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Abstract

Using industrial solid waste to generate energy is a viable approach that is attracting increasing attention as a business opportunity for environ-
mentally friendly and cost-effective energy production. The research examines materials such as fly ash (FA), red mud (RM), steel slag (SS), cal-
cium aluminate cement (CAC), and white cement (WC), focusing on their composition and synthesis, thermal storage properties — including
thermal conductivity, specific heat capacity, and structural permanence under frequent thermal loading — and applicability in packed-bed and
composite thermal energy storage (TES) structures. Thermal conductivities calculated at temperature as high 500 °C were verified by CAC com-
posites that are stable at high temperatures, representing their appropriateness for high temperature applications. Whereas FA and RM were only
moderately thermally conductive, SS demonstrated superior thermal performance. Although the WC looks better and has a smother surface,
its heat resistance is disappeared. The review goes beyond what is usually known in the investigations. Through an energy-focused method, we
determine that the materials can substitute energy rather than being treated as mere by-products. This types it thinkable to create goods that are
good for the environment. This creates new opportunities for environmentally friendly design. For investigators and engineers looking to build
bridges; in this work offers a new and important path.
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1. Introduction

Each year, increasing amounts of industrial solid wastes
(ISWs) are generated as a result of rapid industrial expansion.
Various materials, such as metallic slag, coal fly ash (CFA), fac-
tory gypsum, and steel slag, constitute ISWs. Much of the ISW
remains inadequately managed owing to complex physico-
chemical properties, variable composition, and high treatment
costs. Every year, billions of units of ISW are made around the
world, and that number keeps going up [1]. If not properly
disposed of, these wastes have disastrous effects on the Earth
and human health. ISWs often contain heavy metals, acidic or
alkaline compounds, and toxic organic chemicals. This con-
taminates stance health worries and seriously ill the ecosystem
when they dissolve, seepage, or seep into the ground or water.

Heavy metal effluence that piles up in the earth can constrain
plants from emerging and seep into the food chain, where they
force upset people’s fitness over time [2-3]. Likewise, receiv-
ing free industrial solid wastes (ISW) occupies large areas, de-
grades soil, and reduces ground stability, thereby exacerbating
environmental concerns. For of this, it is now extremely im-
portant to use and accomplish ISW well in the fields of tech-
nology, the economy, and the environment [4].

The use of ISW for TES impacts both the environmental and
manufacturing sectors. Huge amount of materials such as FA,
RM, and SS are produced in a diversity of businesses, includ-
ing metallurgy, refining, and power producing. As already
noted, positioning of them offerings a number of risks. Louts
of these waste materials are appropriate for TES applications
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because they have constructive thermal parameters and stable min-
eral stages. By rerouting ISW into useful energy systems for indus-
tries or domestic purpose, thermally stable storage medium can be
produced. Reusing the ISWs as thermal energy storage (TES) mate-
rials has recently attracted research interest. The TES technologies
are broadly classified into two categories: sensible heat storage and
composite heat storage systems [5-6]. To store energy as sensible
heat, you increase the temperature of a substance. Therefore, this
type of heat-storage device has a limited storage capacity because
of its specific heat capacity and the attainable temperature range,
although it is relatively simple and stable. Composite heat storage
uses latent heat during phase change by absorbing or releasing heat,
and thus offers higher energy density, better temperature control,
and shape retention. This makes it an intriguing area of study for
thermal storage.

Because they absorbed or release important amounts of energy
during stage transitions, such as solid to liquid or liquid to gas,
phase change materials (PCMs) are important for composite heat
storage. PCM comes in several forms, counting fatty acids, paraf-
fins, and salts [6-7]. Yet, PCM has a number of problems that limit
its applicability. For example, they show instability, leakages during
stage changes, and lesser thermal conductivity (k)<0.3 W/(m.k).
The composite is strengthened and made more dimensionally stable
thru Skelton materials (SMs), which also create conductive channels
that aid in heat-transfer. The PCMs thermal conductivity (k) might
be increased by SMs to 2.0W/(m.k). Also, SMs can stop molten
PCMs from leaking via surface contact or their porous architectures.
As result, the storage system continues longer of using ISW such as
SMs for PCMs or composite PCM materials [8-9][10]. They want to
find new ways to store heat and take advantage of the sole parame-
ters and greasepaint of ISWs.

Elfeky et al. [11] made a packed-bed thermal energy storage
(PBTES) gadget and looked into how well it worked. They identified
the internal thermocline head and its effect on the HTF temperature
at the device exit. This causes the actual released thermal energy to
be lower than the ideal thermal energy. Wu et al. [12], did a com-
puter study on cascaded PBTES devices with various PCM melting
temperatures. They found that the internal thermocline created a
cascading device. Li et al. [13] studied PBTES devices that were not
cascaded and three-cascaded. They found that adjusting the PCM
melting temperatures could reduce the thermocline thickness. The
three-stage cascaded PBTES device produces the highest useful heat
output. In their study [14], Wang et al. looked into how the PCM
capsule width affects the performance of the PBTES devices. As the
PCM capsule increased in size from 25 mm to 75 mm, its heat stor-
age capacity decreased by 12%. Li et al. [15] developed a novel dou-
ble-layer cascaded PBTES embedded with PCM capsules with vary-
ing diameters along the flow direction. Their research reported a
12.4% increase in heat storage capacity. Liang et al. [16] look at how
the size of the tank affected the performance of the PBTES device.
The results showed that the device performed best when the ratio of
the tank diameter to the PCM capsule diameter exceeded 8 or the

ratio of the tank height to its diameter exceeded 45. Yu et al. [17] log
into how the speed of the heat transfer fluid affected the operation
of the PBTES device. They found that the charging time decreased
as the heat-transfer fluid velocity increased, whereas the heat storage
capacity remained essentially unchanged. Based on the literature de-
scribed above, thermocline properties have been incorporated into
the PBTES device.. These results indicate that the use of multiple
materials is preferable for energy efficiency; however, the melting
process consumes more energy than it produces. The strength of this
conclusion is largely due to the model used in that study, and further
investigation is required. It was also found that the collector used to
heat water collected more energy when more PCMs were used [18].

Aldoss et al. [19] experimented with PCM capsules of varied physi-
cal and thermal qualities. Spherical capsules containing paraffin 40,
paraffin 50, and paraffin 60 were placed at different positions along
the bed. This study found that increasing the number of steps in a
PCM-based latent heat storage system improved the charging and
discharging rates, the heat transfer rate, and the storage capacity.
On the other hand, adding more than three stages did not substan-
tially improve system performance. Watanabe et al. [20] designed
and studied a heat storage module made up of horizontal cylindri-
cal spheres that were filled with three different kinds of PCMs. The
study shows that when the system is operated with a multi-stage
PCM, the charge and discharge rates are higher than when it is op-
erated as a latent heat storage system with a single PCM.

This is due to a more uniform distribution of temperatures between
the heat transfer fluids to PCM. By authors Kousksou et al. [21] eval-
uated the solar system protects unused heat using the second crite-
rion. They found that placing numerous PCMs in sequence inside
the storage tank reduced damage. Gracia et al. [22] examined and
discussed a number of numerical techniques used to evaluation the
performance of a latent packed bed thermal storage system. Wang
et al. [23] investigated the charging of three separate PCM types
within a circular heat storage capsule. An increased charging rate
was found in an experimental investigation. There is an important
amount of recent study on bed storage, according to researchers.
The temperature fluctuations and phase-change mechanisms in-
side PCM capsules in both single and three-stage system, but, are
poorly understood. Some ISW kinds are more suited for TES appli-
cations than others because to differences in their physicochemical
parameters. These consist of RM, SS and CFA. For example, CFA
is ideally well-matched for TES applications because it includes a
large amount of aluminosilicates, has great thermal permanence at
higher temperatures, and can store an important amount of ther-
mal energy [24-26][27-29]. The steel slide is an appropriate ISW for
heat transmission and energy protection due to its higher thermal
conduction and density. In this intelligence, it is better than many
others. RMs thermal stability at higher temperatures is aided by the
presence of many iron oxides. Additionally, it has the ability to store
thermochemical energy, a feature that is less noticeable in other in-
dustrial wastes. These materials also vary in that they are affordable
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effortlessly reachable, and consistent with the circular economy’s
tenets. They might be a sustainable substitute for traditional TES
materials..

ISW derives TES materials have a great deal of flexibility, which
makes them suitable for a variety of uses. ISWs may be included into
system that service sustainable energy sources, including concen-
trated solar power plants. Energy release and storage may be simpli-
fied by their higher stability and heat capacity [30]. The application
of ISW based materials in electronic heat management systems may
also be investigated. In this regards, they might be better than con-
servative materials due to their light weight and thermal conductivi-
ty. Separately from these applications, ISWs may also be used in cold
chain transport and greenhouse farming [31-34].

TES materials have long been investigated using conventional mate-
rials including ceramics, phase-changes materials, and molten salts.
Industrial solid waste as a TES medium is still a very new concept.
These materials have been systematically investigated and may of-
fer a long-terms solution for large-scale energy storage. Current re-
search approached them as fillers rather than concentrating on their
thermal of chemical properties. In order to assess their thermal be-
havior, counting heat capacity, thermal conductivity and stability, as
well as their practical implementation in systems like packed-bed or
composite TES topologies, a thorough review is required. In order to
determine compositions that truly show promise for long term, high
temperature energy storage, this review examines recent research on

materials such as FA, RM, SS CAC and white cement. Innovative
viewpoints that promote sustainable resource recovery and energy
efficiency are presented in this paper. .

2. Characterization of ISW materials
2.1. Chemical and structural composition

A variety of ISW materials, including CAC (calcium aluminate
cement), cement, CSCG (charred spent coffee grounds, CG (coal
gangue), DK (dealuminated kaolin), FA, ITS (iron tailings slag),
RM, SCT (sulfidic copper tailing), SS, and waste ceramics, have been
utilised by researchers for TES, For the purpose of evaluating their
potential as TES, their physicochemical parameters is important.
The different materials utilised in TES and their chemical conforma-
tions are given in Table 1. Although their chemical configurations
varies based on their production method and geographic location,
the aforementioned solid wastes often consist of alumina, calcium
oxide (Ca0O), magnesium oxide (MgO), and silica . These materials
are particularly well suited for high temperature applications due
to their favourable mineral compositions and high melting points,
which make then, better material for TES and comparisons shown
in Table 2. The primary components of DK are and as shown in
Fig.8, FDK, on their other hand has an amorphous structure and
a slightly lower content than DK. The characterization of various
ISWs is presented in the following sections.

