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A B S T R A C T

Heating and cooling account for half of global energy demand, making efficient thermal energy storage (TES) 
central to decarbonization. Phase change materials (PCMs) can store large amounts of heat, but their low thermal 
conductivity slows charging and discharging, limiting system performance. To overcome this, metallic fins and 
foams have been traditionally used to accelerate heat transfer, yet these add complexity, cost, and durability 
challenges. Here, we explore an alternative pathway: embedding recycled ceramic particles into PCMs to 
enhance heat transfer while avoiding corrosion and stability issues. Using a lab-scale TES unit, we test composites 
with different ceramic particle sizes and show that finer particles accelerate charging, enable faster discharge, 
and suppress overheating compared with coarser particles. This simple modification improves PCM cycling ef
ficiency and reliability.

1. Introduction

Ongoing energy demand has stressed the energy sectors to consume 
fossil fuels, which has accelerated global warming and climate change. 
Therefore, governments have invested in renewable energy systems such 
as wind and solar energy to reduce their reliance on conventional energy 
sources. However, renewable energies are dispatchable due to their 
dependency on weather conditions [1,2]. Moreover, surplus energy 
should be stored properly to prevent the grid from overloading. Thermal 
energy storage systems play an outstanding role in providing a sus
tainable energy supply. In addition to renewable energy, thermal stor
age systems can reduce the energy consumption of various industrial 
sectors, such as metal manufacturers, through waste heat recovery and 
management.

Phase change materials (PCMs) are promising options for thermal 
energy storage due to their high latent heat capacity. However, their 
relatively low thermal conductivity limits charging and discharging 
rates, prompting researchers to explore various enhancement strategies 
[3,4]. Implementing conductive fillers [5] containing graphene [6,7], 
copper foam [8,9], and carbon fibers [10,11] can improve the heat 
transfer rate. Compared with other metallic enhancement strategies, fins 
are widely adopted because they provide predictable heat transfer 

improvement, can be manufactured with relative ease, and are sup
ported by a large body of experimental and numerical evidence [12,13]. 
Studies on fin-assisted heat transfer in PCMs have explored a variety of 
design parameters, including fin thickness [14], number, length, and 
shape [15,16], as well as the choice of materials [17]. For instance, 
experiments with aluminum fins and RT27 PCM in a horizontal electric 
plate setup revealed that increasing fin thickness allows for fewer fins to 
achieve optimal heat transfer performance [14]. In another vertical 
electric plate configuration with aluminum fins and lauric acid, adding 
one fin reduced the total melting time by 18%, while three fins achieved 
a 37% reduction [17]. Investigations into vertical tubes containing 
aluminum fins and paraffin wax showed that the inclusion of fins could 
shorten melting time by as much as 63% [15]. Adjustments to fin shape 
in paraffin wax-filled vertical tubes led to efficiency gains of about 24% 
[18], while changes in fin ratio with aluminum fins and organic PCM 
reduced phase change time by 46% [19]. Comparisons between copper 
and aluminum fins during the discharging of RT44HC PCM in multi-pass 
tubes revealed improvements in the average heat transfer rate of 36% 
and 50%, respectively [20]. Studies combining fin spacing and material 
selection found that longer fins were more effective in reducing melting 
time than spacing adjustments alone [21]. Finally, investigations into 
aluminum fin length with RT55 PCM in vertical tubes demonstrated that 
optimal configurations could improve melting time by as much as 65% 
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[22]. Numerical simulations have also pinpointed an optimal fin length 
of around 0.2 m for aluminum fins with octadecane under constant wall 
temperature conditions [16]. Further refinements have examined the 
role of fin orientation, with stainless steel fins in a vertical electric plate 
demonstrating that an angle of − 15◦ could accelerate melting by 62.7% 
[23].

