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Abstract: In response to the escalating energy crisis and the mounting pressure associated with industrial solid
waste disposal, the development of efficient and stable composite phase change heat storage materials is of
paramount significance. This study uses solar salt as the phase change medium, with steel slag and fly ash employed
as porous skeleton materials. A novel composite phase change heat storage material is synthesized via the cold
pressing and hot sintering process. Through systematic optimization of material composition, the optimal mass ratio
is determined as fly ash: steel slag: solar salt equal to 25:25:50. The characterization results demonstrate excellent
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chemical compatibility among the composite components, with no formation of new phases. The composite exhibits
superior thermal energy storage performance, with a phase change latent heat of 57.96 J/g, a heat storage density of
291.968 J/g within the temperature range of 100~400 “C and a thermal conductivity of 0.952 W/(m K). Mechanical
property testing reveals a high compressive strength of 55.0 MPa. Crucially, the material maintains stable phase
change behavior and structural integrity after 3 600 thermal cycles, with a mass loss rate below 0.05%. This research
not only facilitates the high-value-added utilization of industrial solid wastes but also provides novel insights into
the material design for medium and high-temperature thermal energy storage systems.
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Tab.1 Mass fractions of the compositions of the skeleton
materials
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Fig.1 The preparation process of solar salt
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Tab.3 The mass and mass loss rate of sample FS6 before
and after cycling
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FS6-3 1.003 2 1.003 1 0.01

22 A RAEM

G AR Al A RHAE SI2 B B v 75 R 32
Fen T R SCRINA EAERA DRI AR S A AR
FAREZ 8] A S A 2 A BN 2 T b R A E 1 1) 5%
BN E 1B 6 JEa TR ZEPRL A ASRERERIRE i FS6
(K1 X S E AT B X L g 2R

. +AL(AL Si, )0,
AK(AlGe,0,)
vFe,0, +CaFe(Si0,),
+NaNO, +KNO,
‘;:‘ +*
5 R
| e d A U1 A
S R ] it
P . "
Lttt . 0
1 1 1 1 1 1 1 1

L
10 20 30 40 50 60 70 80 90
20/(%)
) B b B3 AR B X 24 O

t 4+NaNO,

*KNO,

v*Fe,0,
AK(A1Ge,0y)
=AlL(Al,Si,,)O0,,

E t Ry ol =
3 ._Li.ﬁi}.\.'um Im . o e T
& R
-..:.Lﬁi.Ld]U_Hm e 105 B4 1
1 1 1 1 | 1 L ; ;
10 20 30 40 50 60 70 380 90

20/()
b) FE ARF SO b4 R XU 28 fir 5 1 % X Lo

6 BRMEL HEEMRIFEGR FS6 B X STEITHEE
Fig.6 X-ray diffraction spectra of skeleton materials, phase
change materials and sample FS6

M Ga)r] LA H, A FH SR ) i A 45 44 3 2
NaNO3 A1 KNOs 418, 111 F ZEA4BE OB K I di A
PABRAONE, MBI EE RIS FeOsr At
FHEE & BB, ATSHME S HES. 78 FS6 FEdh M H I
T Ja R f . B EEATIN SR AL FexOa.

http://rlfd.cbpt.cnki.net

NaNOs Fl KNOs, ik A AR WG ATI I . IX BB LE
ARSEEG R, A RS AR [ R A R
B, AR R, B4 bR I 77 .

P 6b) 7R T BE 4 T AR ET S 1) XRD il
SrATai R GRS EEAT S BTSRRI AT LUK I, 23
3 600 KINHA GG, BAEAHBHHRMEIR
AT SR VG S B RIAR G B B 38 R e A IR R 84k, i
A U AT S e BECA AT I T R IS . &
XRD it &, AKPFHELH NaNOs 45 51 /% N 39.6%,
KNO3 %5 545 4 16.5%, FS6 41 NaNOs 5 KNOs 4%
i R BN 22.5%F1 8.0%, 7G5 FS6
TS AR FS6 % R T 0.1 B 45 mi. iX R,
SR AIFe03 Z AL B ARG KPR Z B4 T RE I
FHHER, XT3 2 (A 20 s SRR B, 42
MORIBRE 7K FE &2 7 1 B 3, a4 1
SEFEL . BANIXPMEF A T 5o g A
AR RIS 5 7 ST 56 AN R A R8O8R, Ak
D] T VAR . R E AE] T 2 ou e R B A
- [E S AR R A AR . IR S S R R
NPT R T HAHAR RS PR AR o X LSRR T B AR
1E R E RGP ARG R . DA RS R
FEAMIE R S AL S AR e M R AT, REfEAE 3600 X
PR R RS E I AR S M R 22 2 i, 1%
BREMDE. BABIHMA TR, X AHKI
FeE M T e RS BEE T A
2.3 fif it BE

