%15 % % 3 it B& A ¥ 5 # K Vol.15 No.3
2026 3 H Energy Storage Science and Technology Mar. 2026

| RGBS IF R A ET |

o s MR SO0 R ] 4 L 6 R A K B S i R

EEIR T, CRER T, R, Ko
e B k2 e TR S BERIE FE BT v S8 A M P 4 R B s %, Bt 1001905 2 [ st
BERFE TRERAFBE, st 100049)

 E: RETLAATRFT, 24450 EH8K, A Aehk 74 (thermal energy storage, TES)H AR i3 ff45 24
B RAVR G, RARARKEAF G XE TR, 7 ERTRMA RS HRERE . BT,
RAERE LY, ETESA%YTRA 2, LEESRBE AT T ELESE ), KX TFHHE NI £ L
BRIEAF, REZHRIAAA AR, ERBAL A M ANIR BRI R, B, MET T ARG RBRAF 7 X,
AT SHERIBE e E R R AR R, FA R RLIPNIEAR, A, 246 3R A B R BRI
RAFRHRE, QLIEAMAE LS A RMERE TR, BHR. AR FHBE TR ARE G 4R 5
ERYE, AEETERNIRG A EER, RE, RAZNT ZHAREBRIZERI. BEERSFRRFIE.
RGBSR A FEmE s K. RE, B2 T EHRBMAMEAL . BBEMIL. s hlHRaks
FFEERKEET G, A T A BAR BRI Fof8 R R R IRBRGE A AR I IRIE Ao R 3,
KR HRMA; BRI, LHAEER; A EIL

doi: 10.19799/j.cnki.2095-4239.2025.0943

FESES: TK11 XEktrERE: A YEHRES: 2095-4239 (2026) 03-1054-19

Research progress on high-temperature flue gas heating in
solid particle thermal energy storage technology

GAO Mingjuan™?, SONG Guoliang"?, SONG Weijian', LIU Jingzhang'
('State Key Laboratory of Coal Conversion, Institute of Engineering Thermophysics, Chinese Academy of
Sciences, Beijing 100190, China; *School of Engineering Science, University of Chinese Academy of
Sciences, Beijing 100049, China)

Abstract: China possesses abundant industrial waste heat resources. However, the
utilization rates remain relatively low. Thermal energy storage (TES) technologies play a
crucial role in improving waste heat recovery efficiency by decoupling heat sources from
utilization and conversion processes. Solid particle thermal energy storage, known for its high-
temperature adaptability and strong cycle stability, is commonly employed in TES systems
and is particularly effective in high-temperature flue gas heating applications. Based on a
review of recent domestic and international literature, this study focuses on thermal storage
technologies that utilize high-temperature flue gas as the heat source and solid particles as
the storage medium. First, it examines the sources and utilization methods of industrial waste
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heat, analyzes the principles underlying solid particle thermal storage when heated by high-
temperature flue gas, and proposes metrics for system evaluation. Second, it reviews
advancements in solid particle thermal storage systems while discussing material selection
and performance characterization. It also considers design approaches for storage devices,
such as packed, moving, and fluidized beds, highlighting their respective advantages,
disadvantages, and suitable applications. Relevant domestic and international practices are
summarized. Third, the review addresses practical implementation challenges, including
improving heat transfer efficiency, minimizing particle wear and ash accumulation, and
optimizing system control. Finally, this study outlines potential future research directions, such
as the development of novel heat storage materials, optimization of heat transfer structures,
and integration of intelligent control technologies. The study thus aims to provide a theoretical
foundation as well as technical support for advancing industrial waste heat utilization
technologies and facilitating the low-carbon transformation of energy systems.
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Fig. 4 Relationship between alumina-Cofalit®
process efficiency and non-dimensional outlet
temperature: (a) Charging process; (b) Discharging
process

R, AR E R TR ARICR . R SCIR[50]45 &
SIS 5 AR A T AL T & MR, (HARIR
PRURLA SIS T A0 B AR AR ROz, HL STz 00 AT
REAR e o TV SERRE M. H AlTx 2 kAR Bk