Table 1. Chemicals consist of different ISW materials

Materials Alz(:/3)( h (ysvi(.)%,) (3.002) (S{a.(;,)
FA 26.73 41.55 1.66 10.32
Cement 8.11 24.56 0.39 53.39
CSCG 6.93 10.78 - 15.66
SA 2.81 3.88 - 76.4
Anthracite 41.6 43.1 - 4.56
CG 21.62 45.26 0.72 2.69
Phosphogypsum 0.584 1.928 0.07 46.318
RM 28.7 15.55 5.9 1.87

SS 2.8 15.22 1.77 41.74
SCT 5.63 36.07 2.22 17.74
CAC 55.67 7.26 - 30.85
ITS 7.84 66.19 - 4.77

SS 6.29 17.3 18.81 37-40.4
DK 10.2 70.2 10.1 0.19
WC 4.05 21.60 - 64.04

FeO MgO KO
(wt. %) (wtg. %) (wt. %) Reference
6.92 1.96 0.7 [35]
341 1.96 0.7 [35]
0.96 9.75 25 [36]
6.17 531 [37-38]
338 - - [37]
2.839 0.608 1.65 [39]
0.266 0.382 0.3 [40]
34.7 0.09 0.28 [40-42, 67]
25.25 4.29 0.1 [42]
19.45 6.16 0.88 [43]
1.6 0.58 2.34 (43,47
9.4 6.7 27 [44-45]
25.69 412-7.5 0.12 [44-45]
0.61 0.62 - [46]
0.26 1.3 0.35 [48]
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Table 2. Comparison of pore structure properties

Materials Specific surface Density (20 °C)
area (m’/g) (g/cm’)
FA 209.6 2.1-2.6
Cement 0.389 1.66
CSCG 1.96 1.24
SA 18.88
cG - 2-2.8
Phosphogypsum - 1.336-1.72
RM 9 )
5S - 2.6-2.9
SCT 0.339 B
DK 95 B

Particle size pH Hea;(t]x/r;lue Ref.
10 and 100 pm 7 49-54
15u 11.5 55,61
0.42mm - 26.0 36, 57, 58, 59
0.25-0.4 mm 38,56
- - 4.2-12.6 60, 62
0.075-0.15mm. 4.56-9 63, 64
3.372 nm 6-8 - 65, 66
- 8-10 - 68
63 um - - 43
- - - 69

2.1.1. FA and cement

Fly ash is a major industrial waste generated by thermal power sta-
tions, pharmaceutical industries, refineries, and other industrial
sources. The major constituents of fly ash include Al,O,, SiO,, CaO,
and Fe,O,. Some research has examined the potential of fly ash as
TES, either alone or in combination with other materials such as
cement. For example, Ho et al. [35] have synthesized fly ash cement

composites to be used in net zero energy buildings. Various fly ash—
cement composite samples were prepared, and their microstruc-
tural properties were characterized. Fig. 1 shows the XRD patterns,
chemical composition, particle size distribution, and microstruc-
tures of cement and fly ash. The characterization of FA and cement
is shown in Fig. la-d. The major compounds present in fly ash are
mullite and quartz, while in the cement, they are gypsum and CS.
The particles are uniform and micron-sized, as shown in Fig. 1.

34
(a)

1. Mullite 4. Belite
5. Gypsum
6. Calcite

2. Quartz
3. Alite

Figure 1. Microstructural analysis of fly ash and cement, a) XRD patterns for cement, b) fly ash,
¢) SEM image-Cement, d) SEM image-fly ash
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In yet another research, Zuluaga et al. [36] have derived a modi-
fied version of fly ash that is charred spent coftee grounds(CSCG),a
waste product of coffee processing. Its synthesis involves collecting
coffee waste after consumption, followed by oven-drying the col-
lected waste for an extended period. Further, the dried material is
pyrolyzed at temperatures ranging from 200°C to 500°C for 2 hours.
The principal elemental composition and structural attributes of the
burnt waste coffee grounds are illustrated in Table 1 and Fig. 2, re-
spectively. Fig. 2 shows that the CSCG is amorphous in nature; how-
ever, the presence of mineral compounds is clearly seen [36]. The
appearance of a broad peak suggests the presence of an amorphous
phase, indicating a lack of long-range atomic order. The tested ma-
terial is dominated by an amorphous phase but also contains minor
mineral residues.
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Figure 2. Characterization of CSCG XRD patterns

2.1.2. Semi coke ash

Semi-coke is another potential material that could be used, as TES
has been characterized by Zhao et al. [37] in their research. The
characterization involves proximate analysis, ultimate analysis, and
the determination of heating value according to Chinese standards.
In another study, ash derived from waste semi-coke was used to
fabricate phase-change composites for heating and cooling applica-
tions in buildings. The chemical constituents of semi-coke ash are
presented in Table 1 [38]. The SEM images are present in Figure
3 [37]. SEM images show that pure semi-coke exhibits numerous
pores. Analysis of the CC1 sample confirms that a large number of
PCMs caused cracking. However, the CC2 sample is dense, exhibits
a pronounced structure, and displays numerous micropores in the
SEM image.

Figure 3. Transformation of the surface morphology of maceral
group of semi coke and raw coal a) before combustion and b) after
combustion

2.1.3. Coal gangue

Coal gangue (CG) is the waste generated during the mining and
washing of coal. Figure 4 shows the visibility of coal gangue. Fig-
ure 4 shows coal gangue collected from a coal mine in mid-eastern
China. The coal gangue could be segregated into two categories: fine
aggregate(0.15-4.75 mm)and coarse aggregate(NCA),while rivers
function as natural fine aggregate (NFA)[39].

(a)

Figure 4. Apparent characteristics of coal gangue

2.1.4. Red mude

Alumina refining produces red mud as a byproduct. However, it is
rich in iron oxide, aluminium oxide, and other heavy metals miner-
als [40]. The red mud (RM) samples used in this investigation were
supplied by the Alumina Industry Company in Pungguo, Guangxi
Province and analyzed by inductively coupled plasma optical emis-
sion spectroscopy (ICP-OES).The silicon content was ascertained
via X-ray fluorescence(XRF)due to its inability to be fully dissolved
[41]. The red mud also has been utilized as a catalyst for the ex-
traction of platinum [42].
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2.1.5. Sulfidic copper tailings (SCT)

SCT is a byproduct of the copper-mining process. They are rich in
minerals, such as pyrite, and in other sulfides containing significant
amounts of copper. They could serve as effective TES materials be-
cause of their high thermal conductivity. The chemical characteriza-

tion of SCT was done elsewhere by using X-ray fluorescence spec-
trometry [43]. SCTs determined using a laser particle size analyzer
are shown in Fig. 1(a).Its mineral composition was determined by
the Rietveld method; the results are in Table 1. Figure 5 displays a
picture and morphology of the SCT [43]. Figure 6 presents the par-
ticle size distribution and XRD pattern of SCT.

Figure 5. a) Photograph, b) Morphology of SCT
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Figure 6. a) Size distributions, b) XRD pattern of SCT

2.1.6. ITS and SS

Iron ore tailings (I0Ts), a by-product of iron refining, have recently
been extensively investigated as potential materials for TES. Steel
slag, a byproduct of steel production, is another similar material
attracting considerable attention because it combines high ther-
mal energy density with low cost. It has been found that it retains
thermal stability comparable to CAC and Portland cement. Table
1 delineates the chemical compounds present in iron tailings and
steel slag [44], whereas Figure 7 illustrates their corresponding XRD
patterns. The main minerals detected in iron tailings are sekaninaite

and quartz. The XRD image indicated a crystalline phase in steel
slag, with the presence of this crystalline phase shown in Table 1
[45]. The slag used in this investigation was obtained from waste
generated by an iron manufacturer.
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Figure 7. XRD pattern of SS and ITS

2.1.7. Dealuminated Kaolin (DK)

Dealuminated kaolin (DK) could be a suitable material for TES. It
is prepared by removing aluminium from kaolin. It has high ther-
mal conductivity and high heat capacity. It can be used for various
applications, such as a PCM and a substrate for TES systems. In a
study, a novel material that may have potential as a TES material
was prepared by activating DK to remove the crystalline phase pres-
ent in DK. It can be used as a sensible heat storage material. The
synthesis of this material involves heating DK to 1000°C for 2 hours
in the presence of 20 wt.% NaOH, producing a highly reactive sili-
cate-rich substance. This substance was named FDK. Table 1 pres-
ents the chemical composition of DK and FDK. Fig. 8 shows that
silica and alumina are the main constituents of DK; FDK, however,
has a slightly lower silica content than DK and exhibits an amor-
phous structure. Figs. 8 and 9 show SEM and EDX analyses of DK
and FDK at various magnifications. The SEM and EDX analyses of
FDK indicate that the major elements are silicon, followed by alu-
minium (Figure 10a, b). Figure 9(c, d)shows the major constituents
of FDK are silicon, followed by sodium oxide and aluminium [46].

Slag —DK

(©)

SEROHEMe Kaolinite

5 10 15 20

25 30 35
Angle 20

40 45 50

Figure 8. a) XRD pattern of slag, b) DK and ¢) FDK

Figure 9. a) SEM images of DK b) EDS of DK, ¢) SEM of FDK, d) EDS of FDK
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2.1.8. Calcium aluminate cement

Calcium Aluminate Cement(CAC)has emerged as a promising
binder for high-temperature thermal energy storage systems due to
its superior thermal conductivity and mechanical resilience under
cyclic heating. CAC has potential as a TES because of its high heat
capacity and thermal resistance. The chemical characterization of
CAC was performed using XRD. Pore size analysis was also per-
formed to assess the surface area, which was found to be 420 m?*/
kg. The chemical constituents identified in CAC are listed in Table
1. The XRD pattern could be seen in Fig. 10 [47]. Further studies re-
veal that when quartz filler is added to CAC composites, the thermal
conductivity increases by up to 1.5 times compared with CAC in
composite form, making them suitable for TES applications [100].
Furthermore, the curing conditions have a major impact on CAC’s
properties. Curing at elevated temperatures significantly enhances
thermal conductivity and mechanical strength. This could be signif-
icant point for long-term thermal stability, which is required, as in
solar power systems [101].
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Figure 10. Shows as X-ray patterns
2.1.9. White cement

White cement could serve as a composite matrix into which
nanoparticles or PCM could be incorporated to produce a TES ma-
terial. The chemical compounds present in the white cements are
listed in Table 1. While cement shows very high resistance even at
elevated temperatures [48]. Although white cement offers a smooth
and visually appealing surface, its thermal resistance is significantly
lower than that of CAC. The white cement could be used as TES at a
lower operating temperature range [102]

3. Thermo physical properties

The thermophysical properties of industrial waste materials are cen-
tral to assessing their suitability for thermal energy storage (TES)
applications (Table 3). Thermal characteristics such as thermal con-
ductivity, specific heat capacity, density, and thermal diftusivity de-
termine the performance of heat storage (TES). Literature findings
show that a few materials show affirmative behaviour when it comes
to thermophysical behaviour. Among those fly ash, red mud, and
steel slag are quite promising due to presence of high concentration
of metal oxides such as SiO,, ALO,, Fe,O,, and CaO. These oxides
act as thermal performance enhancers [70-71].

fly ash in particular has quite high thermal conductivity and melting
points(~1200°C),which makes it a promising material for sensible
heat storage [72]. Furthermore, its mechanical strength and thermal
resistance is considerably high due to presence of SiO, and ALO,
making it an ideal candidate for TES applications. Another poten-
tial material could be Red mud, a by-product of the Bayer process,
exhibits medium to high thermal diffusivity, however the the con-
centration of Na,O a pretreatment to enhance its durability under
thermal cycling [73]. Metal slags, such as steel and copper slags,
could also be utilized as potential TES due to their high thermal
conductivity, which arises from dense microstructures and crys-
talline phases [74-75]. The thermal performance could be further
enhanced by incorporating the aforementioned material as powder,
as the matrix phase, and as PCMs. This improves the heat transfer
rate without diminishing structural integrity. Surface modifications
of these particles, such as coating or encapsulation, would improve
their interfacial adhesion with PCMs. Literature findins shows po-
tential of using industrial as TES as well as reinforcing agents in
composites [76-77].

