric energy density of the RP configuration decreased by 17% at 
ΔT = 10 K and by 10% at ΔT = 15 K during the heat-releasing process. 
The results also demonstrate that the power density increased by 30% 
and 45% during discharging cycles, respectively. In contrast, the RC- 
PCM compounds exhibited only minor changes of around 2% in both 
energy and power density during charging and discharging.

In order to clearly show the LHTESS performance figures, the volu
metric energy and power density values are reported in Table 7 for all 
studied configurations. The comparison of the LHTESS thermal perfor
mance among the RC-PCM configurations revealed only minor differ
ences. However, compound C1 consistently achieved the highest storage 
capacity and average heat transfer rate, making it the most effective 
configuration. Moreover, the results indicate that incorporating RC into 
PCM reduces the overall energy storage density by approximately 55% 
compared to pure PCM. However, this drawback is compensated by a 
substantial improvement in the system thermal performance, with the 
RC–PCM compound achieving nearly 300% higher thermal power dur
ing charging/discharging cycles. The reduced energy density can be 
offset by increasing the storage volume while benefiting from faster 
thermal response and improved power delivery.

Furthermore, an RC–PCM storage would need to be approximately 
40% larger to obtain the same amount of stored heat as a pure PCM- 
based system. The additional volume is primarily filled with recycled 
concrete, a low-cost, sustainable material; therefore, the difference lies 
only in the increased casing and tubing requirements. This trade-off 
makes RC–PCM a promising solution for designing cost-effective, sus
tainable, and high-performance latent heat thermal energy storage 
systems.

4. Conclusions

In the present study, we investigated the thermal performance of a 
Latent Heat Thermal Energy Storage System (LHTESS) utilizing different 
heat-storing materials. The system consists of a single-row copper tube, 
in which the Heat Transfer Fluid (HTF) flows, placed within a metallic 
container filled with the storage material. Two configurations of the 

Fig. 8. Cumulative thermal energy released during the LHTESS discharging process as a function of heat-storing material for ΔT = 10 K (a) and ΔT = 15 K (b).
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LHTESS were tested during charging and discharging cycles using water 
as the HTF. The commercial paraffinic Phase Change Material (PCM) 
RT-44HC was used as reference heat-storing material (configuration 
RP). Different Recycled Concrete (RC) and PCM mixtures, with 
weighting ratios of 79.3% and 20.7%, were used as heat-storing media 
to improve the system thermal performance. Three types of RC, char
acterized by grain diameters ranging from 0.6 to 2.36 mm, were 
considered (configurations C1, C2 and C3).

The chemical and physical properties of RC mixtures were evaluated 
using SEM analysis. The results indicate that RC density is more influ
enced by chemical composition than by grain size, as cement acts as a 
binding agent in concrete. Then, the LHTESS thermal performance was 
assessed as a function of the heat-storing material and the HTF operating 
conditions.

The use of RC–PCM as a heat-storing material in LHTESSs reduced 
the measured storage capacity by approximately 40% compared to a 
system using pure PCM, while charging and discharging times decreased 
by up to 75% in the tested RC–PCM configurations. The HTF inlet 
conditions significantly affected the observed thermal performance 
during both charging and discharging cycles, with a stronger effect in 
pure PCM systems than in RC–PCM systems. Increasing the HTF inlet 
temperature reduced the energy density during charging cycles and 
increased it during discharging cycles. The adoption of RC–PCM com
pounds reduced the amount of pure PCM required by about 50%, 
lowering environmental impacts. While measured performance 

differences among RC–PCM configurations were small, configuration C1 
showed slightly higher effectiveness, which may be associated with its 
lower void fraction.

The results of this study can support the design of compact LHTESSs, 
which require higher thermal performance and, thus, faster charging 
and discharging cycles. Using an RC–PCM mixture eliminates the need 
for metallic inserts typically used in latent TES systems based on pure 
PCMs, thereby lowering capital and operational costs. Furthermore, 
incorporating recycled concrete enhances sustainability by repurposing 
waste materials and improving resource efficiency. The findings of this 
work are specific to the recycled railway-sleeper concrete examined, and 
no generalization to other concrete types is intended. Future studies 
should include detailed material-property characterization, such as void 
fraction, PCM uptake, and thermal properties, including thermal diffu
sivity of the RC–PCM matrix, to enable reliable evaluation of non- 
dimensional parameters (i.e., Nusselt, Stefan, and Rayleigh numbers). 
This would also allow a clearer assessment of the effects of particle size 
and composition on the system thermal performance and would gener
alize the obtained findings. Further work could explore alternative PCMs 
or hybrid composites to improve the LHTESS energy density, while also 
incorporating life-cycle assessment and cost analysis to evaluate sus
tainability and economic feasibility. Finally, larger-scale testing and 
long-term cycling studies are recommended to assess practical perfor
mance and durability in real thermal energy storage applications.
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