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Abstract: Under long-term, dynamic high-temperature heat flow charging and discharging
conditions, the leakage amount of shape-stabilized composite phase change materials
(CPCMs) is much greater than that under stable conditions. Herein, the preparation process
and unit structure of a ceramic-based CPCM were optimized to enhance their thermal cycling
stability under dynamic high-temperature heat flow. Hollow stainless-steel balls were used to
encapsulate the spherical skin-flesh structure of the CPCM, and carbon powder was
introduced between the two components to reduce thermal resistance. A continuous 12-h
experiment at 400°C was designed and conducted to compare the leakage behavior of
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different CPCMs. The optimized ceramic-based CPCM exhibited a mass attenuation rate of
only 0.73%, while its effective heat storage capacity was reduced by just 0.68%. In addition, it
demonstrated an excellent heat transfer rate. These improvements are attributable to the
strong adsorption force of the porous ceramic framework, enhanced heat transfer, and the
uniform heating provided by the spherical stainless-steel shell. Moreover, a series of
experiments was conducted to evaluate the heat transfer performance of the new CPCM in a
packed bed latent thermal energy storage system. The complete charging and discharging
times were 27 min and 14 min, respectively. The overall thermal efficiency reached 71.4%,
and the exergy efficiency was 64.8%, both of which were much higher than those of the
diatomite-based CPCM and directly stainless-steel-encapsulated molten salt. These results
provide important guidance and references for the practical application of shape-stabilized
CPCMs in fields such as waste heat recovery and photothermal utilization.
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Table 1 Physical property parameters of ternary
nitric acid eutectic salts
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Fig. 3 Thermal stability test of spherical CPCM
under dynamic heat flux input
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Fig. 4 Test schematic diagram of the CPCM unit
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on four types of CPCM

400
350 |
300 |
250 |
o
@ 200
= 150 -]
100 W —=— ot s e
[ —o— oz mimikin i e
sl —— ML R
e A R A
0 10 20 30 40
i [a/s

6 MiXZFE+ CPCM # Tt RERANEERTS
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Fig. 9 Schematic diagram of three CPCM samples
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Table 4 Basic parameters of three CPCM samples
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Table 5 The results of the three CPCM heat storage
and release experiments
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Fig. 10 Comparison of the comprehensive thermal
efficiency of three CPCM experiments

Wi, BhAERGVE R T R A A RE .
FUIE I S E00T LL A B 1 DU Rl B — 5 il R G R
RS A G RE R, P ot T R
G2 H G R . PR SRR, FEL
RUF

(1) JBEIEAEEAN 2 O ERT B B4 4 1 P e JE 1R
TR TORIAT kB Re, P ) ad i ok PRI 4
PH. Zdi#E4212 he 400°C 1 s iR AR AE R s
MR, Ak 5 M & HEER T CPCM [ 5 & 32 i Ny
0.73%, KT JFE AR IERTE B Bl 45/ CPCM. A5
) B 2 R L ) CPCM % 1A 8 35 78 4 J Y0 UK 1)
CPCM.

(2) etk it i CPCM H 7o A ¢ T HoAth il 4
B G R BN POE AE AGE e, G AU AR I
0.68%, X VA4 T 2 FL W % B 4258 110 A 71 0 B
71, DALEERIE AR e iR i 138 5 52 AT AR

(3) BT SLIG VPl & A ik A EHE RGN BRI
WAL st B, &R G058 BCRETBCH I I TR 23 00 R
27 min £ 14 min, A& B GETRR L EE N 71.4%,
SR E R 64.8%, [FFEm THE# -5 CPCM Ht s



352 g #e F

¥ 5 R

2026 #5515 %

AN BB R AR £ (1 CPCM T
& £ i

[11 TAO Y B, HE Y L. A review of phase change material and
performance enhancement method for latent heat storage system
[J]. Renewable and Sustainable Energy Reviews, 2018, 93: 245-
259. DOI:10.1016/j.rser.2018.05.028.

[2] ELLABBAN O, ABU-RUB H, BLAABJERG F. Renewable energy
resources: Current status, future prospects and their enabling
technology[J]. Renewable and Sustainable Energy Reviews,
2014, 39: 748-764. DOI:10.1016/j.rser.2014.07.113.

[3] =47, 481As, Bk, 55 . (BRI ke 5 Je B[], e Ry 550

A, 2022, 11(9): 2746-2771. DOI: 10.19799/j. cnki. 2095-
4239.2021.0538.
JIANG Z, ZOU B Y, CONG L, et al. Recent progress and outlook
of thermal energy storage technologies[J]. Energy Storage
Science and Technology, 2022, 11(9): 2746-2771. DOI:10.19799/
j.cnki.2095-4239.2021.0538.

[4] HE X B, QIU J, WANG W, et al. A review on numerical simulation,
optimization design and applications of packed-bed latent
thermal energy storage system with spherical capsules[J].
Journal of Energy Storage, 2022, 51: 104555. DOI: 10.1016/j.
est.2022.104555.