However, the variety of raw wastes, their sources, and their process-
ing histories could affect the thermophysical properties. Therefore,
their detailed characterization is essential and can be performed
using thermogravimetric analysis(TGA),differential scanning calo-
rimetry(DSC),and laser flash analysis. Further standardization and
testing protocols for characterization of waste-derived materials is
required and further establishing them as computation simulation
for system integration could be taken up as future work [76-78].

Table 3. Thermal energy storage types of waste material

. Melting Phase PCM

Material Point (°C)  Compatibility Integration TES Type

Fly Ash >1100 High Moderate Senmble/
Composite

Red Mud ~1000 Moderate High Sensible/
Composite

Steel Slag >1200 High Good Sensible

Coal Gangue ~900 Moderate Moderate Sensible

CSCG

(Charred ~600 Low High Composite

Coffee Waste)
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3.1. Density

Density is a significant parameter that directly influences the volu-
metric energy storage capacity. Greater density results in higher en-
ergy density (TES). Industrial wastes have varied range of densities
which depends of mineralogy, their source, and treatment [79]. For
example, the bulk density of fly ash, which ranges from 1.1 to 1.5
g/cm?, is affected by particle size distribution and carbon content.
The porous structure of fly ash improves the insulation properties of
composite systems; however, it adversely affects thermal conductivi-
ty because of air entrapment [80]. Metals slags and steel slags shows
have higher densities which varies from 2.6 to 3.5 g/cm?® when com-
pared to fly ash, this could be attributed to presence of heavy oxides
like Fe,O, and CaO; making slags ideal candidates for concentrated
solar power (CSP) systems which requires high volumetric energy
storage [81].

The densities of red mud and coal gangue fall within a moderate
range (typically 2.2-2.8 g/cm?®), making them suitable PCM candi-
dates. However, their density could be further improved by mod-
ifying the porosity of these materials for a specific application.
Sintering could be used for densification purposes, which would
improve packing density and reduce thermal resistance at the inter-
faces [82-83]. Moreover, changes in density due to thermal cycling
require careful consideration. A few materials such as slag and coal
gangue exhibits negligible changes in density undergoing through
several heating and cooling cycles, exhibiting excellent dimensional
and structural stability. Material such as lightweight ashes and bio
waste like CSCG (charred spent coftee ground) loss their structural
integrity due to residual organic matter [84]. Understanding densi-
ty variation in waste-derived TES is key to optimizing volumetric
energy-storage efficiency, as shown in Table 4. For practical deploy-
ment, a balance is required between density and weight. Future work
could focus on compaction techniques and reinforcement strategies
for TES systems.

Table 4. Bulk density of waste materials

Bulk Density (g/
cm?®)

Apparent

Porosity (%) Remarks

Material

Lightweight,
good filler for
composites

Fly Ash 2.2-2.6 15-25

High density,
suited for thermal
bricks

Red Mud 2.9-3.3 10-20

Heavy and dense,
high-energy
density

Steel Slag 3.2-3.6 <10

Low density,
highly porous
structure

CSCG 1.2-1.6 40-60

Moderate density,
suitable for hybrid
PCM

Sulfidic Copper

Tailings 2.5-29

20-30

3.2. Specific heat capacity

Specific heat capacity (Cp) is also an important criterion for evalu-
ating a material’s suitability for sensible heat storage applications, as
illustrated in Table 5. Specific heat capacity quantifies the heat stor-
age capacity of a material per unit mass per degree of temperature
change. The specific heat capacity of industrial waste depends on
mineralogy, density, crystal structure [85]. For example, fly ash and
red mud exhibit Cp values ranging from 0.7 to 1.1 J/gK, owing to
the presence of silicates and alumina. These values are in range that
of ceramics showing a good fly ash and red mud could absorb and
release moderate amounts of heat over a broad temperature range
[86]. For metals slags such as steel slag and copper slag, have Cp
values varies from 0.8 to 1.2 J/g.K, which may be due to presence
of heavy metal oxides such as CaO and Fe,O, making these system
efficient for thermal storage for high-temperature storage systems
[87-88]. For Charred biomass waste, such as charred spent coffee
ground(CSCG)the Cp value varies from 0.9 to 1.4 J/g-K, which
highly dependent on the pyrolysis temperature and carbon concen-
tration. Although the heat capacity of CSCG is significantly higher,
thermal degradation poses a risk during repeated thermal loading.
pre-treatment and/or stabilizing agents are recommended to avoid
thermal degradation [89-90]. Composite systems could also be de-
veloped using industrial waste and phase-change materials (PCMs).
One way to fabricate composite systems is to encapsulate PCMs and
use that encapsulation as a filler, while the porous red mud or coal
gangue acts as the matrix material. This could result in effective en-
hancement in both Cp and the thermal behaviour [8]the implemen-
tation of latent heat thermal energy storage (LHTES. The aforemen-
tioned material exhibits promising heat capacity values; however,
its behavior during extended heating and cooling cycles remains to
be evaluated. The repeated heating and cooling cycles may result in
changes in phase structure that directly affect heat capacity. There-
fore, calorimetric analysis along with thermal cycling tests should
be done to assess reliability [85]. The Cp values of industrial waste
ranged from moderate to high, indicating that they are suitable for
medium-temperature energy storage. Their capacity could be en-
hanced by hybridization, a promising direction for future research.
Moreover, different additives could be explored to increase heat ca-
pacity without compromising structural integrity.

Table 5. Specific heat capacity of industrial waste materials

. Specific Heat Temperature Suitability for
Material (J/g-K) Range (°C) TES
Suitable for high-
Fly Ash 0.84-1.10 25-800 temp TES
Coal Gangue 0.90-1.15 30-500 Moderate' SHS
potential
Red Mud 0.85-1.20 25-700 Suitable for SHS/
Composite
Iron Tailings 0.78-0.96 50-800 Stable, low heat
capacity
CSCG 1.20-1.40 25-300 Better with PCMs
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3.3. Thermal conductivity

Thermal conductivity(K)is a critical parameter that affects the rate at
which a material absorbs and releases heat. Thermal conductivities
of various TES materials are given in Table 6. Generally, materials
with higher thermal conductivity lead to rapid heat transfer, a crit-
ical parameter for dynamic thermal energy storage(TES)systems.
TES materials from industrial waste shows wide range of thermal
conductivity which depends on chemical composition, size of the
particle, crystal structure and porosity [91]. For fly ash, thermal con-
ductivity generally varies from 0.2 to 1.0 W/mK; the values depend
on carbon content and particle size. Porosity reduces the thermal
conductivity of fly ash because it traps air; consequently, fly ash has
limited applicability in situations requiring rapid heat transfer un-
less combined with thermally conductive additives, such as graphite
or metal particles. Thermal conductivity of fly ash also influence by
presence of SiO, and AL O, [73, 86, 92]. Metal slags such as steel slag
and copper slag exhibits significantly higher thermal conductivity
values (1.5-3.5 W/m-K), due to their higher density and crystallinity
due to presence of metal oxides such as MgO, Fe O,, moreover high-
er density and compact structure leads to phonon transport thereby
enhancing thermal conductivity. Furthermore, mineral such as FeO,
gehlenite (Ca,ALSiO_), and merwinite (Ca,MgSi, O,) contributes
to high thermal conductivity and mechanical integrity. High k-val-
ue combined with high density makes slags suitable candidate for
use in in packed-bed TES systems, [75, 82]. Red mud, on the other
hand, exhibits significantly lower conductivity (~0.4-1.0 W/m-K),
density, and moisture content. However, thermal conductivity can
be improved through compaction techniques, such as sintering, or
by adding conductive fillers as in composites [93]. Biomass-derived
wastes, such as CSCG, exhibit poor thermal conductivity (0.1-0.5
W/m-K) owing to their highly porous structure and carbon residue.
However, it could serve as an insulating medium for PCMs. The
thermal conductivity of red mud could be enhanced via pyrolytic
graphitization without significantly increasing mass or cost [86, 94].
Furthermore, these ISWs could be used in PCMs as a filler materi-
al, thereby enhancing their thermal conductivity. Studies show im-
provement in k-values when fly ash, red mud, or slag are used as
composite fillers [74]. Overall, improving the thermal conductivity
of waste-derived materials, either by sintering or by incorporation
of additives, is crucial for the charge-discharge rate of TES systems.
This modification, along with hybridization, is essential to both
thermal and economic sustainability.

Table 6. Thermal conductivity of industrial waste materials

Thermal Enhancement
Material Conductivity Potential Use Case
(W/m-K)
Fly Ash 0.5-1.2 Yes (with CuO, Matrix in
ALO,) composites
Red Mud 0.6-1.5 Yes TES bricks/

composites

10
Steel Slag 1.6-2.1 Good natural 1y ¢ SHS media
value
CSCG 0.2-05 Needs Orgamc. PCM
enhancement carrier
Sulfidic Tailings 0.8-1.4 Moderate Hybrid filler/
aggregate

3.4. Thermal stability

Thermal stability is a critical parameter that denotes the materials
ability to withstand repeated thermal loads without losing its struc-
tural integrity. Thermal stability is a significant parameter for TES
systems. Table 7 shows the thermal stability behaviour of different
ISWs. Generally ISWs are by-production of combustion processes,
which makes them inherently suitable for high-temperature appli-
cations [77]. For instance, fly ash, owing to the presence of alumi-
nosilicates, exhibits high thermal stability and can withstand tem-
peratures up to 1200°C without significant decomposition. Similar
behaviour is observed for red mud, which has high concentration of
oxides such as Fe O,, AL O,, TiO,, and Na O, therefore exhibit sta-
ble behaviour up to 1000 °C, however presence of although volatil-
ity at elevated temperature causes chemical changes with extended
usage [2, 72]. Moreover, the presence of hematite (Fe,0O53), gibbsite
(Al (OH)3), and TiO, makes red mud quite suitable around 550 °C.
However, fine particle sizecombined with a porous structure sig-
nificantly reduces thermal conductivity. The thermal conductivity
could be improved with sintering [27-29]. Metal slags, such as steel
slag and iron tailings, exhibit high thermal stability even at elevat-
ed temperatures and under cyclic thermal loading. The crystalline
phases such as C S, C S, and C,A_ maintain their lattice structures
during heating and cooling cycles which in turn prevent thermal
degradation. Previous studies involving thermogravimetric analy-
sis (TGA) and differential scanning calorimetry (DSC) show that
the degradation of metal slags is less than 5% up to 1000°C [95-96].
Other ISWs such as Coal gangue and sulfidic copper tailings are
also quite stable at high temperatures however, presence of sulfur
compounds in tailings results in SO, release under thermal loading.
Pre-treatment, such as acid leaching or calcination are to be carried
out to avoid such emissions [97-98], [99-100].