However, building an upscale thermal storage tank with fins raises 
fabrication costs; the length, thickness, space, and materials should be 
optimized. Furthermore, fins have poor resistance to the corrosive ef
fects of PCMs, which degrade their performance over time [24–27]. 
Therefore, incorporating recycled ceramic (RC) aggregate into PCMs 
offers a sustainable and efficient approach to enhancing thermal energy 
storage systems [28]. Recycled ceramics, derived from construction and 
demolition waste, possess favorable thermal properties such as high 
effective thermal diffusivity and thermal stability, which can improve 
the heat transfer performance of PCM. Their porous structure also fa
cilitates better PCM encapsulation and retention, reducing the risk of 
leakage during phase transitions. Furthermore, utilizing recycled ce
ramics aligns with circular economy principles by reducing landfill 
waste and lowering the environmental impact of material sourcing. The 
integration of recycled ceramic aggregates with PCM in varying particle 
sizes provides a promising strategy for optimizing thermal response and 
energy efficiency in heat storage applications.

The primary novelty of this study lies in combining recycled ceramic 
particles with PCM for latent heat thermal storage applications, as such 
compounds have mainly been used in producing building materials like 
ceiling and roofing tiles [29,30].

This work specifically investigates the influence of particle size on 
melting time and temperature distribution within the storage medium. 
Another objective of this study is to monitor the overheating issue, 
which is significantly intensified by natural convection. Although nat
ural convection enhances heat transfer in phase change materials 
(PCMs), it also causes higher temperature accumulation at the top of the 
thermal storage enclosure, thereby reducing the cycle life of both the 
PCM and the container. Overheating can occur during rapid charging 
cycles aimed at achieving optimum efficiency when using non- 
dispatchable sources such as photovoltaic (PV) panels. Moreover, 
large temperature gradients complicate the management of outlet en
ergy in hot water distribution systems.

In addition, recycled ceramics also support sustainability and the 
circular economy, being nearly carbon-neutral and widely available at 
low cost, whereas PCMs typically emit about 4 kg CO₂ per kilogram 
[31,32] and cost around 15€ per kilogram [33]. By incorporating 
recycled ceramic particles, heat transfer can be improved, temperature 

distribution can be more uniform, and system design becomes more 
reliable. These advantages make the composite particularly suitable for 
large-scale applications requiring rapid charging.

2. Methods and materials

2.1. Material preparation and thermal property assessment

In this study, RC obtained from construction and demolition waste 
was utilized as a filler material in latent heat thermal energy storage 
systems. The waste ceramic was crushed and classified into three par
ticle size categories using sieving baskets: A1 (0.18–0.6 mm), A2 
(0.9–1.4 mm), and A3 (1.7–2.36 mm), following the procedure 
described by Xu et al. [24]. The RC particles were thoroughly washed 
and oven-dried at 105 ◦C for three days to eliminate dust and impurities 
that could influence experimental results [34]. Subsequently, each RC 
category was placed into a Graduated Cylinder Glass up to a volume of 
50 ml (± 0.5 ml) to determine bulk density and porosity. The bulk 
density (ρb) of the RC aggregates and porosity (ϕ) of the packed bed were 
calculated using Eqs. (1) and (2) [35–37], respectively, and are pre
sented in Fig. 1: 

ρb =
mRC

Vt
(1) 

where mRC is the mass of the recycled ceramic aggregates, and Vt is the 
total volume, containing both ceramic aggregates and voids. The 
porosity of the packed bed (ϕ) is described as a percentage and can be 

Nomenclature

Symbols
cp Specific heat capacity (kJ/kg⋅K)
f Mass fraction
k Thermal conductivity (W/m⋅K)
m Mass (kg)
P Heater power (W)
Q Thermal energy (kJ)
SEI Specific energy input (energy required to melt one kg of 

composite) (kJ/kg)
T Temperature (◦C)
t Melting time (s)
V Volume containing ceramic aggregates and voids (m3)

Greek
α Thermal diffusivity (m2/s)
ΔHT Incremental enthalpy at temperature T (kJ/kg)

η Storage efficiency (%)
θ Volume fraction
ϕ Porosity of recycled ceramic aggregates (%)
ρ Density (kg/m3)

Subscripts
b Bulk
con Container
ef Effective
f Final
in Initial
L Lower enthalpy boundary
PCM Phase change material
R Reference
RC Recycled ceramic
U Upper enthalpy boundary
w Water

Fig. 1. Porosity and bulk density of recycled ceramics aggregates based on 
their categorized size.
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determined as Eq. (2): 

ϕ =
Vv

Vt
×100% (2) 

The term Vv denotes the void volume, while Vt refers to the total 
volume.

