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Abstract

Granular materials like sand have gained importance in thermal storage applications due to their stability and cost-effec-
tiveness. However, excessive usage of sand can pose environmental issues. This study investigates recycled construction
materials such as glass, asphalt, ceramic, and concrete as alternatives to natural sand for low-temperature TES applications.
The materials were processed to similar grain sizes and evaluated for their chemical, thermophysical, and thermal storage
properties through a six-hour charging cycle at 60 °C. XRF analysis revealed significant compositions, including high oxygen
and silicon content in concrete and sand, respectively. Results indicate that sand with 0.189 W/m K recorded the highest
thermal conductivity compared with concrete 0.172 W/m K, glass 0.131 W/m K, ceramic 0.159 W/m K and asphalt 0.159
W/m K. A higher specific heat capacity was observed in concrete at 755 J/kg K, followed by asphalt at 732 J/kg K, glass
at 708 J/kg K, and sand at 688 J/kg K. However, ceramic is categorized for a lower specific heat capacity of 682 J/kg K.
Absolute density evaluation indicates that sand is the densest material with 2662 kg/m>, contrary to concrete 2480 kg/m?,
glass 2421 kg/m®, ceramic 2285 kg/m?, and asphalt 2436 kg/m>. More to the point, the Ragone plot for specific power and
energy highlighted that ceramic has a rapid energy release and concrete demonstrated sustained energy storage capabilities.
Volumetric power and energy density assessments indicated sand's outstanding performance. However, concrete registered
a superior thermal storage among recycled materials. The results highlight that recycled materials, specifically concrete can
be used for thermal storage applications like water heating in poor communities.
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Introduction

Thermal energy storage has increasingly gained impor-
tance in modern energy management and has become a
key factor in conserving renewable energy, like solar or
wind [1-3]. One of the major challenges in the build-
ing and residential sectors is reaching nZEB or ZEB tar-
gets, where energy needs, especially those for heating
and domestic hot water, must be completely supplied by
renewable sources. Due to the different time profiles of
users' energy consumption and energy production from
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renewable sources, it is necessary to provide energy stor-
age. Therefore, the produced energy can properly be stored
and supplied to the building technical systems at the
requested time [4-6]. Using lithium-ion batteries to store
electricity from renewable sources imposes significant
costs for their provision and maintenance, and they also
have a short lifespan so thermal energy storage can be a
suitable option instead of batteries [7-9]. Instead, the ther-
mal energy can be stored in more sustainable and cheaper
systems through various materials and in different physical
states, like solid, molten, and liquid phases [10, 11]. TES
performance relies heavily on key thermal properties of
materials, such as thermal conductivity and specific heat
capacity, which determine their efficiency in storing and
releasing energy. Materials with higher thermal conductiv-
ity facilitate efficient heat transfer, while those with higher
specific heat capacity store larger quantities of energy.
Thermal oils and liquid sodium are liquid TES materials
often used for storage and heat exchanger fluid because
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they have high thermal conductivity [12, 13]. Materials
like molten salts and metals are considered thermal storage
materials for solar energy concentration. However, keep-
ing molten materials at a constant temperature is crucial
to their application to achieve optimum efficiency since
overheating can reduce their efficiency[14-16].

Meanwhile, molten state TES can damage the storage
vessel and piping networks due to solidification[17]. Metals
can also cause corrosion inside the storage tank, so specific
materials are required and associated additional costs [18].
One of the TES materials of interest in solid-state is sand,
which offers higher thermal tolerance with a melting point
of 1700 °C [19, 20]. Additionally, sand provides notable
cycle stability over time, making it a reliable material to
store thermal energy [21-23]. Therefore, sand has gained
considerable attention in designing thermal storage systems.

Various studies have been developed to optimize sand
performance in thermal storage systems by altering grain
size, coating, or compounding with other materials. Xu et al.
[19] evaluated the sand size to gain the optimum thermal
storage. Then, they employed numerical and experimental
investigation to increase the heat transfer inside their samples
by adding Xceltherm (synthetic oil) and Hitec (inorganic
salts). They exhibited that the grain size between 0.6 and 1.7
mm with a porosity of 0.38 is the suitable size distribution.
They also found that if Hitec-saturated sand is utilized for
storage media, energy can be stored more than Xceltherm,
almost 35%. The findings show that new approaches devel-
oped under sensible heat storage can be significant in solar
energy storage applications. Garcia-Plaza et al. [24] prepared
some sand coating utilizing a top-concentrated irradiation
lamp in fluidized bed conditions. They found that graphite
and carbon coats enhance the raw sand energy absorption
between 30 and 40% due to higher thermal absorptivity.
While the coats demonstrated constant properties after ten
charging and discharging cycles, the color of graphite-coated
sand faded from dark black to grey.