ISWs, such as CSCG, are unstable; however, they degrade at tem-
peratures above 500 °C due to organic matter content. However,
pyrolysis could improve its stability by reducing the volatile con-
tent, thereby enhancing thermal stability at elevated temperatures.
[91,94]. Previous studies have observed that ISW's are suitable for
long-term thermal cyclic loading and retain 85-90% of their ther-
mal properties. However, repeated cyclic thermal stress causes mi-
crostructural which could affect thermal conductivity and specific
heat capacity [79]. Overall, ISWs are thermally stable; however, ap-
plication-specific testing is recommended. Furthermore, they could
be incorporated into composites as fillers in thermally inert matrices
to improve reliability.
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Table 7. Thermal stability of industrial waste materials Table 8. Stability during thermal cycling
. Degradation TGA Weight Loss No. of Change in -
Material Temperature (°C) (%) Remarks Material Thermal Properties Slt:::ﬂ:g Remarks
Fly Ash >1000 <2% Excellent stability Cycles Tested (%)
Red Mud ~950 3_59 Slight mass loss at <2% ch Reliable
o high temp Fly Ash 500 7o change High aCross
in mass multiple
Steel Slag >1200 <1.5% Stable under cycles
cycling Good PCM
i Minor phase
Limited thermal Red Mud 300 b High encapsulation
~ — 0 .
CSCG 250 8-10% endurance shift (<3%) behavior
. Good high-temp <1.5% Ideal for long-
0, .
Iron Tailings >1000 =% retention Steel Slag 400 degradation Very High term SHS
Needs
1: . 5-8% improvement
3.5. Stablhty behaviour esea 100 degradation Moderate with binders/
coatings
Stability behaviour refers to the mechanical and chemical stability of Suitable with
. o . 5
ISWs during operation; both are crucial for their reliability in TES Sulfidic 250 <4% chemical * Moderate protective
Tailings loss High additives

applications. Stability is presented in Table 8. Generally ISWs are
by-production of combustion processes, which makes them inher-
ently suitable for high-temperature applications which aligns well
with the requirements of TES systems [79]. Fly ash is both ther-
mally and mechanically stable under repeated thermal loading. The
main constituents of fly ash are silica and alumina, which provide
the necessary chemical and mechanical stability. Long-term cyclic
tests (up to 300 cycles) demonstrated that fly ash shows minimal
changes in specific heat and density [86-92]. Steel and copper slags
exhibit excellent mechanical and thermal stability due to their high
crystallinity and density. They are high resistant to erosion, thermal
shock moreover, they shows very low reactivity towards thermal
cyclic loading due to presence of C.S, CaO, Fe,O, leading minimal
chemical degradation [71, 81]. Red mud exhibits reasonably stable
behaviour; however, its high alkalinity and Na,O content may cause
leaching at elevated temperatures. Surface treatment and sintering
could improve its structural and chemical integrity. Furthermore,
red mud could be incorporated into PCM matrices, which would
improve the overall stability of TES [70, 73].

Coal gangue and sulfidic tailings, with chemical treatment such as
acid bleaching, calcination are quite stable; however, mechanically
they are weak and could be improved upon with proper reinforce-
ment as in composites [83, 100]. Biomass-derived ISWs, such as
CSCG, are susceptible to thermal degradation; however, they can
be made thermally stable through high-temperature pyrolysis.
The biochar produced by pyrolysis is stable up to 500-600°C but
is mechanically weak. The mechanical integrity could be improved
by using them in composites [84]. Overall, mechanical, chemical,
and thermal stability depend on parameters such as processing con-
ditions, operating environment, and chemical constituents. Most
ISWs show stability for long-term use in packed beds, composites,
or PCM systems. Reusing ISWs supports circular economy princi-
ples, sustainability, and energy efficiency.

3.6. Comparative analysis of TES materials

Several studies on the thermal behaviour of individual ISWs and
their potential have been conducted; however, direct comparison
of these studies remains an open area of research. This review arti-
cle focuses on not only discusses the thermal behaviour of various
ISWse.g. FA, RM, SS, CAC, and white cement and their potential to
be used as TES but also present a comparative assessment of these
materials. For instance, fly ash, a widely available ISW, exhibits mod-
erate thermal conductivity and heat retention. It could effectively be
used in low- to mid-temperature TES systems. Red mud, a by-prod-
uct of bauxite refining, has a slightly higher density and greater heat
retention than fly ash; however, it requires pretreatment to reduce its
alkalinity before use. Metal slags, such as steel slag, are well-suited
to high-temperature environments owing to their excellent thermal
conductivity and mechanical stability and can be used in packed-
bed TES configurations. Previous studies have primarily focused
on chemical analysis, whereas our study provides insights into the
practical applicability. Certain other ISWs, such as CAC, are effec-
tive binders that, when cured at high temperature, exhibit very high
thermal conductivity (up to 1.5W/mK) and maintain mechanical
integrity beyond 500C. CAC binders are superior to OPC and ce-
ment in thermal performance because CAC binders have higher
thermal conductivity; however, cement offers superior surface qual-
ity and aesthetics. Additionally, cement degrades when exposed to
heat for extended periods, making it unsuitable for cyclic TES appli-
cations. CAC could be blended with granite sand and quartz fillers
to enhance its thermal conductivity [21]. These composites provide
mechanical stability while offering effective heat-transfer capacity.
Previous studies have focused on isolated materials; however, this
review provides a detailed analysis of various performance metrics,
sustainability, and applications. Table 9 presents the thermal char-
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acteristics and TES suitability of ISWs, while Table 10 compares the
cost and thermal characteristics of ISWs and traditional TES mate-
rials.

Table 9. Comparative thermal characteristics and TES suitability of ISWs

Material Thermal Conductivity Stability (°C)
(W/m-K)
Fly Ash ~0.6-0.8 Up to 400
Red Mud ~0.7 Up to 450
Steel Slag ~1.0-1.3 >500
CAC Composites Upto 1.5 >500
White Cement ~0.6 <400
CAC + Quartz/ 1.2-1.5 >500
Granite

TES Suitability

Low-Mid Temp TES

Mid Temp TES

High Temp Packed-Bed

Remarks

Good retention, needs
stabilization

Dense, requires alkalinity
treatment

Strong mechanical properties

High Temp Composite  Excellent conductivity and cycling
TES stability
Limited TES use Aesthetic, low thermal resilience

Optimized Composite
TES

Enhanced conductivity and stress
resistance

Table 10. Comparative thermal characteristics of ISWs and Traditional TES materials

Material Type Material Thermal Conductivity Specific Heat Stability (°C) Approximate Cost Remarks
(W/m-K) Capacity (J/kg-K) (USD/kg)
ISW Materials FA 0.6-0.8 800-1000 Up to 400 ~0.02-0.05 Abundant, low-cost,
[103-105] moderate thermal
performance
RM ~0.7 700-900 Up to 450 ~0.03-0.06 Requires pre-treatment
due to alkalinity
SS 1.0-1.32 600-850 >500 ~0.05-0.10 High strength and
thermal stability
CAC Upto 1.5 800-1100 >500 ~0.10-0.15 Excellent conductivity
and cycling durability
CAC 1.2-1.5 900-1100 >500 ~0.12-0.18 Enhanced conductivity
Composites and mechanical integrity
Traditional TES Molten Salt ~0.5-0.6 ~1500 ~300-600 ~0.60-1.00 Widely used, high heat
[104-105] capacity, corrosive and
expensive
Concrete ~1.0 ~880 ~200-400 ~0.10-0.20 Inexpensive, moderate
performance
PCMs ~0.2-0.4 ~200-250 ~30-150 ~1.00-2.00 High energy density,
limited thermal
conductivity
Ceramics 20-120 ~800-1000 >1000 ~2.00-5.00 Excellent stability, very

high cost

3.7. Environmental risk analysis of ISW materials

Industrial solid waste (ISW) materials show promise as low-cost,
stable thermal energy storage media; however, the environmental
risks they pose should be carefully assessed before large-scale de-
ployment. Several ISW contain heavy metals such as lead, arsenic,
and mercury, while exposure to moist or high-temperature environ-
ments can contribute to leaching into the environment [105-106].
The extent of leaching is influenced by pH, temperature, and the
physical structure of the material. Sintering these materials could
reduce leaching to certain levels; however, a lack of testing proto-
cols inhibits proper assessment. Further studies aimed at ensuring

the safety of ISW-extracted TES materials could include long-term
leaching evaluations across their lifecycle. TCLP and EN 12457
standards could be used for material selection and treatment guide-
lines [106].

4. Conclusion

The present review bridges a gap in material-specific investigations
by systematically discussing the thermophysical, microstructural,
and ecological aspects of ISW materials for TES. This paper pres-
ents a comprehensive and rigorous analysis of the appropriateness of
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ISW for TES applications. The following waste materials are prom-
ising as storage media for sensible heat and PCM: RM, FA, SS, gyp-
sum, MS, WC, CG, SCA, CSCG, IT, and various slags.

These waste materials have significant potential for high-tempera-
ture storage(HTS)applications based on their thermophysical prop-
erties. High melting points, excellent thermal conductivity, and
slight thermal deterioration over several cycles are characteristic of
materials such as SS and FA. Some waste materials, such as RM and
CSCG, have high surface areas and suitable porosities, which im-
prove PCM encapsulation and heat absorption.

Based on density evaluations, ISM exhibit medium-to-high bulk
densities (1.2-3.6), making them suitable for applications that re-
quire high energy density. The density can be improved by com-
bining it with lightweight additives or by creating composites with
organic or inorganic PCMs.

Materials such as gypsum and CG have moderate specific heat ca-
pacities, ranging from 0.8 to 1.4, which are adequate for practical
heat storage. When paired with latent heat materials, the thermal
buffering capability is greatly improved, increasing the system’s to-
tal energy retention. IT, SS, and RM exhibit thermal conductivities
ranging from 0.4 to 2.1, a range that is advantageous for TES appli-
cations, particularly those requiring rapid heat exchange.