To prepare the RC–PCM composites, each category of recycled 
ceramic was mixed with pure PCM in a fixed mass ratio of 300 g ceramic 
to 100 g PCM, filling almost the porosity of ceramic particles, which is 
compared with a 198 g only PCM sample donated by R-PCM. Achieving 
a homogeneous mixture was essential; therefore, both the RC and PCM 
were preheated to 60 ◦C, exceeding the PCM's melting point (specified in 
Table 1). The heated materials were then sequentially poured into the 
storage container. Continuous heating was applied via a central heating 
element to prevent partial solidification.

The specific heat capacity of the recycled ceramic aggregates was 
characterized using a Hot Disk TPS 100 instrument [38]. Additionally, 
thermal conductivity was evaluated using the heat flow meter method, 
which determines steady-state thermal conductivity for materials with λ 
< 5 (W/mK) [39–42]. This method complies with ISO 9301 standards 
[39–42]. The apparatus was designed following ISO 8301 and employs 
two heat flow meters in a single-specimen symmetrical configuration, 
with a helical counter-flow path supplying the hot and cold plates 
through a circulating liquid (Fig. 2). Plate temperatures are controlled 
using thermostatic baths ranging from − 15 to +90 ◦C. The working 
surfaces are made of copper and finished to a flatness within 0.02%. An 
IR thermo-camera verified temperature uniformity, which should not 
exceed 1% of the temperature difference across the specimen [43].

RT44HC was selected as the PCM due to its frequent application in 
latent heat thermal energy storage systems, as reported in previous 
studies [44–47]. The thermal and physical properties of the PCM, 
ceramic aggregates, are summarized in Table 1.

The effective thermal diffusivity (αeff) characterizes the rate at which 
heat propagates through a material and is particularly important for 
composites containing phase change materials (PCM), where transient 
thermal response governs performance in thermal energy storage ap
plications. In a composite of recycled ceramic and PCM, αeff can be 
estimated using: 

αeff =
Keff

ρeff × cpeff
(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 ceramic was 
estimated using the Maxwell–Eucken model, suitable for composites 
with inclusions dispersed in a continuous matrix, 4–6: 

Keff = Ks
Ki + 2Ks − 2θ(Ks − Ki)

Ki + 2Ks − θ(Ks − Ki)
(4) 

where ks and kPCM are the thermal conductivities of the ceramic skeleton 
and PCM, respectively, and θ is the PCM volume fraction. For the present 
system, the sample masses are 300 g of ceramic and 100 g PCM, giving a 

PCM fraction of θ ≈ 0.25. With ks = 2 W/(m.K) and the effective thermal 
conductivity is keff ≈ 1.49 W/(m.K), which lies reasonably between the 
conductivities of the two components.

The effective density and specific heat were calculated using the 
volume-weighted averaging (Voigt) model, assuming uniform distribu
tion and thermal equilibrium: 

ρeff = (1 − θ)ρs + θρPCM (5) 

cpeff = (1 − θ)cps + θcpPCM (6) 

where ρs and cp,s are the density and specific heat of the finest ceramic, 
and ρPCM and cp,PCM are those of the PCM. Considering ρs = 1260 kg/m3 

and cp,s = 0.75 kJ/kg.K for the ceramic, and ρPCM = 700 kg/l and cp,PCM 
= 2.0 kJ/kg. K for the PCM, the effective properties of the composite are 
calculated as ρeff = 1180 kg/m3 and cp,eff = 1.06 kJ/kg.K. Substituting 
these values into the thermal diffusivity definition for RC-PCM matrix 
gives: 

αeff =
Keff

ρeff × cpeff
=

1.49
1180 × 1060

≈ 1.19×10− 6 m2

/

s (7) 

This value lies between the thermal diffusivities of the pure PCM 
(αPCM ≈ 1.43 × 10− 7 [m2/s]) and the ceramic, reflecting the influence of 
the low-conductivity PCM inclusions, while the continuous ceramic 
matrix enhances heat transfer. Thus, incorporating the ceramic skeleton 
significantly increases the effective thermal diffusivity, thereby 
improving the heat transfer rate of the composite system.