Sand is also used to mix with PCM materials. Barbi et al.
[25] mixed N-octadence and commercial PCM (RT28) with
sand in a ratio of 30% v/v separately to analyze their distri-
bution in latent heat thermal energy storage for shallow geo-
thermal applications. The results indicate that the heat trans-
fer accelerated in both mixtures, halving the phase change
time. In addition, sand addition led to a limited supercooling
up to 1 °C in N-octadence. However, the phenomenon was
absent in commercial PCM. In a related paper, Liu et al.
[26] conducted some investigations into the thermal prop-
erties of recycled rubber-sand mixture via thermal needle
tests. The study examined the impacts of various factors on
thermal conductivity, including moisture proportion, mois-
ture fraction, sand share, dry density, and particle size. The
study proved that a higher proportion of sand increased the
thermal conductivity of mixtures.
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Tetteh et al. [27] analyzed experimentally and numeri-
cally different correlations for effective thermal conductivity
of sand in a thermal storage application. Also, they utilized
metallic chip layers to enhance the thermal conductivity of
sand. The findings illustrated that a maximum heat rate is
achievable when 20% of the volumetric amount of aluminum
chips is mixed with sand. Moreover, Chung et al. [28] illus-
trated a practical method to run low-cost sand into a TES
material and direct solar absorption through a thin silica
shell and black spinel nanoparticles. The data revealed that
the black quartz of sand incremented the solar absorbing rate
almost two times, reaching ~0.89. The prototype also dem-
onstrated a nearly unchanged stability of optical properties
after 100 h at 800 °C. Analyzing the thermal conductivity of
coated sand indicates an improvement from 0.30 (W/m/K) to
0.65 (W/m/K) from 20 °C to 700 °C. A comprehensive study
was conducted by Palacios et al. [29]. They compared silicon
carbide (Sic), silica sand (Si0O,), and hematite (Fe,03) in
terms of solar absorbing and specific heat capacity at differ-
ent temperatures ranging from 750 to 900 °C. The experi-
ment showed that hematite and silicon carbide significantly
improved solar absorbance during the aging procedures.
Reversely, silica sand reduced its absorbance over 100 h.
After aging, the specific heat capacity indicator is ramped
up in silicon carbide and silica sand samples. Reversly, iron
oxide demonstrated a decline the specific heat capacity over
the aging period. Due to its higher solar absorbance and
heat storage capacity, the authors proved that black silicon
carbide is the proper material for up to 900 °C.

Extensive sand extraction poses environmental chal-
lenges, prompting the need for alternative materials.[30,
31]. The recycled materials offer environmental benefits
by reducing waste and present thermophysical properties
suitable for TES applications. For instance, Al-Azawii et al.
[32], conducted an experimental study on recycled ceramic
material to use in a sensible heat-packed-bed thermal energy
storage compared with A-alumina material. They applied
an entire charging-discharging cycle with heat transfer fluid
air at 150 °C. The findings indicated that the thermal charg-
ing process occurs faster in aluminum-based storage than in
ceramic. Reversely, ceramic recorded a better performance
in the discharging cycle. In another investigation, Py et al.
[33] also used recycled industrial ceramics, vitrified asbes-
tos-containing wastes, as sensible thermal storage material.
The selected ceramic contains acceptable thermophysical
properties for TES applications (A=1.4 W m/K, Cp=1025
T kg/K, p=3100 kg/m>). The result verified that ceramic can
be used as a thermal energy storage material for all types
of concentrated solar power plants with operation levels of
medium up to high concentration.