AW FCERRE 100~400 C W& 1 ABH & A7
IHTJERE A FS6 B P AHm ELIE cp AU S T,
BARWE 7 B, KBHZE. 76301 FS6 FIIEH 5
FS6 A4 s 50 A 224.4. 220.4. 220.4 °C, {EPIA
R PETE R P, K BH 3 16 s T 2 A AR Ht
Bl B 3SR B3 520 7 OK FH 2R 45 d AT
N, BEEE LB RN, AHARDRL 2 &b 2 i
K, XHEESHIHIEEEMEN K, XFE
Anagnostopoulos ¢ N8R 5T 25 3L . 78 T i 72
H, KFHERAIEAA AT G FE S FS6 BHIL 2 MR
R, 55 1 MERLIEA T 200~215 C, XF BRI
- A AR R, B 2 AN R RS Bl B AR
215~230 C, FRBULAS &A= -BARAE o

K PFHER FEHET FS6 FIEI 5 FS6 138 #4751
4 107.80. 57.96. 51.29 Jig. AHAZIE:HHEAHALHS K
BRI BRI PR, IR A B 2Ep Rl s 3 n
FES 7 PCM BT E 3, S BUHATE P PEAIC.




38 A% w

2026 4

— A1
, — 1ifi A HIF S6
AH,~107.8 I/g 15 5K JFS6
~ 6F T.=22447C '\
Y
2 4L AH,=57.96 /g,
= 7,=220.4 C \
& I\
F 5L il \ AH,=51.29J/g
= Il |/ 1.=2204C
x“ \\‘
0-_ — - J —
1 1 1 1 1 ]
100 150 200 250 300 350 400

i ) Q /o

7 BMRIE A E

Fig.7 The specific heat curves of each material

MRYETHR IS RE AR B, A AR Al FA AT 20 9 IR
RN R R B S A A A IR B A AN vy
TR MR R R 3 43 . PCC At AR B ]
H ()15

T, Th
Q:LcmT+m%+L;Mﬂ @)

X Q M EHIMERGE ST, Jg: Tn ATy 2370 %t
AR TARIREE R By IR, Ks To M Te 23l AH
A R A2 IR, K cpn F o 73 70 N AH AR
AR I LEAE, I K)s AHm AT EHEE (I,
JIg.

% R@)THEAFRIRFH SR FS6 KA 5 FS6 1
filt P 2 LI 8.

201.968

il EEJ gD

—— Al
—— i M HIFS6
i ¥ J5FS6

0 B L L L |
100 150 200 250 300 350 400

RBEIC

& 8 KPFHELANFES FS6 BT R HEREE
Fig.8 The heat storage densities of solar salt and sample FS6
before and after cycling

W 8 Fizw, #5HF W I figs 08 P Tt i P T v 3
RIS, HORBH R H B AR %
PubEge, HAeEHREFEEIA 341.325 J/g. 7E 3 600 kAN
A HIPEIRRT, B 5 FS6 [ #1555 291.968 J/g,
ZAEIN o HAB AR FE TR, 6.86%. & 0HT, ZVERE
FREEE TR R FS6 M HVE R, R~

puni)
[aY

3

http://rifd.cbpt.cnki.net

Wik, SEIGAE R, ENEE XN, FS6 17
JEPL R AT G AR 1
2.4 S MEEE

IR YE TR REIEEE T, TG BeR
WE T MBI LR 1. DM RIERRE 100,
200, 300 ‘CH (# #Z M s, AR EOEIADE
grHr (LFA467) I 145 FS6 A1 3600 K FEIA
J& [R5 FS6 E 100~300 °C 3 ML K3 Bk
K, MR T AR SRR