2.2. Experimental setup

In this study, a small-scale latent heat thermal energy storage unit 
was developed, consisting of three main components: the storage me
dium, a cylindrical container, and a heat source. The storage medium 
comprises a composite of recycled ceramic and the commercially 
available RT44HC, supplied by Rubitherm GmbH. The cylindrical 
container is fabricated from a 5 mm thick PA200 plastic, with internal 
dimensions of 60 mm in diameter and 95 mm in height, with a mass of 
140 g. To minimize heat losses, the container is insulated with a 20 mm 
thick ceramic wool layer around its lateral surface.

An electric heating element, 6 mm in diameter and rated at a 
maximum power of 305 W, is centrally positioned within the container 
and powered by an external power generator. Two T-type thermocouple 
arrays (accuracy ±0.1 ◦C) are installed on the surface of the heating 
element to monitor the vertical temperature profile. Data acquisition is 
performed using a cDAQ system (National Instruments), with real-time 
data transfer to a computer for analysis. The experimental setup, 
including the enclosure and thermocouple arrangement, is illustrated in 
Fig. 3.

2.3. Data acquisition and theoretical calculation

In this study, pure PCM and RC-PCM compounds are evaluated using 
an identical data acquisition procedure under two constant input 
powers: 5.3 W and 6 W. The thermal performance of the storage medium 
is assessed by monitoring the temperatures. Specifically, when the 
lowest temperature of the thermocouples increased from 20 ◦C (ambient 
room temperature) up to 51 ◦C [45], which corresponds to the upper 
boundary of the PCM's enthalpy range. Under these conditions, it is 
assumed that the PCM is fully molten.

The thermal energy storage can be calculated based on the temper
ature change of the storage medium. Regarding the PCM thermal 
behavior corresponding to the temperature change, it undergoes a phase 
transition while the temperature is between 36 ◦C and 51 ◦C, during 
which it absorbs both sensible and latent heat (enthalpy), accumulating 
260 kJ/kg [33]. However, the PCM stores sensible heat below and above 
the mentioned temperature ranges. Conversely, recycled ceramic is 

Table 1 
Thermophysical properties of PCM (RT-44HC) and all three types of RC aggre
gates used in this work.

Property PCM RC (A1) RC (A2) RC (A3)

Melting range [◦C] 41–44 – – –
Solidification range [◦C] 44–40 – – –
Latent heat of fusion [kJ/kg] 250 – – –
Specific heat capacity [kJ/kg.K] 2 0.75 0.7 0.6
Density in solid state [kg/m3] 800 1260 1245 1220
Density in liquid state [kg/m3] 700 – – –
Thermal conductivity [W/(m.K)] 0.2 0.21 0.18 0.14
Volume expansion [%] 12.5 – – –
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considered for its sensible heat.
Due to temperature variations within the storage container, the 

theoretical thermal-energy calculation uses the average temperature of 
the storage medium [48], measured at three vertical positions: top (T1), 
middle (T2), and bottom (T3). In addition to the storage medium, the 
thermal absorption of the container itself was included in the energy 
calculation. The energy stored by the reference PCM (R-PCM) Specimen 
can be estimated using the following equation: 

QR− PCM = Qcon +QPCM (8) 

Qcon = mconcpcon
(
Tf − Tin

)
(9) 

QPCM = Qs,PCM +QH,PCM +Ql,PCM (10) 

Qs,PCM = mPCMcpPCM
(
TH,L − Tin

)
(11) 

QH,PCM = mPCM

∑TU

T=TL

ΔHT (12) 