While there are several articles aimed at studying the
thermophysical properties of sand and recycled materials
for storage at high temperatures, there is limited literature for
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civil and residential applications where the temperatures of
interest are lower (40-80 °C). Although there are more effi-
cient alternative solutions and materials for TES in residen-
tial applications (i.e. PCM material), using recycled ceramic
materials becomes increasingly interesting due to the lower
costs, even for poor societies. Previous studies, such as those
by Kenda et al. [34], Calvet et al. [35], and Kocgak et al.
[36], have investigated certain waste materials concerning
TES and thermophysical properties. However, their research
primarily concentrated on specific materials and particular
size ranges. Since the thermal behavior of granular materials
is influenced by their size distribution, it becomes challeng-
ing to directly compare their findings. Therefore, a study is
necessary to prepare the most common waste construction
materials within the same size and an identical thermal ana-
lyzing process. The present study seeks to fill this research
gap and also introduce an appropriate substitute for natural
sand for thermal storage applications. The research exam-
ines the chemical properties, absolute density, specific heat
capacity, thermal conductivity, and performance of the recy-
cled materials in a one-cycle charging process. The results,
illustrated in Ragone plots, aim to identify suitable recycled
materials for thermal storage applications like water heating.

Methodology

In this investigation, experimental methods are employed
to evaluate material properties relevant to the objectives of
the present study, with subsequent numerical validation of
the results. The process is depicted in Graph 1, starting with
material crushing and terminating with the analysis of ther-
mal storage behavior. Various techniques, including X-ray,
hot disk, heat flow meter, and pycnometer methods, are uti-
lized to assess chemical properties, specific heat capacity,
thermal conductivity, and absolute density. The materials
are dried at 105 °C. and tested under identical conditions,
temperature and humidity. To ensure clarity and coherence,
each experimental process and its corresponding result dis-
cussion are presented within the same section. In the end, the

material's performances are demonstrated in Ragone plots
regarding the material mass and volume (Fig. 1).

Experimental setups
Material collection and sieving
The materials were sourced from different sectors:

e Sand, a fine natural granular material.

e Qlass, collected from urban waste, an equal share of clear
and green bottles (50% of each).

e Ceramic, cooked tiles with a thin layer of glaze sourced
from building demolition sectors.

e Concrete, gathered from the railway sleeper.

e Asphalt, obtained from crushed roads, has a bitumen pro-
portion of 4.8%.

Sieving the natural sand revealed that the main proportion
of grains is between 0.25 and 0.5 mm, about 40%, with the
remaining share classified between 0.063 and 0.25 mm and
0.5 to 1 mm, around 30% each. This sizing distribution was
applied to all recycled materials (Fig. 2). Meanwhile, the
porosity of materials is 35%, according to the selected size
and distribution. Before crushing and sieving, the materials
were cleaned of any possible irrelevant ingredients, such as
paper and plastics.

Chemical analysis

The materials underwent XRF analysis using a TESCAN
MIRA3 to determine their chemical properties [37-39].
Each element has a specific emission of X-rays at specific
energy levels, acting as unique fingerprints for that element.
When the X-ray beam excites the sample's atoms, the instru-
ment picks up the unique X-rays they emit [40, 41]. The
instrument can identify each sample component by analyz-
ing the spectrum's power and intensity [42, 43]. A carbon
film was mounted onto suitable holders to set up this test,
and the materials were stuck on the carbon layer [42]. A

Thermal
> conductivity
Crushing & (l::n:lil Specific heat Thermal Ragonedlot Proper recycled
Sieving e capacity charging goncp material for TES
analysis (XRF)
— Density —

Fig. 1 Methodology process overview, detailing the sequential steps from material collection to thermal storage analysis
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Fig.2 Material size distribution of sand, ceramic, glass, concrete, and asphalt after sieving and preparation

vacuum chamber is deployed to keep samples in a proper
condition to improve the electron beam stability and gain
accurate results. The materials were evaluated for homoge-
neous patterns, and secondary detectors were used to gain
deeper insight into the surface morphology and microstruc-
ture, ensuring the uniformity of structure and compounds.