A=a(T)p(T)c,(T) 3

A DNMEH SIREEL W/(mK); o TR
PG HCREL, mm?ls; o(T) M EHRIEEE, glemd;
Co(T) SR LLIVE, 1/(2K)o

9 IR T 2 LHAE L I S A BRI T 5

1.0 -0.015
0.9+
0.8F
2o +0.010 7
;c‘, 0.6 x
= g
Z 0.5+ £
% 0.4t %
= i H T -40.005 i
% 03[ —e— R HFS6 . E
0.2} —o— A IEFS6 S
—=— I EIFS6
0.1 —o—f5¥F J5FS6
1 | .
100 200 300
i E/°C
9 445 FS6 BRI MERNASE

Fig.9 The thermal diffusivity and thermal conductivity of
sample FS6 before and after cycling

K 9 M, 7 100°C~300 CiEFE X [a]
W, TEHRT G RE S FS6 S R HiR L1
FHE ARG S, 3 b iR R A i R R, IX
Fe UK 2 B AR AR R E 4 AR 1) SRR .
IRHTFE i FS6 A KT 3IAF] 0.952 W/(m K),
PRI JEHRE T FS6 i K#F:3 8 0.954 W/(m K), 3
T T4l B ER AT 2R 0.79 Wi(m K)19), I H. 2 Ff
FES RS B S 5 R B DU AR (A
2285 FOUE S BRI BE A R T 52 A A AR
fEAFRH S IEE 7. 22 3600 IRTEHR G, FE5h FS6
(PG BRI TR B 25 A . XU B
[#] —Y3FH AR B 3G, K PH ki i B A A RSt
T 70 B ZEA RN N B FLIR, TR R 4544
A T ER R .




5 31

TRt 55 BRI B A AR AL A AR RE SRR BT T 39

2.5 J1F M EE

A AR PR 1 2 g v] I R 5 R
fE, %S Hvh e HAE PR TAR N R g St sk
56 R F T REARHAZEHLLL 3.0 mm/min [ 52 i %
JE A B TEARE i, 0 SR ARE B e 22 s 2Lt g e %
AN AR S K PUR R . B 10 S
i FS6 IG5 A 5 IR UAR P e -

TOF e 68.9 MPa
L A A 55.0 MPa
< 501
(-9
= 40|
0
30|
2 20[
10 — 1 ¥ BIFS6
i — i ¥ JFFS6
0 0.2 0.4 0.6 0.8 1.0

{7 #/mm

10 #¥fA FS6 TR AIEHIERE
Fig.10 The compressive strength of sample FS6 before and
after cycling

SEESEHR R B, RAEIIFE S FS6 (15T 5
AR % 5] 55.0 MPa. % 3 600 JIN#A G 5,
FEMEIPUESRE T A 68.9 MPa, X — % fE A MY
TR ETRES, R =T GB/T 50010—201000
H C60 %5 2% VR i b BT LR 1 Bt R 5 P A dEAE

(60 MPa), IX kA ZAM B 1A ERE 2 A ] 5E,
SRS TREE PR ER . XMk gede 3= 2
VA PR T SR L 5 A A8 AR ) S T 45 4 a8 i A
JIEFAF 250k, (R TR =R “ RSN 7
[ BF 22 L 25 140 A6 R0 200 SR AH 8 A R ) 9 R/ 5 ] 5t
T2, R EINAAHER SRR A, Fp LR S
TR AR RL B e R, B AR RLORL 5 A AR A
HIE) G145 G 9 BEIR B VIR, BAR U T 03
P, BB RPUENERE . LA PRE R, AsL
1) 4 IO RE i FS6 R IILH SR 25 At St
APERE
2.6 MR 4R