Ql,PCM = mPCMcpPCM
(
Tf − TH,U

)
(13) 

where QR− PCM represents the total thermal energy stored by the PCM- 
based unit, which comprises the heat absorbed by the container (Qcon) 
and that absorbed by the phase change material (QPCM). m and cp 
expressed the mass and specific heat capacity of the materials, calcu
lated in kg and kJ⋅kg− 1⋅K− 1, respectively. The initial temperature of the 
system (Tin) is 20 ◦C, while Tf is the final temperature, which is variable. 
The lower and upper limits of the PCM enthalpy range are described by 
TH,L = 36 ◦C and TH,U = 51 ◦C, respectively. The term ΔHT (kJ/kg− 1) 
denotes the incremental enthalpy change of the PCM during the melting 
process. The quantities Qs,PCM, QH,PCM, and Ql,PCM correspond to the 
sensible heat stored in the solid phase, the enthalpy heat absorbed 
during the phase transition, and the sensible heat stored in the liquid 

phase, respectively, all expressed in joules (J).
The stored energy by RC-PCM compounds (QRC-PCM) can be calcu

lated with Eqs. (14) and (15): 

QRC− PCM = Qcon +QPCM +Qcer (14) 

Qcer = mcercp,cer
(
Tf − Tin

)
(15) 

where, Qcon, QPCM and Qcer denote the energy stored by the container, 
phase change material (PCM), and ceramic, respectively. The symbols 
mcer and cp,cer represent the mass and specific heat capacity of the 
ceramic, respectively. The stored energy of the container and PCM can 
be determined using Eqs. (9)–(13).

The storage efficiency was determined as the ratio of the stored 
thermal energy to the effective input energy, considering the heat losses 
occurring during the charging process. This formulation is appropriate 
since only the charging phase was analyzed in the present work, without 
a discharging cycle. The efficiency (η) is expressed as: 

ηR− PCM =
QR− PCM

Qe,in
×100% (16) 

ηRC− PCM =
QRC− PCM

Qe,in
×100% (17) 

where ηR-PCM and ηRC-PCM represent the storage efficiencies of the 
reference PCM and the recycled ceramic–PCM composite, respectively, 
expressed in percentage. Qe,in denotes the total electrical input energy 
supplied to the system.

The data obtained from the experimental tests were used to calculate 
the Specific Energy Input (SEI) for each scenario. The indicator SEIPCM 
represents the total energy required to completely melt the PCM, 
normalized by the PCM mass and expressed in kJ/kg [44]. These pa
rameters are useful for comparing composite samples containing 
different PCM fractions. The SEIPCM is calculated using Eq. (18): [47]. 

Fig. 2. The heat flow meter apparatus used for thermal conductivity measurements, highlighting the main components and configuration.
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SEIPCM =
QPCM

mPCM
(18) 

where QPCM is the total energy absorbed by the PCM during melting (kJ), 
referring to Eq. (10)–(13).

In this study, overheating was quantified based on the duration 
during which the top-side PCM temperature exceeded the maximum 
operating temperature of 70 ◦C [33], relative to the total time required 
for complete melting of the PCM within the storage container. The total 
melting time (ttot,melt) was defined as the interval from when the lowest 
PCM temperature reached 51 ◦C until the entire PCM had fully melted. 
The overheating percentage was then calculated as: 

Overheating =
ttot,melt − toverheat

ttot,melt
×100% (19) 

2.4. Uncertainty analysis

To evaluate the reliability of the experimental measurements of 
thermal energy input during PCM melting, the combined measurement 
uncertainty was analyzed. The total thermal energy input Q during the 
melting process is calculated as: 

Q = P× t (20) 

The combined uncertainty in Q must then be quantified by propa
gating the individual uncertainties associated with P and t. Assuming 
these variables are independent, the combined relative uncertainty is 
given by the root-sum-square of their individual relative uncertainties 
[49,50]: 

u(Q)

Q
=

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅
(

u(P)
P

)2

+

(
u(t)

t

)2
√

(21) 

here u(Q), u(P), and u(t) represent the absolute uncertainties in Q, P, 
and t, respectively. The power P is measured with an uncertainty derived 
from the voltage and current measurements, while the melting time t is 
obtained from temperature-based time recordings. This method of un
certainty propagation follows the internationally recognized Guide to 
the Expression of Uncertainty in Measurement (GUM) framework [50] 
and has been applied in recent experimental studies involving phase 
change materials and thermal energy storage systems [51]. Using Eqs. 
(20) and (21), the uncertainty associated with the thermal power was 
calculated as 1.2%.