The results indicate that 50% of the materials were
composed of oxygen instead of concrete, which recorded
the highest percentage (52.72%). Unlike sand and glass,
which are rich in silicon dioxide, comprising 29% and 24%,
respectively, ceramic is unique among the materials studied
because it has a significantly higher aluminum content of
15.37%. Asphalt has a high level of carbon (31.07%) with
small amounts of sulfur (1.04%) and magnesium (0.98%)
which are either negligible or absent in the rest. Glass also
has sodium(9.08%) and calcium(6.19%). The presence of a
high quantity of calcium distinguishes concrete due to its
structural properties, which must be noted (30.6%) (Fig. 3,
Table 1).

Density analyzes

The density analysis was conducted using the pycnometer
method under ASTM D5550-Standard [44-46]. In this
test, two pycnometers are utilized to get the average result
of the materials. The pycnometers were filled with pure
water to begin the test, and their temperature and weight
were recorded. Then, empty the pycnometer, completely
dry their water and refill them again with a portion of the
materials. After recording the net weight of materials,
the pycnometer is filled partially until the sand sinks into
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the water. After that, the pycnometers are placed inside
the suction machine with a vibration system for 15 min to
release the air bubbles inside the material grains. Finally,
the pycnometers were filled with water again, put in their
caps, and weighed the total weight of materials, water,
and pycnometer, refer to Fig. 4.

The collected data are imported into these equations to
calculate the materials' absolute density.

W, +W,)—-W.
Py
_"
o=y @)
where:

p,, = density of material (g/cm?)

p,, = density of water based on temperature (g/cm?)
V., = volume of material (cm®)

W, =weight of pycnometer and water (g)

W, =weight of material (g)

W, =weight of pycnometer, material and water (g)

The density test illustrated that natural sand is the heav-
iest material, with 2.662 g/cm3, followed by concrete, with
2.480 g/cm’. Asphalt picks up the third level of heavi-
est material with 2.436 g/cm® and glass demonstrated a
density of 2.421 g/cm®. The lightest figure accounted for
ceramic 2.285 g/cm3 (Table 2).
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Fig.3 Chemical composition
analysis results for sand (A),
ceramic (B), asphalt (C), glass
(D), and concrete (E), including
atomic percentage breakdowns
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Table 1 Summary of chemical properties of sand, ceramic, asphalt,
glass, and concrete, highlighting key elemental compositions

Chemical Sand (%) Ceramic  Asphalt Glass (%) Concrete
properties (%) (%) (%)

C 8.36 3.37 31.07 6.43 5.99
(¢} 57.4 51.43 45.88 51.46 52.72
Al 2.79 15.37 2.31 0.92 1.44
Si 29 24.09 7.86 24.01 6.15
K 0.86 0.98 0.58 0.61 0

Ti 0.74 0 0 0 0

Fe 0.85 0 1.29 0 1.53
Na 0 3.78 0 9.08 0

Ca 0 0.97 8.99 6.19 30.6
Mg 0 0 0.98 1.31 0.83
S 0 0 1.04 0 0.74

apparatus has been designed under the principle of ISO 9301
[51]. Two heat flow meters are utilized with a single-speci-
men symmetrical configuration, and a helical counter-flow
path is fed to the hot and cold plates with a liquid (Fig. 5).
The temperature of the plates is controlled by two thermo-
static baths, having temperatures ranging between — 15 and
+90 °C. The working plate of heating and cooling units is
realized with copper smoothly conformed to a proper plane
within 0.02%. An IR Thermo-camera was used to evaluate
the temperature uniformity of both working surfaces, as the
temperature nonuniformity should be less than 1% of tem-
perature differences across the specimen indicated by ISO
8301 [52-55]. Several temperature sensors are connected to
the surface of the metering area measuring 25 cm X 25 cm.
However, the sample size is considered 30 X 30 X 4.2 cm in
this Study. The system calculates the thermal conductivity
under this equation:

.. . d
Thermal conductivity analysis A= feﬁ 3)
Thermal conductivity analysis, based on the heat flow meter ~ where;
method, allows for determining the steady-state thermal
conductivity of materials with A <5 (W/mK) [47-50]. This e d=Average specimen thickness (m)
(A) (B) ©) (D) (E) (F)
L]
Mass of Mass of Mass of Mass of Vibration & air Mass of
pycnometer pycnometer & pycnometer & pycnometer & evacuation pycnometer &
water material water & material full of water &
material

