LS EFEHR #HE R ERES BRI
R EBEH D THERMAL POWER GENERATION Ve AU RS

DO1:10.19666/j.r1fd.202602041
FH OB harNBGREALHAR

o, WNE? ZHES HH2, M, E!, FAN, BRi
(1. P HHERFRREH A TAAFR, KX 430074;
2. BRAMTHRTIEA RN, B% 710054;
3. AR RERRFTEY R AIRNSE, RA 643001;
4, R KFAFEIREMFFRARETRIAEZ, LT 100871)
K] E] [869)] AR KEhi R ERE SRS E A HAF R, RE MK T EHEAFNGH
BRI L MR, ALEAR T ZBEE R EZEESE, [Fi&] A1 COMSOL
BUHES TR EO S MAEAR G ERAR, T ABET B e A%, £ 300~600 V
WE TR TFHATMEMIRK, REE 2~4 KV & LR LILT 5 A TR L5 A Aol o6 1 8
BT, [HER]) 28k R EREREERERA 1.2-25.5°C, LIHHIEEEDAG R
KAASTiR £ 7 8.0%, IiET COMSOL BEA 6440 M5 aY LR TP, BIEER
e, BEiRENEALERERDWAYE, FREAMBRIAT, RAXZ2GEEN 94°C,
{28 B R EfE (5728 °C) BAATHRE oM ERL; Bk BRSEKDEW15s A
&) 208 % 1% 2] B AR89 0.85~0.96, A AR E AR E 58 EKDALKX, RRHEE
RRT b gk g, [£#8) riRbead e bR L84 RATRSY, 2OEE
DA, R, T AR B R AR E R T,
[X # @] m, v, Rk, BEIH; BERE

[SIAAEN] (KREEHE ) Fhd b, FURLN] AR, 5, B0H): A2l Ta-2 0 e, AEdd . 355
#A1[J]. Thermal Power Generation, 7, % (#): A245 T #h-2% 1k 1 45,

Research on temperature characteristics of pipeline electrode type molten salt
electric heater
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Abstract: [Objective] In order to address the problems associated with the flexibility retrofitting of thermal power
plants and the consumption of low-valley electricity, a novel electrode molten salt heater based on pipeline flow is
proposed. This study aims to investigate the temperature characteristics of this new type of heater. [Methods] A
multi-physics field simulation model of the electric heater was established by utilizing COMSOL software. An
experimental system for molten salt electric heating was designed and constructed, and relevant experimental tests
were carried out under voltage conditions ranging from 300 V to 600 V. After that, based on the COMSOL
simulation model, simulation studies regarding temperature distribution and temperature response were conducted
under high-voltage conditions ranging from 2 kV to 4 kV. [Results] The experimental results indicate that the electric
heating system, under the specified operating conditions, is capable of raising the temperature of molten salt within
a range of 1.2 °C to 25.5 °C. A comparison between experimental data and simulation outcomes reveals a

W ¥ H Hi: 2026-0226 1& [E H Hi: 2026-03-12 3 F B HA: 20260317 PUEELZHEH: XXXX-XX-XX

E & I B: EREAPRRITE (2024YFB2408400) : #IILE AR ER S ——=UkOIH RG34 (2024AFD352)

Supported by: National Key Research and Development Program of China (2024YFB2408400); Hubei Provincial Natural Science Foundation:
Three Gorges Innovation and Development Joint Fund (2024AFD352)

F—EZRN: Wi 000 , B, BULRIRA, BEFFRTFEMER, 1547066348@qq.com.

BIEEEE N 2 1982) , %, WL, BIEdE, REFAT WA RS, TR ARG, xbli35@hustedu.cn; ¥ (1986) , %,
W, @R TARIM, FZEHFFT I vIVERE, hanwei@tpri.com.cn.



2 #A% PO
maximum relative error of 8.0%, thereby confirming the accuracy and reliability of the COMSOL Multiphysics
model established in this study. An analysis of the temperature field within the heating sections located at both ends
of the electrode shows that, along the direction of molten salt flow, the radial temperature difference consistently
follows a distinct pattern: it initially increases and then progressively decreases. Under extreme operating
conditions, the maximum radial temperature difference observed is 9.4 °C. Notably, the peak temperature of the
molten salt, reaching 572.8 °C, occurs near the wall at the pipeline outlet, indicating a relatively uniform
temperature distribution across the radial cross-section. Furthermore, the transient response characteristics of the
electric heater were evaluated. The results demonstrate that following a disturbance, the system can elevate the
molten salt temperature to between 0.85 and 0.96 of the target temperature rise within a short period of just 15
seconds. This underscores the heater’s fast temperature response capability. An investigation into the factors
influencing this response speed revealed that it is independent of the applied voltage magnitude. However,
increasing the flow velocity of the molten salt significantly accelerates the transient temperature response, offering
a practical pathway for performance optimization. [Conclusion] Experimental and simulation results demonstrate
that the proposed molten salt electric heater offers significant advantages, including temperature rise regulation
capability, a uniform radial temperature distribution, and a fast response speed. These features collectively provide

a theoretical basis and technical support for improving the performance of energy storage systems.
Key words: molten salt; electric heating; thermal energy storage; temperature distribution; transient response
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Tab.1 Comparison of three molten salt heating methods
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Fig.1 Principle of pipeline electrode type molten salt electric heating
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difference along the flow direction