FEFAL IRt 512 W8 18] AR Bt se b, Je s
e U 2k A T I R A BCRE I o BE R B R
Zheng S5 R F RS A BN B)) 77 22 B0 1 RR hr - BBz
MR, il — AEE AU T T IR SRR
RLIK) R B IR R B - TE AL L] BTSRRI
G R AR E 45/ 1355
KA, S5EAAREREE VI, BRI
ANFLRFARTHENREL, FFEESL 1AL TR BN K
155 VR E | WA e = T 7 A5 iR e o
SCHE, ABRIRYEAE TR 4R, AT RBAGAY 5K
bR =B ) 5 4L B B R
Nu = 0.03875(Re)°*" (Pr)*+*" (6)
Tian S5 FERS B PRI BN RURLAE 5 T8 A7 7E 15 i [X
MR BRI P S EBUERGEX 1, Grsot 2SR
EAE, md T ELR 5 B BT (computational
fluid dynamics-discrete element method, CFD-
DEM)XUFI A & 7 5, 45 18 B0 UKL I3 30 /0 14
R BEFRM, METASGEE, WHERAE
2 D NE TS XS B IR BR X, e kL
BN EIME . RN 3R 10 mm/s i, JLHE
T R BATIE 173 WI(m*K), FHETAE 45 5
B 157 WI(m*K) 3 T+ 20 10%, N 3K I N 3%
“MBEN-LIAT BRGSO IR I
{(ERTIT e rsy =Rty 11 ke R A AE R Sh<io)) | NG Koy
PEANZE B A i
Le Roux ZEPIAILA 1) Tl vy il 2 S/ & IH 78
PRA# 4 2 48 EcoStock® AR 76 G, R —4EXUTT
TR AGE AR (73 7] 448 3R A TR AR SEDR AR 1) A 38 ) A5
PIPERE, b 7 B ER R S 4 A v A )
IEE M AH S5 G AT 2 Bt G TES ¥it s
FAAERIR, WFEERK . tFE AR, HE RS

%3 [ElERLiEAM RIS RERTEE
Table 3 Performance comparison of solid particle thermal storage materials
R Lt MR ARBRE R 52
IEe] S * ot ok E TR
I(kg/m®)  [kJ/(kg-K)] /IWI(mM-K)] /[KII(m>K)]  #EEeC /(ZET0/mE)
ZA 2768 0.85 2.1 2352.8 700 126 RAEMR. PRI FRUE . SR
TEHH(SIO,) 1454 1.2 0.48 1744.8 1200 30~40  JRIEE. AL, PR
i 3430 0.877 1.46 3008 =700 FURA ARG FEEFRIF . $FREAC, RN
AfbsR 3984 0.76 33.4 3027.84 1100~1200 1596.8 M SHRE . midfaE. WA
WALE(SIC) 3220 1.15 83 3703 1400 W G RARRRIAS . RA
AT
. ﬁ; iiﬁj@%% 3120  0.9~0.964 1.49~1.552800~3000 1200 12 FRARAR . BHASHMERAT KR E AR T
orall
=T YA B s 2350~ N FRABAR . AT F8E. miRm 2 e ). AT
1.1 22  2585~2640 1200 B N
(Flora) 2400 I




Ae B

1062 fig

ave
F

5 # A 2026 F5 15 %

I sk

MM SR, SR TReAMER . A T8 G
(artificial intelligence, Al A (A1#L4E M 245 . IR
W FERRER) R IR S )RR A TR ER AT .
Fang &5t X Biki-SCO, % sh R ¥ 2%, AU St
THAEN DR E K SCO, Ji & &30~ 1 zh 251
NEPE, FE A 75T BP(back propagation) i
W28 PR SIS R AR, HEZ 1A 5T MRS AS S
[r) B BE O 5 3= B ) 0 = R BOR & B AL
BT SAE T8 UK BP 122 X 285 B FH T~ % B R 48t #4
AR, HHRERT BURCRL AR 3 A1 B 1B 25
R A PR ) 2], LA 1 IR AR S6of l  L 0 (an
B ) MIE A M. Mehraj &R 2R 18 HH R GIR T
T AHRTEIRGEA i R veit S IR A, 45
RN AN R Gt Tk R IR, I—RTHER RS
RORSRENE, NEZRTH TR 5 b2
BEdr g AE, R T Al HRIESE T TES KA UE .
R RN AT R B2 0 7 T BV JT, R R 75 i TR A
W TR SRR AR PR, HESh ALZE Tk
RIGEIFATAE AN Tl B A BB 7 1
3.2.2 S AUGEIAEE BRI