Fig. 4 Workflow of the absolute density analysis process using the pycnometer method
Table 2 Absolute density results for sand, ceramic, asphalt, glass, and concrete, obtained using the pycnometer method
Particulars Sand Glass Concrete Asphalt Ceramic
Pycnometer No 1 2 1 2 1 2 1 2 1 2
Temperature of water (°C) 18 18 17 17 17 17 18 18 17 17
W, (g) 1881.35 1873.58 1881.76 1873.48 1881.76 1873.48 1881.35 1873.58 1881.76 1873.48
Ws(g) 550.01  550.76  501.59 50094 500.24  500.71  501.3 50091  500.81 500.26
W;(g) 2225.02 221779 2176.33 2167.89 2180.62 217247 2177.01 216931 2162.82 2155.86
Pw (g/lcm®) 0.99862 0.99862 0.9988  0.9988  0.9988  0.9988  0.99862 0.99862 0.9988  0.9988
A\ (cm®) 206.625 206.835 207.269 206.778 201.622 201.962 205.924 205.464 220.014 218.142
Pm (g/em®) 2.66187 2.66279 2.42 24226  2.48108 247922 243439 243795 227626 2.29328
Average density of material (g/cm?)  2.662 2421 2.480 2.436 2.285
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Single-Specimen
Symmetrical configuration

E

Schematic design of external
liquid supply

4

Experimental apparatus, external liquid supply and data acquisition system

Nomenclature

1. Thermostatic bath (Techne RB-5A -Tempette TE-8D) for cold plate 7. Specimen

2. Thermostatic bath (Techne RB-5A -Tempette TE-8D) for hot plate

3. Circulator
4. Circulator
5. Hot plate
6. Cold plate

8. Heat flow meter

9. Personal Computer

10. Multimeter (HP 3458A 8 2)
11. Switch Control Unit (HP 3488A)
12. Ice point reference (KAYE 170)
13. GPIB

Fig.5 Experimental setup of the heat flow meter for thermal conductivity analysis, showing critical components and measurement configuration

e f=calibration factor of the heat flow meter (W/mV m?)
e e=heat flow meter output (mV)
e AT =temperature difference (C)

The samples were tested for 24 h at an identical initial
temperature and humidity. The results indicate that natural
sand has the highest thermal conductivity, with 0.189 (W/
mK), and concrete recorded the second highest by 0.172 (W/
mK). The lowest thermal conductivity figure registered by
the glass was 0.131 (W/mK). In addition, Fig. 6 explicates
that ceramic and asphalt recorded 0.159 and 0.152 (W/mK),
respectively.

Specific heat capacity

A hot disk instrument is employed to evaluate the materi-
als' specific heat capacity, which is crucial when calculating
thermal capacity. The instrument uses the Transient Plane
Source (TPS) method. This method, which determines solid
materials' thermal conductivity and thermal diffusivity, is
pivotal to the instrument's accuracy [56]. This method fills
the materials inside a thermal conductive container capsu-
lated with thermal insulation to prevent any energy release
during the test. The sample container was made of copper,
which measured R =10 mm and H=4 mm. The metal con-
tainer, linked to a fixed power source and a hot disk sensor,
is vital for the measurement process (see Fig. 7). Both power
and time are essential parameters in this analysis. However,

Thermal conductivity (W/mK

1
Ceramic Asphalt Glass Concrete

Fig.6 Thermal conductivity values of sand, ceramic, asphalt, glass,
and concrete under identical testing conditions

establishing steady temperature gradients within the con-
tainer and the material sample over time is paramount. This
ensures accurate and reliable results. The sensor's tempera-
ture, which increases continuously, is monitored by tracking
the corresponding rise in its electrical resistance.[57]. Before
initiating the Hot Disk setup, the empty metallic container
was powered with 100 mW for 80 s at 23 °C to obtain refer-
ence data. Then, the solid material sample was balanced,
positioned inside the enclosure, and protected on the sample

@ Springer
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24-hour
waiting time

Fig. 7 Hot disk instrument setup for determining specific heat capacity, detailing the test parameters and materials used

holder. The container and sample holder were covered with a
black metal shield to reduce the impact of air currents on the
device’s performance. The experimental setup was operated
one day after each sample was placed in its designated posi-
tion, ensuring consistency in the analysis conditions. These
conditions mirrored those used for the reference measure-
ment with the empty metallic container.