Studies have also demonstrated improvements resulting from the
use of metallic nanoparticles or carbon-based additives. According
to thermal stability testing, most of these waste materials can with-
stand numerous heat cycles without appreciable chemical or physi-
cal deterioration.

At temperatures above 800 °C, SS and FA, in particular, exhibit out-
standing oxidation resistance and maintain their phase integrity. The
stability under cyclic heating and cooling of several waste materials,
a crucial requirement for long-term energy storage, was validated.
Even after 300-500 thermal cycles, RM, DK/FDK slag, and SCT
exhibited minimal weight loss, modest shifts in phase transitions,
and stable microstructural properties, indicating their suitability for
practical applications.

In conclusion, industrial solid-waste materials not only address en-
vironmental concerns by reducing the landfill burden but also serve
as cost-effective, thermally stable, and sustainable components in
thermal energy storage systems. However, to fully realize their bene-
fits, further research into hybrid system design, PCM encapsulation
techniques, material compatibility, and thermal fatigue resistance is
essential. This work lays the groundwork for future industrial appli-
cations in which circular economy principles and energy efficiency
converge to create a more sustainable energy landscape.

Future work direction

One potential future direction is conducting focused research on
thermal stability under cyclic thermal stress; another is investigating
heat recovery. Research could be conducted on protocols for charac-
terizing thermal conductivity, latent heat, and other related proper-
ties. environmental safety assessment could be done to understand
decomposition and life cycle assessment. Moreover, hybrid systems
could combine traditional TES with ISW TES material. This hybrid
configuration could be explored for its experimental and economic
feasibility.

Abbreviations
CAC Calcium aluminate cement
CSCG Charred spent coffee grounds
CFA Coal fly ash
CG Coal gangue
DK Dealuminated kaolin
DSC Differential scanning calorimetric
FA Fly ash
ISW Industrial solid waste
ITS Iron tailing slag
PCM Phase change material
RM Red mud
SA Semi coke ash
SMs Skeleton materials
SS Steel slag
SCT Sulfidic copper tailings
TES Thermal energy storage
TGA Thermo gravimetric analysis

Conflict of interest

The authors declare that they have no potential conflicts of interest
related to this review.

Ethics

There are no ethical issues with this research.

Copyright and permission statement

All external materials used in this manuscript are sourced from

open-access literature and have been appropriately cited wherever
applicable.



Journal of Thermal Engineering, 12 (2026) 0014

14

References

(1]

(2]

(3]

(4]

(5]

(6]

(7]

(8]

(9]

(10]

Xiong Y, He M, Wu Y, Su,Y. LiM. Yin M, Ding Y. A com-
prehensive review on the utilization of industrial solid waste
in thermal energy storage field. Solar Energy Materials and
Solar Cells 2025; 285: 113562. https://doi.org/10.1016/j.sol-
mat.2025.113562

Liang W, Ning X, Wang G, Zhang J, Li R, Chang W, Wang C.
Influence mechanism and kinetic analysis of co-gasification
of biomass char and semi-coke. Renewable Energy 2021; 163:
331-341. https://doi.org/10.1016/j.renene.2020.08.142

Tang L, Yu Z, He Z, Pei S. Evaluation of the workability, me-
chanical strength, leaching toxicity and durability of sulfate
solid waste composite cementitious materials. Sustainable
Chemistry and Pharmacy 2024; 42: 101847. https://doi.
org/10.1016/j.scp.2024. 101847

Teng W, You Z, Liao Y, Chen Z, Qi X, Ma X. Characteristics
of heavy metal migration in the gasification-combustion
process of rural solid waste: Influencing factors and mech-
anisms. Waste Management 2024; 190: 350-359. https://doi.
org/10.1016/j.wasman.2024.09.031

Niu J, Zhang C, Li Y, Wu Y, Sun H. Design and investigation
of cold storage material for large-scale application in super-
critical compressed air energy storage system. Journal of
Energy Storage. 2024; 75: 109680. https://doi.org/10.1016/].
est.2023.109680

Ma ], Zhou Y, Lian J. Charging the battery via an electric ma-
chine fed by dual power source in fuel cell vehicles. Journal of
Energy Storage 2024; 75: 109700. https://doi.org/10.1016/].
est.2023.109700

Na H, Zhang C, Wu Y, Wang G, Lu Y. Effect of Na2CO3
content on thermophysical properties, corrosion behaviors
of KNO3-NaNO2 molten salt. Energy 2024; 311: 133378.
https://doi.org/10.1016/j.energy.2024.133378

Yang ZL, Walvekar R, Wong WP, Sharma RK, Dharaskar §,
Khalid M. Advances in phase change materials, heat transfer
enhancement techniques, and their applications in thermal
energy storage: A comprehensive review. Journal of Energy
Storage. Elsevier Ltd2024; May 15, 87: 111329. https://doi.
org/10.1016/j.est.2024.111329

Li G. Sensible heat thermal storage energy and exergy per-
formance evaluations. Renewable and Sustainable Energy
Reviews. Elsevier Ltd 2016; January 1, 53: 897-923. https://
doi.org/10.1016/j.rser.2015.09.006

Ismail A, Wang J, Abiodun Salami B, Oyedele LO, Otukogbe
GK. Microencapsulated phase change materials for enhanced
thermal energy storage performance in construction materi-
als: A critical review. Construction and Building Materials.
Elsevier Ltd. 2023, October 19; 401: 132877. https://doi.
org/10.1016/j.conbuildmat.2023.132877

(11]

(12]

(13]

(14]

(15]

(16]

(17]

(18]

(19]

(20]

(21]

Elfeky KE, Ahmed N, Wang Q. Numerical comparison be-
tween single PCM and multi-stage PCM based high tem-
perature thermal energy storage for CSP tower plants. Ap-
plied Thermal Engineering. 2018; 139: 609-622. https://doi.
org/10.1016/j.applthermaleng.2018.04.122

WuM, Xu C, He Y. Cyclic behaviors of the molten-salt packed-
bed thermal storage system filled with cascaded phase change
material capsules. Applied Thermal Engineering, 2016; 93:
1061-1073.

Li MJ, Li MJ, Tong ZX, LiD. Optimization of the packed-bed
thermal energy storage with cascaded PCM capsules under
the constraint of outlet threshold temperature. Applied Ther-
mal Engineering 2021; 186: 116473. https://doi.org/10.1016/].
applthermaleng.2020.116473

Wang W, Shuai Y, He X, Hou Y, Qiu J, Huang Y. Influence
of tank-to-particle diameter ratio on thermal storage perfor-
mance of random packed-bed with spherical macro-encap-
sulated phase change materials. Energy 2023; 282: 128779.
https://doi.org/10.1016/j.energy.2023.128779

Li MJ, Jin B, Yan JJ, Ma Z, Li MJ. Numerical and Exper-
imental study on the performance of a new two-layered
high-temperature packed-bed thermal energy storage system
with changed-diameter macro-encapsulation capsule. Ap-
plied. Therma Engineering 2018; 142: 830-845. https://doi.
org/10.1016/j.applthermaleng.2018.07.026

Liang H, Niu J, Annabattula RK, Reddy KS, Abbas A, Luu
MT, Gan Y. Phase change material thermal energy storage
design of packed bed units. Journal of Energy Storage 2022;
51:104576. https://doi.org/10.1016/j.est.2022.104576

Yu C, Qian J, Cao D, Chen D, Wu L, Zhang C. Charging per-
formance of structured packed-bed latent thermal energy
storage unit with phase change material capsules. Journal of
Energy Storage 2023; 71: 108157.https://doi.org/10.1016/j.
est.2023.108157

Yang L, Zhang X, Xu G. Thermal performance of a solar
storage packed bed using spherical capsules filled with PCM
having different melting points. Energy and Buildings 2014;
68: 639-646. https://doi.org/10.1016/j.enbuild.2013.09.045
Aldoss TK, Rahman MM. Comparison between the sin-
gle-PCM and multi-PCM thermal energy storage design. En-
ergy Conversion and Management 2014; 83: 79-87. https://
doi.org/10.1016/j.enconman.2014.03.047

Watanabe T, Kikuchi H, Kanzawa A. Enhancement of
charging and discharging rates in a latent heat storage sys-
tem by use of PCM with different melting temperatures. Heat
Recovery Systems and CHP 1993; 13(1),57-66. https://doi.
0rg/10.1016/0890-4332(93)90025-Q

Kousksou T, Strub E, Castaing Lasvignottes J, Jamil A, Bédécar-
rats JP. Second law analysis of latent thermal storage for solar
system. Solar Energy Materials and Solar Cells 2007; 91(14),
1275-1281. https://doi.org/10.1016/j.solmat.2007.04.029


https://doi.org/10.1016/j.solmat.2025.113562
https://doi.org/10.1016/j.solmat.2025.113562
https://doi.org/10.1016/j.renene.2020.08.142
https://doi.org/10.1016/j.scp.2024.
https://doi.org/10.1016/j.scp.2024.
https://doi.org/10.1016/j.wasman.2024.09.031
https://doi.org/10.1016/j.wasman.2024.09.031
https://doi.org/10.1016/j.est.2023.109680
https://doi.org/10.1016/j.est.2023.109680
https://doi.org/10.1016/j.est.2023.109700
https://doi.org/10.1016/j.est.2023.109700
https://doi.org/10.1016/j.energy.2024.133378
https://doi.org/10.1016/j.est.2024.111329
https://doi.org/10.1016/j.est.2024.111329
https://doi.org/10.1016/j.rser.2015.09.006
https://doi.org/10.1016/j.rser.2015.09.006
https://doi.org/10.1016/j.conbuildmat.2023.132877
https://doi.org/10.1016/j.conbuildmat.2023.132877
https://doi.org/10.1016/j.applthermaleng.2018.04.122
https://doi.org/10.1016/j.applthermaleng.2018.04.122
https://doi.org/10.1016/j.applthermaleng.2020.116473
https://doi.org/10.1016/j.applthermaleng.2020.116473
https://doi.org/10.1016/j.energy.2023.128779
https://doi.org/10.1016/j.applthermaleng.2018.07.026
https://doi.org/10.1016/j.applthermaleng.2018.07.026
https://doi.org/10.1016/j.est.2022.104576
https://doi.org/10.1016/j.est.2023.108157
https://doi.org/10.1016/j.est.2023.108157
https://doi.org/10.1016/j.enbuild.2013.09.045
https://doi.org/10.1016/j.enconman.2014.03.047
https://doi.org/10.1016/j.enconman.2014.03.047
https://doi.org/10.1016/j.solmat.2007.04.029

Madhuri, et al.