Yin SEEERSF TTM A I S R E AS AR B R
R, Wik T —FCR A0 R R ER (3~ mm)fE N
BRI S R R B, 458 cie 51t Rmik
712 (computational fluid dynamics, CFD)#i4il, #fF
T AN DR A HK R X R G RE 52
Mo &5 N HEHY R m K, #1601 BAE 32
mim AN S FEHE S 8 FE A Rl (e FAE S RS 1
SRPLBN . PETHERLER), BN AEARIK.
TRECF IR 2, DUBURL IR S i R ERAE 4
WrEpe, S5REY], HEAANDIREZ N 800C, #
KK E 4.5 mYhiy, RFAENCR B AR ) E
TELE 72% fihi, Ja Ak #/ & 40N 60~65 W/(m?*K),
LR A F K BRI R B R SR TR A B R
EIRARE BT — B3R T RORR SME AR B S
AEKAE . ARSI R 1B AL E X
A 7R R E AR I =i 7 R SRR T B AR B
PE, TR RS B R T ikEE . HR
PRI WAL R 47 AR K B 4 ) |, H. CFD
(RPN 3 T1F A RN TR IS SRS 55 G /S
B 7 75 Bt — Rk

Schwarzmayr S5 582k Tk 5k AR JE AR
PR R, SR T B PR R A PR R AR A

RV PN

5 AZBEHIIREE
Schematic diagram of heat exchange tubes
arrangement

Fig. 5

WA, WENERN R IH AR ARG, E
DI R, TR, MIE TS PR T @A
SR AR S 98% HIK A B B IR N, B
Pad A, MWIEAIRIEAE AN E T A
A, BREEGIR ARG R (HSLE K,
K6 fx, oA sl E RN 0.4 kg/(m*-s)isf, il
EM AT EEER I, UETE R S A X T
WG9 R e JI B 05 25, RIVAFG He P 19 K SE P HL
SRELE M, Xk k2w g 3 MR .
Schwarzmayr 554 Hy M IE 78 AR T 8 78 FOFH THE S 5%
HORRIT R R RN B, WAL RRY, BEIRIXF
Ao FEORKE RN, B RFERASE KT
85%- A KT 80% M R IF G A VERE, [FIE B
T 8 SIS BRI R TR I 4E97 75 5K . Georgousis
PV TR A R IR R, PR T ML S A
(standalone heat exchanger, HEX). 3 7¢ K i #
7% (packed-bed thermal storage, PBTS)UL /& HEX
5 PBTS A = Fifig ARG, HA I 70 R # #2% DA
R RS BN A TR, BEA S R, ki
TH ) PBTS A LAl 725 4 S AR B A (1) 28%,  FF7E
ANF) 0.32 4F PN RIS T A . 4167 58 R AR RIS 34
HiR%Z, HAFEEE T B A PBTS, R H
— AR RGAENRE T St W IE R

R R KA B [ T B A ()
WL At BEREHR A P AR 1 100~500°C 4H <)
W R, TR S R AL e e P s (TR BE XL i 2
EMA)FEMBERKR. HEBEHR. HEESEN
FERCSOL P T — b R T B 43 HIORT B [ A A
WURL AR TR e B, B — P B il A% 3
PR¥ G, BARGEMWE7 iR, ARG HE
PR AR RORLAE g Baof”, o Lk R £ E



1063

5 L
TR ENERE: 0.4 kg/(m?-s)

4l ° 17 g/(m?-s) S HHE
T — e
N o 11 glmes) KR 5/
o
ﬂpr(v
=

2

JEAT I E)/min

E6 MRREBEEXS-HFRERETTAERFENS I
Fig. 6 Effect of powder mass flux on pressure drop
in gas-powder two-phase flow packed bed
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Fig. 7 Schematic diagram of a flue gas waste heat
recovery unit based on cyclic dispersion and
concentration of solid heat-carrying particles
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Fig. 8 Schematic diagram of a fluidized bed heat
exchanger
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Fig. 11 Moving-bed shell-and-tube heat exchanger
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Fig. 12 Particle-SCO, moving-bed plate-shell heat
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Fig. 14 Particle-SCO, fluidized bed heat exchanger
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Fig. 15 Rotary kiln structure and moving particles:
(a) Schematic diagram of rotary kiln structure;
(b) Particle motion and heat transfer main diagram
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Table 4 Features of flue gas-particle heat exchangers
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Fig. 17 Schematic diagram of horizontal packed-bed
thermal energy storage system
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