The results of the Hot Disk analysis demonstrated that
concrete recorded the most outstanding figure, with 755 (J/
kg K) emerging as a proper choice for extensive heat storage
and gradual release compared to other materials. Asphalt
accounted for the second-highest specific heat capacity with
732 J/kg K, about six percent lower than concrete (Fig. 8).
Glass, with a specific heat capacity of 708 J/kg K delivers a
moderate performance. On the contrary, sand and ceramic
demonstrated lower specific heat capacities of 688 J/kg K
and 682 J/kg K, respectively.

Thermal charging test

This experiment aims to assess the thermal behavior of
materials during heat absorption. Regarding residential
applications like water heating, the suitable water tempera-
ture ranges between 55 65 and 70 °C. Therefore, experimen-
tal measurements were performed to reach a mean value of
60 °C of the material under test.

Identical experimental conditions were designed for all
specimens to ensure accurate comparisons. Tin-coated steel

@ Springer

1000

900 —
800 -
700 —
600 -
500 -
400 —

300 1

Specific heat capacity (J/KgK)

200

100

0

Ceramic

Asphalt Glass Concrete

Fig. 8 Specific heat capacity results for sand, ceramic, asphalt, glass,
and concrete, highlighting differences in thermal storage capacity

containers were colored black to maximize heat absorption.
The container volume is 427.5 cm?, measuring R=4.075
cm, H=8.2 cm. In addition, A Type T thermocouple was
placed in the center of each container to record the material
temperature.

The prepared materials were filled into the metal con-
tainers and subjected to a shaker device for 3 min at 150
rpm to achieve uniform bulk density. The obtained densi-
ties are sand 1672 kg (m: 0.715), ceramic 1377 kg (m:
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0.589), asphalt 1480 kg (m: 0.633), glass 1426 kg (m:
0.610), and concrete 1546 kg (m: 0.661). The top surface
of each container was covered with a thin layer of black
plastic to minimize the influence of the material's color
on the endothermic process. A radiation technique was
deployed instead of a direct heating source to design a
similar heat transfer in an outdoor environment. Thus, a
42-W lamp is utilized and fixed inside a plastic enclosure
to prevent air velocity interference. An additional ther-
mocouple was placed in plastic containers to record air
temperature during the charging- period (Fig. 9).

Following the material preparation, the metal container
was positioned in the center of the plastic enclosure, with
the lamp placed 3 cm above the sample's top surface. The
thermocouples were connected to a data collector, trans-
ferring the temperature data to a laptop. The initial tem-
perature of the samples was set at 26.5°C, matching the
room temperature. The experiment was conducted over
six hours.

Figure 10 shows the ambient air temperature produced
by the lamp increased rapidly from 26.5 to 55 °C after
120 min. Then, it recorded a smooth rise, reaching almost
60 °C over the charging cycle. Concerning the internal
temperature of the samples, ceramic and sand recorded the
highest temperature in the heating process, 59 °C, followed
by glass at 57.89 °C. Concrete and sand stayed at a lower
internal temperature of 57.60 and 57.03 °C, respectively.

65

60 +

Temperature (°C)

(%]
a
1

—e— Ambient temperature|
—e— Sand

«— Ceramic
30 —
—e— Asphalt
—e— Glass
25 +— Concrete

—T T T T T T T T T T T T
830 0 30 60 90 120 150 180 210 240 270 300 330 360

Time (min)

Fig. 10 Temperature profiles of sand, ceramic, asphalt, glass, and
concrete over a six-hour charging cycle

Thermal storage capability

Drawing the Ragone plot can demonstrate the materials'
thermal storage behavior, and in this sense, Woods et al. [58]
utilized it to evaluate the thermal storage capability of PCM
at different thicknesses and to supply power. In addition,
[59] Lin et al. employed Ragone plots in designing thermal
batteries based on phase change materials. Therefore, the

Heat source:
42 watt lamp

T2

Air temperature T1:

internal temperature

Plastic pot g
(Thickness:0.6mm) S
) 220mm i
81.5mm
-~
Tin-coated steel g
(Thickness:0.2mm) &
=]