3. Results and discussion

3.1. Charging temperature distribution

Fig. 5 presents the temperature profiles (T1, T2 and T3) of the 
storage media within the latent heat enclosure during the charging cycle 
for the three categories of RC-PCM (a, b, c) and R-PCM (d), with an input 
power of 5.7 W. Sensors T4, T5, and T6 were mounted directly on the 
heater surface, where they measured the heater's temperature rather 
than the PCM. Their readings reflect local conductive heating and not 
the bulk thermal behavior of the storage medium. To avoid misinter
pretation of the PCM temperature profiles, these sensors were excluded, 
as their elevated values indicate only the expected strong conduction 
near the heater rather than the PCM's actual thermal response. The 
enthalpy range and the overheating zone are indicated in yellow and 
red, respectively. The peak melting temperature of RT-44HC (43 ◦C) 

Fig. 3. Experimental setup showing container dimensions, cross-section, and RC–PCM composite.
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[33] is marked by the horizontal dashed lines in the figures. Further
more, the mean temperature (green line) represents the average of 
sensors T1, T2, and T3.

As shown in Fig. 5, all storage samples exhibited a significant trend 
change upon reaching 51 ◦C. During the charging process, the R-PCM 
cylindrical storage unit exhibits a vertical temperature gradient, with 
higher values at the top. This can be attributed to buoyancy-driven 
natural convection, as the PCM near the centrally located heater 
melts, the lighter liquid rises while the cooler, denser PCM settles at the 
bottom [52,53], referring to Fig. 4. This circulation enhances heat 
transfer in the upper region, resulting in higher temperatures recorded 
by the top thermocouples. The vertical orientation of the cylinder 
further promotes this convective flow and thermal stratification.

Comparing the temperature profiles of RC-PCM (a, b, c) with R-PCM 
revealed that RC-PCM compounds significantly reduce thermal gradient. 
Compound A1 demonstrated a minimum temperature gradient of 21 ◦C 
over the charging cycle, whereas the PCM-based unit recorded a tem
perature difference of 48 ◦C, effectively doubling the stratification. This 
thermal gradient leads the top region of the thermal storage medium 
into the overheating zone. Under these conditions, the top of the PCM 
remained in the overheating zone for 63% of the total charging time, 
which was 14%, 22%, and 43% higher than for A3, A2, and A1, 
respectively.

Regarding the melting time, the results indicated that RC-PCM 
compounds enable faster charging than the PCM-based unit due to the 
reduced PCM mass in the matrix. Among the RC-PCM compounds, A1 
exhibited the fastest charging, completing the cycle within 200 min, 
which decreased the melting time compared to A2 and A3 by 2 min and 
10 min, respectively. In contrast, the R-PCM unit exhibited the longest 
charging cycle, lasting 302 min.

As shown in Fig. 6, increasing the input power from 5.7 W to 6 W 
significantly affects the temperature distribution within the storage 
mediums. Comparing the two input powers reveals that a 5% increase in 
power reduced the melting time by approximately 22% across all sam
ples, with A1 melting in 156 min, A2 in 158 min, A3 in 167 min, and the 

PCM unit in 240 min. However, this increase in input power also 
intensified thermal gradient and the overheating effect. Sample A1, with 
finer particles, exhibited the smallest increase in thermal stratification, 
rising only 2 ◦C from ΔT = 21 ◦C to ΔT = 23 ◦C. In contrast, the R-PCM 
unit showed a much larger increase of 11 ◦C, reaching 59 ◦C. The 
overheating results followed a similar trend: finer particles in A1 led to a 
modest increase in overheating of 4%, reaching 9%, whereas A2, A3, 
and the PCM unit experienced larger increases of 22%, 35%, and 69%, 
respectively. These results indicate that finer RC particles mitigate the 
negative effects of higher input power on temperature gradient and 
overheating compared to coarser particles or pure PCM.