15

(22]

(23]

(24]

(25]

(26]

(27]

(28]

(29]

(30]

(31]

Gracia DA, Cabeza LF. Numerical simulation of a PCM
packed bed system: A review. Renewable and Sustainable En-
ergy Reviews. Elsevier Ltd 2017; 69: 1055-1063. https://doi.
org/10.1016/j.rser.2016.09.092

Wang ], Ouyang Y Chen G. Experimental study on charging
processes of a cylindrical heat storage capsule employing
multiple-phase-change materials. Int. J. Energy Res 2001; 25:
439-447. https://doi.org/10.1002/er.695

Barani K, Kalantari M. Recovery of kaolinite from tailings of
Zonouz kaolin-washing plant by flotation-flocculation meth-
od. Journal of Materials Research and Technology 2018; 7(2),
142-148. https://doi.org/10.1016/j.jmrt.2017.05.010

Xu R, Zhang C, Ma L, Wang G, Wu Y, Lu Y. Comparative
investigation on dynamic hot corrosion behavior of 347H
in quaternary molten salt and its nanofluids. Solar Ener-
gy Materials and Solar Cells 2025; 280:113263. https://doi.
org/10.1016/j.s0lmat.2024.113263

Sar1 A, Bicer A, Al-Ahmed A, Al-Sulaiman FA, Zahir MH,
Mohamed SA. Silica fume/capric acid-palmitic acid compos-
ite phase change material doped with CNTs for thermal ener-
gy storage. Solar Energy Materials and Solar Cells. 2018 Jun 1;
179:353-61. https://doi.org/10.1016/j.s0lmat.2017.12.036

Wei C, Yan Y, Zhang Z, Liu X, Wu P, Gu J, Han E Ren Q.
Insight into the synergic effects of circulating fluidized bed
fly ash, red mud and blast furnace slag in preparation of ul-
trahigh-performance concrete: Reaction mechanism and per-
formance optimization. Construction and Building Materials.
2023 Nov 3; 403:133120. https://doi.org/10.1016/j.conbuild-
mat.2023.133120

Ilahi K, Debbarma S, Mathew G, Inyang HI. Carbon capture
and mineralisation using red mud: A systematic review of
its principles and applications. Journal of Cleaner Produc-
tion. 2024 Oct 1; 473:143458. https://doi.org/10.1016/j.jcle-
Pro.2024.143458

Wang J, Liu X, Zhang Z, Liu Y. Synergistic utilization, critical
mechanisms, and environmental suitability of bauxite residue
(red mud) based multi-solid wastes cementitious materials
and special concrete. Journal of Environmental Manage-
ment. 2024 Jun 1; 361:121255. https://doi.org/10.1016/j.jen-
vman.2024.121255

Quang HH, Dinh NT, Truong QM, Nguyen PK, Nguyen VH.
Unlocking the potential of environmentally friendly adsor-
bent derived from industrial wastes: A review. Chemosphere.
2024 Nov 1; 367:143662. https://doi.org/10.1016/j.chemo-
sphere.2024.143662

Nong R, Zhang L, Tang X, Su X, Tang Y. Thermal perfor-
mance study of PCM embedded radiant cooling ceiling
assisted by infrared-transparent silicon wafers. Energy and
Buildings. 2024 Oct 15; 321:114644. https://doi.org/10.1016/].
enbuild.2024.114644

(32]

(33]

(34]

(35]

(36]

(371

(38]

(39]

(40]

(41]

[42]

Huang X, Lin Z. Analysis of coupled-waves structure and
propagation characteristics in hydrogen-assisted kerosene-air
two-phase rotating detonation wave. International Journal
of Hydrogen Energy. 2022 Jan 22; 47(7):4868-84. https://doi.
org/10.1016/j.ijhydene.2021.11.105

Shen S, Tian J, Zhu Y, Zhang X, Hu P. Explore the synergic
and coupling relationships of multiple industrial solid wastes
in the preparation of alkali-activated materials under differ-
ent curing regimes. Materials Today Sustainability. 2022 Nov
1; 19:100169. https://doi.org/10.1016/j.mtsust.2022.100169
Tang J, Wang Q, Choi G. Efficiency assessment of indus-
trial solid waste generation and treatment processes with
carry-over in China. Science of the Total Environment.
2020 Jul 15; 726:138274. https://doi.org/10.1016/j.scito-
tenv.2020.138274

Ho LS, Van-Pham DT, Huynh TP. Strength development
and microstructural characterization of eco-cement paste
with high-volume fly ash. Results in Engineering. 2025 Apr
26:105013.

Zuluaga R, Hoyos CG, Velasquez-Cock ], Vélez-Acosta L,
Palacio Valencia I, Rodriguez Torres JA, Gaian Rojo P. Ex-
ploring Spent Coftee Grounds: Comprehensive Morpholog-
ical Analysis and Chemical Characterization for Potential
Uses. Molecules. 2024; 29(24):5866. https://doi.org/10.3390/
molecules29245866

Zhao F, Zhang L, Liu S, Wang T, Xue P, Wu M, Yun J. Study
on the Combustion Behavior and Kinetic Characteristics
of Semi-Coke from Oil Shale. Applied Sciences. 2025 May
22;15(11):5797.

Yaxuan X, Chenhua Y, Jing R, Yuting W, Qian X, Binjian N,
Chuan L, Yulong D. Waste semicoke ash utilized to fabricate
shape-stable phase change composites for building heating
and cooling. Construction and Building Materials. 2022
Dec 26; 361:129638. https://doi.org/10.1016/j.conbuild-
mat.2022.129638

Zhang W, Dong C, Huang P, Sun Q, Li M, Chai J. Experimen-
tal Study on the Characteristics of Activated Coal Gangue
and Coal Gangue-Based Geopolymer. Energies. 2020;
13(10):2504. https://doi.org/10.3390/en13102504

Cui W, Dong X, Liu ], Mingxing X, Duan W, Li J. Study on
pollutant solidification mechanisms in red mud-based ce-
mentitious materials enhanced by chitosan, ultrafine quartz
powder, and attapulgite. Construction and Building Materi-
als. 2025 May 30; 477:141329. https://doi.org/10.1016/j.con-
buildmat.2025.141329

Mao S, Huang K, Lu Y, Shan X, Dong H, Zhai R, Zhou T.
Selectively recovering scandium from red mud by a com-
bination process of sulfation roasting and water leaching.
Minerals Engineering. 2025 Aug 1; 228:109357. https://doi.
org/10.1016/j.mineng.2025.109357

Li T, Liu B, Fang X, Yuwen C, Hou K, Chen W, Liu X, Guo
S, Zhang L. High-value utilization of steel slag and red mud:
Recovery of platinum from spent aluminum-based catalyst


https://doi.org/10.1016/j.rser.2016.09.092
https://doi.org/10.1016/j.rser.2016.09.092
https://doi.org/10.1002/er.695
https://doi.org/10.1016/j.jmrt.2017.05.010
https://doi.org/10.1016/j.solmat.2024.113263
https://doi.org/10.1016/j.solmat.2024.113263
https://doi.org/10.1016/j.solmat.2017.12.036
https://doi.org/10.1016/j.conbuildmat.2023.133120
https://doi.org/10.1016/j.conbuildmat.2023.133120
https://doi.org/10.1016/j.jclepro.2024.143458
https://doi.org/10.1016/j.jclepro.2024.143458
https://doi.org/10.1016/j.jenvman.2024.121255
https://doi.org/10.1016/j.jenvman.2024.121255
https://doi.org/10.1016/j.chemosphere.2024.143662
https://doi.org/10.1016/j.chemosphere.2024.143662
https://doi.org/10.1016/j.enbuild.2024.114644
https://doi.org/10.1016/j.enbuild.2024.114644
https://doi.org/10.1016/j.ijhydene.2021.11.105
https://doi.org/10.1016/j.ijhydene.2021.11.105
https://doi.org/10.1016/j.mtsust.2022.100169
https://doi.org/10.1016/j.scitotenv.2020.138274
https://doi.org/10.1016/j.scitotenv.2020.138274
https://doi.org/10.3390/molecules29245866
https://doi.org/10.3390/molecules29245866
https://doi.org/10.1016/j.conbuildmat.2022.129638
https://doi.org/10.1016/j.conbuildmat.2022.129638
https://doi.org/10.3390/en13102504
https://doi.org/10.1016/j.conbuildmat.2025.141329
https://doi.org/10.1016/j.conbuildmat.2025.141329
https://doi.org/10.1016/j.mineng.2025.109357
https://doi.org/10.1016/j.mineng.2025.109357

Journal of Thermal Engineering, 12 (2026) 0014

16

(43]

(44]

(45]

[46]

(47]

(48]

(49]

(50]

(51]

(52]

by pyrometallurgy. Journal of Environmental Chemical En-
gineering. 2025 Apr 23:116748. https://doi.org/10.1016/].
jece.2025.116748

Reyes-Romdn A, Samarina T, Castillo-Godoy D, Takalu-
oma E, Campo G, Araya-Letelier G, Silva YE Use of Aban-
doned Copper Tailings as a Precursor to the Synthesis of
Fly-Ash-Based Alkali Activated Materials. Materials. 2025;
18(17):3926. https://doi.org/10.3390/mal8173926.

Liu §J, Hu QQ, Zhao FQ, Chu XM. Utilization of steel slag,
iron tailings and fly ash as aggregates to prepare a poly-
mer-modified waterproof mortar with a core-shell styrene-
acrylic copolymer as the modifier. Construction and Building
Materials. 2014 Dec 15; 72:15-22. https://doi.org/10.1016/].
conbuildmat.2014.09.016

Zhou H, Jiang Y, Wang J, Zhang H, Qian B, Ma B, Hu Y. The
Composition and Performance of Iron Ore Tailings in Steel
Slag-Based Autoclaved Aerated Concrete. Buildings. 2023;
13(12):2942. https://doi.org/10.3390/buildings13122942
Al-kroom H, Rashad AM, Alghamdi H, Abadel AA, Abd
Elrahman M, Abdel-Gawwad HA, Arif MA. Application
of pretreated dealuminated kaolin as a modifier agent for
alkali-activated slag cement. Case Studies in Construction
Materials. 2024 Jul 1; 20:02858. https://doi.org/10.1016/].
cscm.2024.e02858

Abolhasani A, Samali B, Aslani F. Physicochemical, Miner-
alogical, and Mechanical Properties of Calcium Aluminate
Cement Concrete Exposed to Elevated Temperatures. Mate-
rials. 2021; 14(14):3855. https://doi.org/10.3390/mal14143855
Al-Sharhanee BA, Mehmetoglu M, Aygormez Y, Nis A.
A short-term durability comprehensive study of ceramic
waste-doped White Cement composites with hooked-end,
basalt and copper-coated fibers. Sustainable Chemistry and
Pharmacy. 2025 Jun 1; 45:102026. https://doi.org/10.1016/].
scp.2025.102026

Gao R, Zhou Z, Yang J, Zhang J. Innovative assessment of
reactivity in fly ash: The role of particle size distribution char-
acteristics. Open Ceramics. 2024 Dec 1; 20:100680. https://
doi.org/10.1016/j.0ceram.2024.100680

Xu Z, Long H, Liu Q, Yu H, Zhang X, Hui D. Mechanical
properties and durability of geopolymer concrete based on
fly ash and coal gangue under different dosage and particle
size of nano silica. Construction and Building Materials.
2023 Jul 17; 387:131622. https://doi.org/10.1016/j.conbuild-
mat.2023.131622

Agalit H, Zari N, Maaroufi M. Suitability of industrial wastes
for application as high temperature thermal energy storage
(TES) materials in solar tower power plants—A comprehen-
sive review. Solar Energy. 2020 Sep 15; 208:1151-65. https://
doi.org/10.1016/j.solener.2020.08.05

Ahmaruzzaman M. A review on the utilization of fly ash.
Progress in energy and combustion science. 2010 Jun
1;36(3):327-63.https://doi.org/10.1016/j.pecs.2009.11.003

(53]

(54]

(55]

(56]

(571

(58]

(59]

[60]

[61]

[62]

[63]

Bazzar K, Bouatiaoui MR, Alaoui AH. Performance approach-
es the durability of high volume fly ash concrete. International
Journal of Engineering Science and Innovative Technology.
2013;2(2):1-1.