Charging: 6 hours

Fig. 9 Experimental setup for thermal charging tests, demonstrating material placement, heat source, and temperature monitoring system
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Ragone plot compares the materials’ thermal storage perfor- 4.0 —
. . . b eramic

mance. The recorded data in the charging cycle experiment . Sand

is transferred into two Ragone Plots based on the following
equations [60—62], and the results are represented in Table 3.

mX Cp X AT

uS—E— = Cpx AT (4)
Specific energy and power '}’; E m
N
E mXCpXxAT
VEY T Ty Q]
Volumetric energy and power density P E
r=5=(=)v o
Vv t
where;
e yu =specific energy (J/kg)
e u,=volumetric energy density (J/m?)
e [E=total energy stored (J)
e V=volume (m?)
e m=mass (kg)
e cp=specific heat capacity (J/kg-°C)
e AT=change in temperature (°C)

And,

p,=specific power (W/kg)
p,=volumetric power density ( W/m?®)
P =power output (W)

t=time (s)

The first Ragone plot (Fig. 11) indicates specific power
(W/kg) against specific energy (J/kg) for successive 30-min
intervals. Specific power is an indicator of the power out-
put per unit mass. Reversely, specific energy demonstrates

« Asphalt
* Glass
+ Concrete

3.5+

)
o
1

Specific power (W/Kg)
T

L T T
6.0x10°

* T T T T T T 1
8.0x10° 1.0x10*

x10* 1.4x10° 1.6x10* 1.8x10* 2.0x10* 2.2x10* 2.4x10*

Specific energy (J/Kg)

112

Fig. 11 Ragone plot showing the relationship between specific energy
and specific power for sand, ceramic, asphalt, glass, and concrete

the energy stored per unit mass. These metrics are pivotal
for applications where weight is a significant constraint.
Initially, all materials depict an upward trend in power
output. However, ceramic recorded a rapid growth, reach-
ing the highest peak specific power of around 3.6 W/kg
at approximately 1.3 x 10* J/kg. This high specific power
makes ceramic ideal for solar applications where rapid
energy release is essential. Then, it demonstrated a remark-
able reduction, indicating a rapid decline in efficiency at
higher energy density. Sand, asphalt, and glass recorded
around 3.53 W/kg, 3.33 W/kg, and 3.3 W/kg, respectively, at
approximately 1.2 x 10* J/kg before declining, though sand’s
efficiency also declines significantly at higher energy densi-
ties. Concrete peaks at around 3.48 W/kg at about 1.2 x 10*
J/kg. It also retains a relatively high specific power over a
broader range of specific energies. This shows that concrete

Table 3 Specific energy (J/kg)

. Time Sand Ceramic Asphalt Glass Concrete

and specif power (W/kg) data

for all materials over 30-min D e Dy e D e Dy e Dy e

intervals, derived from the

charging test results 30 3.38 6089 3.40 6120 2.94 5288 2.78 4996 3.09 5562
60’ 3.53 12,693 3.67 13,198 333 11,983 3.30 11,890 348 12,523
90’ 3.06 16,537 3.15 17,036 2.97 16,012 2.97 16,036 3.08 16,640
120 2.60 18,714 2.64 19,017 2.55 18,362 2.55 18,380 2.65 19,057
150’ 222 19,937 223 20,095 2.18 19,651 2.19 19,683 2.28 20,520
180’ 1.91 20,648 1.91 20,661 1.90 20,467 1.89 20,438 1.98 21,369
210 1.68 21,121 1.67 21,049 1.67 20,996 1.66 20,894 1.74 21,985
240’ 1.49 21,434 1.48 21,318 1.48 21,336 1.47 21,226 1.55 22,382
270 1.34 21,629 1.33 21,486 1.33 21,568 1.32 21,451 1.40 22,657
300 1.22 21,871 1.21 21,703 1.21 21,801 1.21 21,709 1.27 22912
330 1.11 22,073 1.10 21,873 1.11 22,002 1.11 21,906 1.17 23,132
360" 1.03 22,221 1.02 22,017 1.03 22,165 1.02 22,018 1.08 23,291
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has a good energy storage capability for specific power over
a wider range of specific energies (Table 3).