HFEHIX

XX & XX

9

3.1. ENFASIAYIRE IR R
Fok 245 i 7 3 2 56 T ERL I A R — AN SR E B
M REFR bR, 24 T O0ASART, o S 38R R Eh 4
A5 AR R A L SR DR R R SR R E
(251, SR NT- 7 B R PRI B SO E L, R
WL G RE RAIEE J1 o AT I FAZE 1)
Mok 5 Ul B ) 7 AR P R AL 0 AT . I N TE AN
i
PR U ©)
(rz _Tl)
e To NS OEEhiEE, °C; TVl T 43
AR GE R E R H bRiREE, °Co BA Solar Salt Afifi#4
A5, COMSOL BRI A& A BB N : NITRE
9290 °C, ¥IHEHLE 3 kV. WIHAGIE 2 m/s, iH5
BEYIERRZS IR A 348 °C, IR B LR Y
BRIRETH 2 331 3.75. 4.5kV, SEM ERBE(EZE 1.04

1.5, 1.8 m/s i, Y A EhI8 B & R A AN [FIRE L 1) T

i

PR To KB 0 BE AL 1 ih
2N 1&l 10a)F1 10b)Fr7r . B AW RO T 700 2 A
BB ESTRRETHER B, AR E IR R I N
RS PO i R TR R S ARSI IR R
BTty W R B TR, THEE R O 2 B,
VR PR B N RAGIZ R R, € X
PROETHR BT B AIFRR B RN 1, RIS o B 40 5
AL A FFRA 0.05 51 BURI, ATALOG TR 3 A
NBIBUME, SEEATRER B B 11 BoR TR
IR AL AR A 2, TR, 5N FUE SRR
DI, B 1y 3 A RPEEh T ¢ JUTAEAE,
2979 2.5 s; T 11b) 3 FERBIN R 1 & AAH
[, RIFEER, N 8

800 11.0
700 - - 108
b
11 H
11 1
600 :I i " 10mis ——10mis 40.6
EEL o e 15mis — — 15m/s .
&~ T 1.8 m/s 1.8 m/s
500 Pl {04
ii.i...llllllllllllllllll.
[ ]
400} o lo2
:.IQC:.I.....lllllll.....l..
oy 1
i |
300 0.0
5 10 15
tls

b) MEILB)

10 EBESSREMENT H OIR ARG B3 (AR Z:

Fig.10 Curves of outlet temperature over time under voltage or flow rate disturbances

(a) " ."’,‘——‘—-—-—-—; 1o
700 | 410.8
T, 0
= 3300V —_—13300 V
600 o 3750V — —3750v 0.6
4 4500 V 4500 v ®
i'-Q
s00} 104
400' ..‘....l.....'.....-'l.....Jo'z
'.IlillllIIIIIIIII.IIIIIIIIII
|
300 ! ; + 0.0
5 10 15
/s
a) HLEMZ)
0.8
(a) (b)
0.7
—3300V
— =3750V ~
4500 V !
6 8 10 12 14
/s
a) HLEMZE)

0.8
0.7F
06T — 1.0 m/s
0.5 I\ — =1.5m/s
1.8 m/s
10 12 14

t/s
b) HEEN

11 TENBETHIRERpLE

Fig.11 Curves of dimensionless temperature change rate

http://rlfd.cbpt.cnki.net




10 kA%

HFER

T AN [F R Eh 2% AE e B2 e, AT LR
A P 5 TR0 9 K S 00 0 S R 1 T AN () A
BU o RS AR A R, 4 DR R E I
BB N 3.3kV R TF 2 45kV, =% LR
PRk FES, &3 15s J5, 0 9 5ikE
0.948. 0.952 1 0.961, ZF4/N, AL L H T i
A PRSP AR PR S AN K s ARG, JALIE ) 5 )
T RE, EMANEENERFET, bR
KN 1.0. 1.5. 1.8 m/s I}, O HZRBEIAREINE K -
%, 15s B 04355 0.864. 0.909. 0.946, I,
AL T 2 5 T 0 AR PR 2 e SR

ZR BRI, D AR B R T IR e
P, BEREAE 15 s AR ERIR AL IR T H bR A
0.85~0.96 LA_I-, 3& FH T 0 5 47 A SR A s 1Y)
Rt R, AL R shasmm RiGe 77ty 5E
fifiBe RGN e PE (it 7 B BB ¥ Horp
N LIS 2 30 T A 2 i i 7 3o P2 PRI OGS DR 3%, o
PR, AR e N R R . AL R, FINH
S (R X P i FEE i 3 26 R 52 e 52 /) o