Agalit H, Zari N, Maaroufi M. Suitability of industrial wastes
for application as high temperature thermal energy stor-
age(TES)materials in solar tower power plants—A compre-
hensive review. Solar Energy. 2020 Sep 15; 208:1151-65.
Dhinakaran G, Thilgavathi S, Venkataramana J. Compres-
sive strength and chloride resistance of metakaolin concrete.
KSCE Journal of Civil Engineering. 2012 Nov 1; 16(7):1209-
17. https://doi.org/10.1007/s12205-012-1235-z

He J, Zou C, Yu N, Liang D, Zhao ], Yang Y, Guo H, Yan L.
Investigation of the composition and microstructural prop-
erties of grinding products of industrial-scale pyrolytic
semicoke and anthracite. Powder Technology. 2025 Mar 15;
453:120668. https://doi.org/10.1016/j.powtec.2025.120668
Liang Y, Li H, Li X, Zhang Q, Fei ], Li S, Chen S. Using re-
cycled coffee grounds for the synthesis of ZIF-8@ BC to re-
move Congo red in water. Ecotoxicology and Environmental
Safety. 2022 May 1; 236:113450. https://doi.org/10.1016/].
ecoenv.2022.113450

Yan M, Pang Y, Shao W, Ma C, Zheng W. Utilization of spent
coffee grounds as charring agent to prepare flame retardant
poly(lactic acid)composites with improved toughness. Inter-
national Journal of Biological Macromolecules. 2024 Apr 1;
264:130534. https://doi.org/10.1016/j.ijbiomac.2024.130534
Tongcumpou C, Usapein P, Tuntiwiwattanapun N. Complete
utilization of wet spent coffee grounds waste as a novel feed-
stock for antioxidant, biodiesel, and bio-char production. In-
dustrial Crops and Products. 2019 Oct 5;138:111484.https://
doi.org/10.1016/j.indcrop.2019.111484

Lazorenko G, Kasprzhitskii A, Yatsenko EA, Wensheng
L, Chaudhary S. Towards coal mining waste valorization:
Gangue as resource for the production of geopolymer and
related alkali-activated materials. Green Technologies and
Sustainability. 2025 Apr 4:100205. https://doi.org/10.1016/].
grets.2025.100205

Wang Y, Zhang X, Su L, Geng ]. Study on the influence of
composite modified coal gangue coarse aggregate on the me-
chanical properties of concrete and mesoscopic simulation.
Journal of Building Engineering. 2025 Jul 15; 106:112549.
https://doi.org/10.1016/j.jobe.2025.112549

Ma, Li X, Xi S, Li ], Xie Z, Zheng G, Tang J, Zhang Q, Hu
E, Tao C, Liu Z. Thermal-electrical synergistic treatment of
high-sulfur coal gangue in direct current and chaotic electric
fields. Chemical Engineering Journal. 2025 May 10:163608.
https://doi.org/10.1016/j.cej.2025.163608

Wang CQ, Zeng ZY, Liu YY, He ZY, Zhang JJ. Phosphogyp-
sum-based pervious mortar: Mechanical properties, perme-
ability and clogging mechanisms. Construction and Building
Materials. 2025 Jul 11; 483:141729. https://doi.org/10.1016/j.
conbuildmat.2025.141729


https://doi.org/10.1016/j.jece.2025.116748
https://doi.org/10.1016/j.jece.2025.116748
https://doi.org/10.1016/j.conbuildmat.2014.09.016
https://doi.org/10.1016/j.conbuildmat.2014.09.016
https://doi.org/10.3390/buildings13122942
https://doi.org/10.1016/j.cscm.2024.e02858
https://doi.org/10.1016/j.cscm.2024.e02858
https://doi.org/10.3390/ma14143855
https://doi.org/10.1016/j.oceram.2024.100680
https://doi.org/10.1016/j.oceram.2024.100680
https://doi.org/10.1016/j.conbuildmat.2023.131622
https://doi.org/10.1016/j.conbuildmat.2023.131622
https://doi.org/10.1016/j.solener.2020.08.05
https://doi.org/10.1016/j.solener.2020.08.05
https://doi.org/10.1016/j.pecs.2009.11.003
https://doi.org/10.1007/s12205-012-1235-z
https://doi.org/10.1016/j.powtec.2025.120668
https://doi.org/10.1016/j.ecoenv.2022.113450
https://doi.org/10.1016/j.ecoenv.2022.113450
https://doi.org/10.1016/j.ijbiomac.2024.130534
https://doi.org/10.1016/j.indcrop.2019.111484
https://doi.org/10.1016/j.indcrop.2019.111484
https://doi.org/10.1016/j.grets.2025.100205
https://doi.org/10.1016/j.grets.2025.100205
https://doi.org/10.1016/j.jobe.2025.112549
https://doi.org/10.1016/j.cej.2025.163608
https://doi.org/10.1016/j.conbuildmat.2025.141729
https://doi.org/10.1016/j.conbuildmat.2025.141729

Madhuri, et al.

17

[64]

[65]

[66]

[67]

[68]

[69]

(70]

(71]

(72]

(73]

(74]

Wang Y, Liu P, Kong D, Li Y, Fu X, Ren C, Chen M. Investi-
gation of the properties and microscopic mechanism of red
mud-phosphogypsum-based composite cementitious materi-
als. Journal of Building Engineering. 2025 May 1; 101:111962.
https://doi.org/10.1016/j.jobe.2025.111962

Yan J, Li X, Pan Z, Lin X, Zuo Q, Zhou J, Zhou S, Sui E, Zhang
L, Fischel MH. Red mud causes dynamic changes in the soil
microbial community and cadmium fractions in a slightly
cadmium-contaminated paddy soil. Journal of Hazardous
Materials. 2025 Apr 20:138349. https://doi.org/10.1016/].
jhazmat.2025.138349

Liang W, Zhang Y, Yang L, Liu J. Adsorption performance
of amine-functionalized red mud-based adsorbent for CO2
capture. Journal of Environmental Management. 2025 May 1;
383:125334. https://doi.org/10.1016/j.jenvman.2025.125334
Zhang Y, Chen Y, Liu W, Li ], Wang J, Yan K, Wang F. Ad-
sorption mechanism of high concentration NH3 on modified
red mud surface. Fuel. 2025 Aug 15; 394:135128. https://doi.
org/10.1016/j.fuel.2025.135128

Jiang Y, Ling TC, Shi C, Pan SY. Characteristics of steel slags
and their use in cement and concrete—A review. Resources,
Conservation and Recycling. 2018 Sep 1; 136:187-97. https://
doi.org/10.1016/j.resconrec.2018.04.023

Abo-El-Enein SA, Heikal M, Amin MS, Negm HH. Reactivity
of dealuminated kaolin and burnt kaolin using cement kiln
dust or hydrated lime as activators. Construction and Building
Materials. 2013 Oct 1; 47:1451-60. https://doi.org/10.1016/].
conbuildmat.2013.06.078

Liu Z, Zhang S, Hu D, Zhang Y, Lv H, Liu C, Chen Y, Sun
J. Paraffin/red mud phase change energy storage composite
incorporated gypsum-based and cement-based materials:
Microstructures, thermal and mechanical properties. Journal
of Hazardous Materials. 2019 Feb 15; 364:608-20. https://doi.
org/10.1016/j.jhazmat.2018.10.061.

Eshkaftaki AT, Baniasadi E, Parvanian AM, Amiri A. In-house
green hydrogen production for steelmaking decarbonization
using steel slag as thermal energy storage material: A life cy-
cle assessment. Energy. 2024 Dec 30; 313:133966. https://doi.
org/10.1016/j.energy.2024.133966.

Qiao Z, Li H, Wang J, Wang Q, Xu Z, Zhou Y, Zheng W. Alka-
li-activated fly ash composite NaNO3 thermal energy storage
materials: Low-temperature preparation and high-tem-
perature stability. Journal of Energy Storage. 2025 Jun I;
120:116424. https://doi.org/10.1016/j.est.2025.116424.

Liu X, Liu X, Zhang Z. Application of red mud in carbon cap-
ture, utilization and storage (CCUS) technology. Renewable
and Sustainable Energy Reviews. 2024 Sep 1; 202:114683.
https://doi.org/10.1016/j.rser.2024.114683.

Nuiiez FC, Sanz JL, Zaversky F. Analysis of steel making slag
pebbles as filler material for thermocline tanks in a hybrid
thermal energy storage system. Solar Energy. 2019 Aug 1;
188:1221-31. https://doi.org/10.1016/j.solener.2019.07.036.

[75]

(76]

(771

(78]

(79]

(80]

(81]

(82]

(83]

(84]

(85]

Kuo TR, Lin KH, Chen MW, Yougbaré S, Lin LY, Wu YE
Tailing copper cobalt sulfide particle-decorated tube-like
structure as efficient active material of battery supercapaci-
tor hybrid. Journal of Energy Storage. 2023 Sep 1;67:107564.
https://doi.org/10.1016/j.est.2023.107564.

Cabeza LF, Martinez FR, Borri E, Ushak S, Prieto C. Thermal
energy storage using phase change materials in high-tem-
perature industrial applications: multi-criteria selection of the
adequate material. Materials. 2024 Apr 18;17(8):1878. (2024).
https://doi.org/10.3390/ma17081878.

Ushak S, Gutierrez A, Flores E, Galleguillos H, Grageda
M. Development of thermal energy storage materials from
waste-process salts. Energy Procedia. 2014 Jan 1; 57:627-32.
https://doi.org/10.1016/j.egypro.2014.10.217.