The observed results show a clear correlation between the particle 
size of the recycled ceramic (RC) in the RC-PCM composites and both 
thermal gradient and melting time. Due to its higher expected thermal 
diffusivity value, A1 has a faster heat propagation throughout the 
composite, which, combined with the smaller particle size and uniform 
distribution within the PCM matrix, creates an efficient thermal 
network. This enhanced heat transfer reduces vertical temperature 
gradients and natural convection, resulting in the lowest thermal 
gradient in 5.7 W (ΔT = 21 ◦C) and 6 W (ΔT = 23 ◦C), and accelerates 
melting, allowing A1 to complete the charging cycle faster than the 
other composites. In contrast, medium (A2) and coarse (A3) particles 
have lower thermal diffusivity, creating larger void spaces, which allow 
heat to rise more rapidly through natural convection. The less uniform 
dispersion, which limits heat propagation, causes localized overheating 
near the top, increases thermal stratification, and prolongs melting. The 
pure PCM unit exhibits the highest thermal gradient and the longest 
melting time because heat transfer relies solely on conduction through 
the solid PCM and buoyancy-driven convection in the liquid phase, 
which is less efficient than the combined conduction and diffusion 
network provided by RC particles. Overall, the higher thermal diffu
sivity of finer RC particles in A1 improves heat distribution, minimizes 
thermal stratification, and shortens melting time, whereas coarser par
ticles or pure PCM result in stronger vertical temperature gradients and 
slower charging.

3.2. Thermal storage performance

Fig. 7 illustrates the storage performance of the tested thermal 
media. The R-PCM unit stored approximately 80 kJ of energy at an input 
power of 5.7 W during a charging cycle, about 60% higher than the RC- 
PCM composites. This difference is primarily due to the higher PCM 
mass fraction: R-PCM contains 198 g of PCM, nearly double the 100 g in 
RC-PCM. The larger PCM mass provides more latent material to absorb 
heat during phase change, resulting in greater total energy storage under 
the same heating conditions. An evaluation of the heat loss indicator 
showed that approximately 25% of the total input heat was lost at 5.7 W 
during charging, resulting in overall storage efficiencies below 80% due 
to the longer charging process. At 6 W, the heat loss slightly increased 
because of higher temperature gradients, reducing the storage efficiency 
by a few percentage points. Nevertheless, the R-PCM exhibited higher 
efficiency (~76%) compared to the RC-PCM composites (70–73%). 
These results indicate that while increasing input power accelerates 
charging, it also slightly increases heat loss, which must be considered 
when optimizing thermal storage performance.

When the input power increased to 6 W, the amount of stored energy 
did not change significantly. However, the higher input power sub
stantially reduced heat losses by approximately 15% due to reducing 
melting time, resulting in values of 9% for A1, 10% for A2, 13% for A3, 
and 5% for R-PCM. This reduction in heat loss enhanced the thermal 
storage efficiency of all samples during the charging cycles. The highest 
efficiency was recorded for PCM at 95%, followed by A1 (90.8%), A2 
(90.4%), and A3 (87.4%).

The results in Fig. 7 also indicate a correlation between input power, 
thermal storage efficiency, and overheating behavior. Lower input 
power extends the charging duration, allowing for more uniform heat 

Fig. 4. Evolution of the liquid fraction and temperature distribution of the PCM 
in a cylindrical enclosure with a centrally positioned heater during early, mid, 
and later stages of melting [52]. The symbols U, M, and L represent the upper, 
middle, and lower regions of the container, respectively.
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distribution within the storage medium and mitigating localized over
heating. However, prolonged charging time increases overall heat loss, 
thereby reducing efficiency. Conversely, applying a higher input power 
(6 W) shortens the melting time and minimizes heat loss, leading to 
improved storage efficiency in the thermal units. The combination of 
finer RC particles (a1) and 6 W input power yielded the most efficient 
and stable performance, as the improved diffusivity enabled uniform 
heat distribution while preventing the overheating and stratification 
observed with coarse particles or elevated power levels.