T WEERE S FS6 MOt 4k, 1 FH 44
B S ABE 4T 1 3 600 B4 HEHART G FS6
(RN BB MO . H FS6 Bl e, 314 miIfE
5000. 8000 12 000 PRI A 2 T WL % Ak A T 1Y) ¥
A B 11 BoR T TEINARIYA G 3R HT JE B i FS6
AR EE H4)

http://rlfd.cbpt.cnki.net

il 11a)—K 11c) s, bedhfa B FS6
(R B ORL AN FLRGOG K BH R AT T B F e . 78
HEA- 3600 JIMPYAEEIA T, K PHERTE Sl B AE
oAk, AR AR BAEE ST, K
ERAEFLIR B AEN . AT, OKFH RS B 288 k)
A RAF, TERREUES . BEEEIR B,
AR AE R E LS . WA 11d)—F 11f) AT LA
Eih, FEA FS6 BN IS A T NEE, B A
B ARAR AR 78 15 58 N 5E 4

o

d) 1 2 Ji FE ShFS6 (8 00

S AT o
B D¢ N\
PR > |
e) ff P4 A FE ARFS6 (12 0001%) ) 1 4 Ji K S FS6 (12 0001%)

11 #& FS6 &R EIEH) SEM Ei%
Fig.11 SEM images of sample FS6 before and after cycling
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before and after cycling

3L ERE

I F R T[] R0 s Ry SR AR A g R
ML, DUKBHER AR A RL, il —Fopr B 2 &
FHAR AR, I R G SLIR A 7T RN £ 4k R AE
o, LR 4R.

1) 8 SLS, B TR BE . KBHER Y
AEFRERCEL N 25:25:50. EMECEL T, AHRSEl
T AEFANE RS AU B R B AR, S Tl S 4
BET ATEE MR T RHE . KRN RS T AR AS R A
R S AR AR A MR E A A
VITERE I REMA o

2) mimed fa, BA MRS 4 iR R
SR E, 7R i) 25 RS G R A R R AR IR
N, FRIERIFEE .

3) EAMEHERMRELIL T, HAMHAEBHN
57.96 J/ig, £ 100~400 °C i J& Vi FB P i 4 3% f ik
291.968J/g, i K#FH N 0.952W/(m K), HEA
BRI EAAE SR I6 R T, T 2 s A PN
wR.

4) PRI HE = PR (55.0 MPa),
SMAER J5, MOBER P R AR BB E R
(68.9 MPa), A EHEAE A MM HFRHL 7]
RE, MY T AR GUAH AR PRI 58 B A 2 iR 1.

5) £t 3600 KAMEIRMIRG, MEMIERFF R
UF o fig A PE R AN G M e M, R E R RRT
0.05%, i3 J A RHMYOW 7 W 285 46 PR+ 56 88, To i 2
REUEALRR A, RIS A s RS 1

[£& £ 3 #k]

[1] WANGJ, SONGY, LIU F, et al. Analysis and application

http://rifd.cbpt.cnki.net

of forecasting models in wind power integration: a review

of multi-step-ahead wind speed forecasting models[J].

Renewable and Sustainable Energy Reviews, 2016, 60:

960-981.

QIAN J, WU J, YAO L, et al. Comprehensive performance

evaluation of wind-solar-CCHP system based on energy

analysis and multi-objective decision method[J]. Energy,

2021, 230: 120779.

R, MR, W MERIEGE MR EIR R S R

H[). fEReRlF#EHER, 2022, 11(5): 1551-1562.

LI Shuankui, LIN Yuan, PAN Feng. Research progress in

thermal energy storage and conversion technology[J].

Energy Storage Science and Technology, 2022, 11(5):

1551-1562.

(4] e, 253, WG, FRIE Tl HE R A
ZEIR[]. FREHIAR, 2011, 29(2): 123-128.

LIAN Hongkui, LI Yan, GU Chunwei. An overview of
domestic technologies for waste heat utilization[J].
Energy Conservation Technology, 2011, 29(2): 123-128.

(5] MM, T, FWE, & ReAE ST sREImL

HOREER BT HB I RA R MR RD].  E L
TRE2AR, 2021, 41(38F) 1): 28-51.
HUANG Yuhan, DING Tao, LI Yuting, et al. Decarbo-
nization technologies and inspirations for the development
of novel power systems in the context of carbon
neutrality[J]. Proceedings of the CSEE, 2021, 41
(Suppl.1): 28-51.

(6] FREM. fEREHAKRMBLHT D] REIRHR S5E S,
2012, 28(3): 147-152.

CHEN Yuhe. A survey on the development of energy
storage technologies[J]. Energy Research and Infor-
mation, 2012, 28(3): 147-152.