[5] JIANG F, ZHANG L L, SHE X H, et al. Skeleton materials for
shape-stabilization of high temperature salts based phase

change materials: A critical review[J]. Renewable and
Sustainable Energy Reviews, 2020, 119: 109539. DOI:10.1016/j.
rser.2019.109539.

[6] Zsifeh, IR, W . A SRR e 5 R B ). e Rl 2 S

R, 2022, 11(5): 1551-1562. DOI:10.19799/j.cnki.2095-4239.2021.0530.
LI S K, LIN Y, PAN F. Research progress in thermal energy
storage and conversion technology[J]. Energy Storage Science
and Technology, 2022, 11(5): 1551-1562. DOI: 10.19799/j.
cnki.2095-4239.2021.0530.

[71 MILIAN Y E, GUTIERREZ A, GRAGEDA M, et al. A review on
encapsulation techniques for inorganic phase change materials
and the properties[J].
Renewable and Sustainable Energy Reviews, 2017, 73: 983-999.
DOI:10.1016/j.rser.2017.01.159.

[8] LI C, LI Q, GE R H. A review of heat transfer performance
enhancement and applications of inorganic salt based shape-

influence on their thermophysical

stabilized composite phase change materials for medium and
high temperature thermal energy storage[J]. Energy Reports,
2022, 8: 12740-12764. DOI:10.1016/j.egyr.2022.09.073.

[9] JIANG F, GE Z W, LING X, et al. Improved thermophysical
properties of shape-stabilized NaNO, using a modified diatomite-
based porous ceramic for solar thermal energy storage[J].
Renewable Energy, 2021, 179: 327-338. DOI: 10.1016/j. renene.
2021.07.023.

[10]HOU Y C, QIU J, WANG W, et al. Preparation and performance
improvement of chlorides/MgO ceramics shape-stabilized phase

change materials with expanded graphite for thermal energy
storage system[J]. Applied Energy, 2022, 316: 119116. DOI:
10.1016/j.apenergy.2022.119116.

[111WU Y P, WANG T. Preparation and characterization of hydrated
salts/silica composite as shape-stabilized phase change material
via sol-gel process[J]. Thermochimica Acta, 2014, 591: 10-15.
DOI:10.1016/j.tca.2014.07.012.

[121 HE X B, WANG W, SHUAI Y, et al. Cross-scale thermal analysis
and comprehensive evaluation of biomimetic skin-flesh
composite phase change material for waste heat recovery[J].
Energy, 2025, 314: 134176. DOI:10.1016/j.energy.2024.134176.

[13] CHANG Y W, YAO X Y, CHEN Y'Y, et al. Review on ceramic-based
composite phase change materials: Preparation, characterization
and application[J]. Composites Part B: Engineering, 2023, 254:
110584. DOI:10.1016/.compositesb.2023. 110584.

[14]HOU Y C, QIU J, WANG W, et al. Controllable preparation and
thermal properties of SiC spherical high temperature shape-
stable composite phase change materials based on gel-casting
[J]. Journal of Alloys and Compounds, 2023, 960: 170966. DOI:
10.1016/j.jallcom.2023.170966.

[15] HE X B, WANG W, QIU J, et al. Controllable preparation method
and thermal properties of composite phase change materials
based on starch pore formation[J]. Solar Energy Materials and
Solar Cells, 2023, 253: 112255. DOI:10.1016/j.s0lmat.2023.112255.

[16]LI Z Y, TIAN L M, SHANG Z, et al. Preparation and performance
improvement of phase change materials with skin-flesh structure
inspired by loofah[J]. Applied Thermal Engineering, 2023, 231:
120973. DOI:10.1016/j.applthermaleng.2023.120973.

[17]1JIANG F, LING X, ZHANG L L, et al. Modified diatomite-based
porous ceramic to develop shape-stabilized NaNO, salt with
enhanced thermal conductivity for thermal energy storage[J].
Solar Energy Materials and Solar Cells, 2021, 231: 111328. DOI:
10.1016/j.solmat.2021.111328.

[18] PARK J, CHOI S H, KARNG S W. Cascaded latent thermal
energy storage using a charging control method[J]. Energy, 2021,
215: 119166. DOI:10.1016/j.energy.2020.119166.

[19]WANG W, HE X B, SHUAI Y, et al. Experimental study on
thermal performance of a novel medium-high temperature
packed-bed latent heat storage system containing binary nitrate
[J]. Applied Energy, 2022, 309: 118433. DOI: 10.1016/).
apenergy.2021.118433.

[20lHE X B, QIU J, WANG W, et al. Optimization design and
performance investigation on the cascaded packed-bed thermal
energy storage system with spherical capsules[J]. Applied

Engineering, 2023, 225: 120241. DOI: 10.1016/).
applthermaleng.2023.120241.

[21]1LI M J, JIN B, YAN J J, et al. Numerical and Experimental study
on the performance of a new two-layered high-temperature

Thermal

packed-bed thermal energy storage system with changed-

diameter macro-encapsulation capsule[J].
Engineering, 2018, 142: 830-845. DOI:10.1016/j.applthermaleng.

2018.07.026.

Applied Thermal