Wang FQ, Xu J, Dong Y, Shi XH, Han H. Numerical study
on the thermal performance of high-temperature latent heat
packed-bed with a rectangular heat storage unit. InJournal
of Physics: Conference Series 2021 Oct 1 (Vol. 2047, No. 1,
p. 012015). IOP Publishing. https://doi.org/10.1088/1742-
6596/2047/1/012015.

Thu K, Nasruddin N, Mitra S, Saha BB. Sorption-based ener-
gy storage systems: a review. Makara Journal of Technology.
2019 Apr 30; 23(1):3. https://doi.org/10.7454/mst.v23i1.3691.
Chen P, Jiang D, Chen Y, Xu Y, Wang B, Jiang C. Prepara-
tion and thermal properties of phase change energy storage
composite material based on modified fly ash. Ceramics
International. 2023 Nov 15; 49(22):35651-64. https://doi.
org/10.1016/j.ceramint.2023.08.245.

Ye P, Liu Z, Jin C, Yu H, Yan G, Sun Y, Li Z. Preparation of
phase-change material by solid waste: Characterization of
PEG/steel slag composites and its applications in energy stor-
age concrete. Journal of Building Engineering. 2025 May 1;
101:111865. https://doi.org/10.1016/j.jobe.2025.111865.

Hu ,LiL, WuY, Wu Y, Wang Y, Liu E, Ye M, Mao W. Red
mud-derived layered metal oxides for large-scale electro-
chemical sodium storage. Journal of Environmental Chem-
ical Engineering. 2025 Apr 1;13(2):115569. https://doi.
org/10.1016/j.jece.2025.115569.

Gao L, Liu Y, Xu K, Bai L, Guo N, Li S. A short review of
the sustainable utilization of coal gangue in environmental
applications. RSC advances. 2024;14(53):39285-96. https://
doi.org/10.1039/d4ra06071g.

Suraj P, Sreekumar S, Arun P, Muraleedharan C. Feasibility
study of coffee husk char-derived carbon dots to enhance
solar photovoltaic-thermal applications. Journal of Analytical
and Applied Pyrolysis. 2024 May 1;179:106509. https://doi.
org/10.1016/j.jaap.2024.106509.

Li S, He L, Lu H, Hao J, Wang D, Shen F, Song C, Liu G, Du
P, Wang Y, Cong D. Ultrahigh-performance solid-solid phase
change material for efficient, high-temperature thermal ener-
gy storage. Acta Materialia. 2023 May 1; 249:118852. https://
doi.org/10.1016/j.actamat.2023.118852.


https://doi.org/10.1016/j.jobe.2025.111962
https://doi.org/10.1016/j.jhazmat.2025.138349
https://doi.org/10.1016/j.jhazmat.2025.138349
https://doi.org/10.1016/j.jenvman.2025.125334
https://doi.org/10.1016/j.resconrec.2018.04.023
https://doi.org/10.1016/j.resconrec.2018.04.023
https://doi.org/10.1016/j.conbuildmat.2013.06.078
https://doi.org/10.1016/j.conbuildmat.2013.06.078

Journal of Thermal Engineering, 12 (2026) 0014

18

(86]

(87]

(88]

(89]

[90]

[91]

[92]

(93]

[94]

[95]

Gu X, Liu P, Peng L, Zhang Z, Bian L, Wang B. Low cost,
eco-friendly, modified fly ash-based shape-stabilized phase
change material with enhanced thermal storage capacity
and heat transfer efficiency for thermal energy storage. Solar
Energy Materials and Solar Cells. 2021 Oct 1;232:111343.
https://doi.org/10.1016/j.s0lmat.2021.111343.

Jiang P, Hu X, Li N, Wang W, Zhang D, Zhan H, Song R,
Yang S. Study on the electrical conductivity, strength prop-
erties and failure modes of concrete incorporating carbon
fibers and iron tailings. Journal of Materials Research and
Technology. 2025 May 1;36:522-38. https://doi.org/10.1016/].
jmrt.2025.03.155.

Beylot A, Villeneuve J. Accounting for the environmental
impacts of sulfidic tailings storage in the Life Cycle Assess-
ment of copper production: A case study. Journal of Cleaner
Production. 2017 Jun 1; 153:139-45. https://doi.org/10.1016/].
jclepro.2017.03.129.

Gillespie AK, Smith AD, Sweeny S, Sweeny M, Piskulich ZA,
Knight E, Prosniewski M, Gillespie SM, Stalla D. Biowaste-de-
rived activated carbon from spent coftee grounds for volumet-
ric hydrogen storage. Cleaner Chemical Engineering. 2025
Dec 1; 11:100155. https://doi.org/10.1016/j.clce.2025.100155.
Akasaka H, Takahata T, Toda I, Ono H, Ohshio S, Himeno
S, Kokubu T, Saitoh H. Hydrogen storage ability of porous
carbon material fabricated from coffee bean wastes. Interna-
tional Journal of Hydrogen Energy. 2011 Jan 1;36(1):580-5.
https://doi.org/10.1016/j.ijhydene.2010.09.102.

Yang H, Wang Y, Liu Z, Liang D, Liu E Zhang W, Di X,
Wang C, Ho SH, Chen WH. Enhanced thermal conductivity
of waste sawdust-based composite phase change materials
with expanded graphite for thermal energy storage. Biore-
sources and Bioprocessing. 2017 Dec 6;4(1):52. https://doi.
org/10.1186/540643-017-0182-4.

Jiang T, Hu J, Wu S, Shen D, Lu P. A shape-stable phase change
material for high-temperature thermal energy storage based
on coal fly ash and Na25O04-K2SO4. Solar Energy. 2024 Sep 15;
280:112868. https://doi.org/10.1016/j.solener.2024.112868.
Anagnostopoulos A, Navarro ME, Stefanidou M, Ding Y,
Gaidajis G. Red mud-molten salt composites for medium-high
temperature thermal energy storage and waste heat recovery
applications. Journal of Hazardous Materials. 2021 Jul 5;
413:125407. https://doi.org/10.1016/j.jhazmat.2021.125407.
Godinez-Adame DM, Diaz-Hernandez JA, Alvarez-Jacinto
LE, Ortiz-Garcia LI, Cahum-Chan EG, Canul-Petul SM, San-
tiago-Martinez CB, Solis-Uc L], Borbolla-Vazquez J. Activat-
ed carbon obtained from coffee and orange wastes. Journal
of Sustainable Development. 2019 Dec 4;12(4). https://doi.
0rg/10.5539/jsd.v12n4p140.

Xiong Y, Zhang A, Yang Y, Ren ], He M, Wu Y, Zhang C,
Ding Y. Effect of carbon capture on carbide slag-steel slag
shape-stable phase change materials for thermal energy stor-
age. Renewable Energy. 2024 Nov 1;235:121251. https://doi.
org/10.1016/j.renene.2024.121251.

[96]

(971

(98]

[99]

[100]

[101]

[102]

[103]

[104]

[105]

Tao M, Cai ], Zhang T, Song ], Jiang F, Ling X. Thermal perfor-
mance and design optimization for high-temperature (= 500
°C) latent heat thermal energy storage device: Using modified
steel slag/chlorides composite phase change materials. Ap-
plied Thermal Engineering. 2025 Jun 4:127091. https://doi.
org/10.1016/j.applthermaleng.2025.127091.

Liu P, Cui X, Xiong T, Tan Z, Zhang Z, Li H, Li Y, Huseien
GE Gu X. A novel candidate shape-stabilized phase change
material for building energy conservation based on lauric
acid/roasted iron tailings-expanded graphite. Construction
and Building Materials. 2024 May 17; 428:136365. https://doi.
org/10.1016/j.conbuildmat.2024.136365.

Lai H, Li N, Wang W, Lin ], Jiang P, Wu E, Jia L. The impact of
iron tailings on the properties and microstructure of mortar
under coupled freeze-thaw and sulfate attack environments.
Construction and Building Materials. 2025 Jun 6; 478:141430.
https://doi.org/10.1016/j.conbuildmat.2025.141430.

Li M, Sun W, Hui W, Liu L. Synergizing photothermal and
pyroelectric effects: Coal gangue assisted simultaneous ZnS/
CuS for degradation of mineral processing wastewater. Jour-
nal of Water Process Engineering. 2024 Dec 1;68:106393.
https://doi.org/10.1016/j.jwpe.2024.106393

Ma], Song H, Cao S, Wang K, Feng G. Dual-activated calcined
coal gangue for high-performance and eco-friendly cementi-
tious materials. Journal of Materials Research and Technolo-
gy. 2025 May 19. https://doi.org/10.1016/j.jmrt.2025.05.155.
Kulu P, Goljandin D, Traksmaa R, Kaljuvee T, Gregor A. Ther-
mal properties of calcium-aluminate based materials. InIOP
Conference Series: Materials Science and Engineering 2021
May 1(Vol. 1140, No. 1, p. 012028).I0P Publishing.

Boquera L, Castro JR, Pisello AL, Fabiani C, D’Alessandro
A, Ubertini F, Cabeza LE. Effect of the curing process on the
thermomechanical properties of calcium aluminate cement
paste under thermal cycling at high temperatures for ther-
mal energy storage applications. Journal of Energy Storage.
2022 Dec 10; 56:106039. https://colab.ws/articles/10.1016/].
est.2022.106039

Alonso MC, Vera-Agullo ], Guerreiro L, Flor-Laguna V,
Sanchez M, Collares-Pereira M. Calcium aluminate-based
cement for concrete to be used as thermal energy storage in
solar thermal electricity plants. Cement and Concrete Re-
search. 2016 Apr 1; 82:74-86.

Gutierrez A, Mir6 L, Gil A, Rodriguez-Aseguinolaza J, Bar-
reneche C, Calvet N, Py X, Fernandez Al, Grageda M, Ushak
S, Cabeza LF. Industrial waste materials and by-products
as thermal energy storage(TES)materials: a review. InAIP
Conference Proceedings 2016 May 31(Vol. 1734, No. 1, p.
050019).AIP Publishing LLC. doi: 10.1016/j.rser.2016.01.041
Erregueragui Z, Tizliouine A, Ouhsaine L, Chafi M, Omari LE.
Selection and performance evaluation of waste and by-prod-
uct materials for thermal storage applications. International
Journal of Low-Carbon Technologies. 2022 Jul 13; 17:888-99.


https://doi.org/10.1016/j.jwpe.2024.106393
https://doi.org/10.1016/j.jmrt.2025.05.155
https://colab.ws/articles/10.1016/j.est.2022.106039
https://colab.ws/articles/10.1016/j.est.2022.106039

Madhuri, et al.

19

[106] S.Wang et al., “Leaching behavior of heavy metals from fly
ash-based materials,” J. Hazard. Mater., vol. 168, pp. 581-588,
2009.