(7] R, Didh. “WRE 5N ARS8 1T

PFE K [I]. R 7T, 2022, 55(10): 142.
CAO Yu, FANG Lei. Combined operation strategy of CHP
unit and heat accumulator for eliminate abandoned wind
under “Double Carbon” background[J]. Electric Power,
2022, 55(10): 142.

[8] CONG S, YUAN Y, WANG J, et al. Highly water-
permeable  metal-organic ~ framework  MOF-303
membranes for desalination[J]. Journal of the American
Chemical Society, 2021, 143(48): 20055-20058.

(9] JkaE, SKigaE, F5 050, s Ik B oo b B A it

(VD) fmkBHEREL]. 7= Ry 5 AU, 2019, 39(4): 26-

31

TENG Fei, ZHANG Haiyan, QI Ligiang. Research on the
adsorption performance of microwave combined with
alkali modified fly ash for Cr(VI)[J]. Conservation and
Utilization of Mineral Resources, 2019, 39(4): 26-31.

[10] HE B, ZHU X, CANG Z, et al. Interpretation and
prediction of the CO: sequestration of steel slag by
machine learning[J]. Environmental Science &
Technology, 2023, 57(46): 17940-17949.

L11] #i, REk, A%, 5. By mad-NEE &

ARt AT EHE REROSEMA[I]. i ERL 2 S HOR, 2023,
12(12): 3690-3698.
YANG Yang, XIONG Yaxuan, REN Jing, et al. Effects of
CO2 capture on carbide-steel slag shape-stable phase-
change composites[J]. Energy Storage Science and
Technology, 2023, 12(12): 3690-3698.

[12] ERERE, R, (L, 55 NaeCOof il A1 2 & HI AL fik
MBI STERE]. fEReR A S EOR, 2022, 11(12):
3819-3827.

WANG Huixiang, XIONG Yaxuan, REN Jing, et al.




%5

TAUEAE SF OB BOR-HNVE R A AR AR AR BE SE AR T 41

[13]

[14]

[15]

[16]

Fabrication and performance investigation of Na2COs/
Carbide slag shape-stable phase change composites[J].
Energy Storage Science and Technology, 2022, 11(12):
3819-3827.

XIONG Y X, YAO CH, REN J, et al. Waste semicoke ash
utilized to fabricate shape-stable phase change composites
for building heating and cooling[J]. Construction and
Building Materials, 2022, 361: 129638.

WU J, ZHANG C, XU X, et al. Ceramic-molten salt
composites (CPCMs) for high-temperature thermal energy
storage: improving sinter ability and thermal stability by
using solid wastes as skeletons[J]. Solar Energy Materials
and Solar Cells, 2022, 238: 111651.

WANG T, ZHANG T, XU G, et al. A new low-cost high-
temperature shape-stable phase change material based on
coal fly ash and K2COs[J]. Solar Energy Materials and
Solar Cells, 2020, 206: 110328.

ZHANG Y, FU P, NI W, et al. A review of solid wastes-
based stabilizers for remediating heavy metals co-
contaminated soil: applications and challenges[J]. Science
of The Total Environment, 2024, 920: 170667.

[17]

[18]

[19]

[20]

http://rlfd.cbpt.cnki.net

FRANCISCA F M, MOZEJKO C A. Hydraulic and
mechanical behavior of compacted silts modified by waste
steel slag[J]. Geomechanics for Energy and the
Environment, 2022, 32: 100323.
ANAGNOSTOPOULOS A, NAVARRO M E,
STEFANIDOU M, et al. Red mud-molten salt composites
for medium-high temperature thermal energy storage and
waste heat recovery applications[J]. Journal of Hazardous
Materials, 2021, 413: 125407.

IVERSON B D, BROOME S T, KRUIZENGA A M, et al.
Thermal and mechanical properties of nitrate thermal
storage salts in the solid-phase[J]. Solar Energy, 2012,
86(10): 2897-2911.

TREE L E LG GB 50010—2010[S]. dbxi: H
B 5 Tl it 2010: 1.

Code for design of concrete structures: GB 50010 —
2010[S]. Beijing: China Architecture & Building Press,
2010: 1.

(DUESiMH ')