3.3. Specific energy input

Fig. 8 presents the variation in specific energy input per unit mass 
(SEIPCM) for the recycled ceramic-PCM composite configurations (A1, 
A2, A3), the pure PCM, and the system reported by Fadl et al. [48] In 
their study, Fadl et al. developed a latent heat thermal energy storage 
system (LHTESS) consisting of a shell integrated with a horizontally 
oriented multi-tube heat exchanger to accelerate the charging and 

discharging processes. Instead of incorporating fins, they employed 
extended heat exchanger tubes, using the same PCM (RT-44HC) and a 
target operating temperature of 51 ◦C.

As shown in the figure, the reference PCM required approximately 
353 kJ to completely melt 1 kg of material. The use of RC-PCM com
posites reduced the specific energy input, with configuration A1 
showing a decrease of about 10%, reaching 318.44 kJ/kg. Similarly, 
configurations A2 and A3 exhibited reductions of approximately 8% and 
6%, respectively. Fadl et al. reported a specific energy input of 333.4 kJ/ 
kg, which is about 4% higher than that of configuration A1. This 
reduction indicates that the RC-PCM composites enhance charging 
performance by facilitating faster and more efficient heat absorption due 
to improved thermal diffusivity and more uniform heat distribution. In 
contrast, Fadl et al. used a longer heat exchanger to increase heat 
transfer, which accounts for their higher specific energy input.

The reduced specific energy input observed for finer ceramic parti
cles is attributed to their larger surface-area-to-volume ratio, which 
enhances the effective thermal diffusivity of the composite. This results 

Fig. 5. Temperature profiles of the thermal storage medium during the charging cycle over time under a constant input power of 5.7 W: (a) A1 [0.18–0.6 mm], (b) 
A2 [0.9–1.4 mm], (c) A3 [1.7–2.36 mm], and (d) R-PCM.
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in more uniform and efficient heat propagation within the PCM, 
enabling faster charging and lowering the energy required per unit mass.

4. Conclusion

This study investigates the effect of recycled ceramic particle size on 
the thermal performance of a phase change material (RT44HC) in a 
latent heat thermal energy storage system. Recycled ceramic particles 
were categorized into three size ranges A1 (0.18–0.6 mm), A2 (0.9–1.4 
mm), and A3 (1.7–2.36 mm), and incorporated into the PCM to form 
composite samples (RC-PCMs) and compared with a PCM-based storage 
unit. Thermal behavior was characterized in a cylindrical enclosure with 
a central electrical heater operating at constant power inputs of 5.7 W 
and 6 W.

The thermal performance of RC-PCM composites strongly depends 
on the size of recycled ceramic (RC) particles. Finer particles (A1) 
exhibited higher thermal diffusivity, enabling faster heat propagation, 
more uniform temperature distribution, and reduced vertical gradients. 
This resulted in the lowest vertical temperature gradient (ΔT = 21 ◦C at 

5.7 W, ΔT = 23 ◦C at 6 W), the shortest melting time, and minimal 
overheating compared to coarser particles (A2, A3) and pure PCM. 
Medium and coarse particles showed slower heat transfer, higher 
stratification, and localized overheating. Meanwhile, pure PCM relied 
solely on conduction and convection, resulting in the slowest charging 
cycle and a higher overheating rate. Increasing input power from 5.7 W 
to 6 W accelerated melting and reduced heat loss. Overall, a balanced 
input power combined with finer ceramic particles provides the 
most efficient, stable, and reliable configuration for latent heat thermal 
energy storage systems.

Future research should focus on evaluating long-term cycling sta
bility, assessing the effects of particle shape and distribution, optimizing 
the combination of input power and RC particle characteristics, char
acterizing matrix thermal properties (e.g., specific heat and thermal 
conductivity), performing dimensionless analyses (e.g., Fourier and 
Stefan numbers) to generalize the findings, and evaluating the cost im
plications of large-scale sourcing, processing, and integration of recycled 
ceramics.

Fig. 6. Temperature profiles of the thermal storage medium during the charging cycle over time under a constant input power of 6 W: (a) A1 [0.18–0.6 mm], (b) A2 
[0.9–1.4 mm], (c) A3 [1.7–2.36 mm], and (d) R-PCM.
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