The second Ragone plot depicts the relation between
volumetric power density (W/m?) and volumetric energy
density (J/m?). Volumetric power and energy density indi-
cate the power output and energy stored per unit volume.
These indicators are particularly crucial for applications
where space constraint exists, such as in urban infrastructure
and compact energy storage systems. According to Fig. 12
and Table 4, sand accounted for the highest peak volumetric
power density, approximately at 5896 W/m?, with a volu-
metric energy of 2.1 X 107. This performance shows that it
can distribute notable power output regarding the volume,
and it is reminded of higher volumetric power density over
time compared with other materials. Concrete, on the other
hand, recorded the second-highest power density with a peak
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Fig. 12 Ragone plot depicting volumetric energy density and power
density for sand, ceramic, asphalt, glass, and concrete

point of 5378 W/m>. Asphalt and glass illustrated the same
trend of up and downward movements with a peak volumet-
ric power of 4928 W/m? and 4712 W/m?.

In contrast, ceramic slightly increased slightly from 4684
to 5051 W/m?. Then, it recorded a sharp post-peak decline.
Figure 12 Ragone plot for specific energy and power [58,
59, 63].

Conclusion

Thermal energy storage has gained importance in energy
conservation since it is adaptable to various renewable
energy sources. Solar and wind power highly depend on
weather conditions day and night. Therefore, thermal stor-
age systems can store the available energy in appropri-
ate weather conditions and send it to the building sup-
plying system. Generally, three thermal storage materials
are in the physical state, including phase-change, liquid,
and solid materials. In recent decades, granular materi-
als like sand have gained attention due to cycle stabil-
ity and low cost in providing and maintaining; however,
excessive use of natural sand has incurred environmental
issues. Reversely, recycled construction materials such as
concrete can be a reliable substitute for natural sand in
thermal storage and solar concentrator applications. Thus,
construction waste materials can be reproduced instead of
disposed of in landfills. This study evaluated the thermal
storage capability of four recycled materials for low-tem-
perature applications, comprising glass, asphalt, ceramic,
and concrete. The findings demonstrate that recycled
concrete can be a reliable alternative to natural sand in
TES systems due to its higher specific heat capacity and
lower thermal conductivity. Reversely, ceramic illustrated
a fast temperature increase in the thermal charging pro-
cess, specifically in the first 30 min, indicating a greater

Table 4 Volumetric energy

3 . Time Sand Ceramic Asphalt Glass Concrete

(J/m’) and power density

(W/m®) measurements for D, u, D, u, D, u, Dy u, Dy u,

sand, ceramic, asphalt, glass,

and concrete, emphasizing 300 5658 10,184,633 4684 8,432,083 4350 7,830,240 3961 7,129,347 4777 8,599,431

differences in thermal storage 60’ 5897 21,228,620 5051 18,184,597 4929 17,743,237 4713 16,966,354 5379 19,363,215

efficiency 90" 5122 27,658,858 4347 23,471,263 4391 23,708,873 4237 22,882,230 4765 25,729,142
120" 4347 31,298,941 3639 26,201,586 3776 27,188,309 3643 26,226,466 4093 29,466,186
150" 3705 33,344,627 3076 27,686,504 3233 29,096,763 3121 28,085,635 3525 31,728,227
180" 3198 34,533,423 2636 28,465,978 2806 30,305,279 2700 29,162,588 3059 33,040,687
210" 2804 35,325,838 2302 29,000,491 2467 31,088,134 2366 29,813,145 2698 33,993,057
240" 2490 35,849,191 2040 29,371,906 2194 31,591,965 2103 30,287,643 2403 34,606,882
270" 2233 36,175,640 1827 29,603,115 1971 31,936,100 1889 30,609,116 2162 35,032,407
300" 2032 36,579,873 1661 29,901,344 1793 32,280,545 1721 30,976,099 1968 35,426,701
330" 1864 36,916,981 1522 30,136,306 1645 32,577,989 1579 31,257,846 1806 35,767,273
360" 1721 37,164,695 1404 30,334,971 1519 32,819,905 1454 31,416,818 1667 36,012,752
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heat transfer rate, which is suitable to mix with PCMs to
reduce their melting and solidification times. Future stud-
ies should focus on optimizing concrete thermal properties
by using admixtures and treatments that can improve its
efficiency. Recycled concrete can provide durable and low-
cost thermal energy storage that can be utilized for water
heating in unprivileged communities.
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