4 518

N T e v LB S R R R LR TR RN 4
AN, e 5SS AT, JF
J& T ISR R R R T, B EISE IR LT

D s B & — e iR HR TR $EHnH
AR e s R IR T T AT, B m R
BRI T T AR i #AAR R TP RE

2) EEE NG ER IR A AR A E R A T
MEREETIASE B TR, R R ARk
BORE) . HEARIET S PN R FA B AR I il 22784k
R, PR KGR NS, HIREE
KB DR B D B AL, TREN R &
RS AR IR L 2 1 AV F AR

3) R 1IN BRI R i R %R I
A B RO B E, IE HN T SR 2 R
T T 7 TR ) OB TR B, TR R, R
LR . AHEEZ R, HN HLR B AR AT RS
5L 55 1) O TR () A DN

AR LI T S0 FOBLAUER T T N AR R R
R, (5 H BT TAEIAEAE— € SR PR 1 75 5258 75 T,
HHEITFE 7 300~600 V K FEE 6L I,
S = B LR SRR R I SEER SR s fEAIT T, AR
W T o AR B AT, R R R
FHRREEH, HoRWD R S LA 2O LR 43 A1 1

oM. XS EIRAN A, SR SR FE AT LA O TR
D) FEE S R SR SR 6, T R
T BRI SER T T
2) HNLZE MO, [N 25 R S A A
PRI LR PR RO, AR T FE ) S8 B M

[& % 3 k]

[1] LUND P D, LINDGREN J, MIKKOLA J, et al. Review of
energy system flexibility measures to enable high levels of
variable renewable electricity [J]. Renewable and
Sustainable Energy Reviews, 2015, 45: 785-807.

[2] YANG Y, YUAN X, LI Z, et al. Conceptual design of
eccentric micro annular channel electric heater for a
thermal energy storage system [J]. Journal of Energy
Storage, 2024, 99: 113191.

[31 GORDON J M, FASQUELLE T, NADAL E, et al.
Providing large-scale electricity demand  with
photovoltaics and molten-salt storage [J]. Renewable and
Sustainable Energy Reviews, 2021, 135: 110261.

[4] OKAZAKI T. Electric thermal energy storage and
advantage of rotating heater having synchronous inertia
[J]. Renewable Energy, 2020, 151: 563-74.

[5] WEISHAUPT D, MULLER K. Reliability of thermal
energy storage technologies [J]. Chemie Ingenieur
Technik, 2021, 93(4): 580-4.

[6] LIP, YANG P, ZHANG S, et al. A comprehensive energy,
exergy, economic and environmental analysis and
optimization of an advanced adiabatic compressed air
energy storage system integrated with an electric heater
[J]. Journal of Energy Storage, 2025, 140: 119057.

[7] XU C,PANG J, WUY, et al. Thermodynamic analysis of
the chemical looping electricity storage system
incorporating an electric heater [J]. Journal of Energy
Storage, 2023, 59: 106328.

(8] skEJe, ECF, WREE, & BHAUE ISR S
BRSNS [J]. IR, 2023, 52(9): 155-
161.

ZHANG G, JU W, CHANG D, et al. Dynamic modeling
and parametric analysis of resistance molten salt heater[J].
Thermal power generation, 2023, 52(9): 155-161.

[91] ZHANG Y, ZHANG C, WU Y, et al. Experimental and
simulation study of high-voltage molten salt electric
heating tubes for large-scale electric-to-thermal energy
conversion [J]. Applied Thermal Engineering, 2025, 264:
125404.

[10] ZHANGY, ZHANG C, WU Y, et al. Experimental study
of AIN powder filled high voltage molten salt electric
heater for large scale thermal energy storage [J]. Journal
of Energy Storage, 2024, 91: 112143.

[11] HE X, WANG Y, REN C, et al. Mitigation of the local
overheating phenomenon in molten salt electric heaters
through flow field optimization [J]. Journal of Energy
Storage, 2024, 94: 112229.

[12] SKAKIR, TKIEHH, RERE, 55 ISR BRI RS
HIRGERE T[], fERERIE S EIR, 2019, 8(2): 319-
25.
ZHANG Y, ZHANG X, WU Y, et al. Analysis of thermal
performance of electromagnetic induction based molten
salt heating system[J]. Energy Storage Science and
Technology, 2019, 8(2): 319-325.

[13] ZHOU F, LIU L, WANG Z, et al. Research on pipeline-



HFEHIX

XX & XX

11

[14]

[16]

[17]

type power frequency electromagnetic heating system and
multi-layer winding based power regulation method [J].
Case Studies in Thermal Engineering, 2025, 65: 105525.
JEIEG, I, HAEE, 5 Rl R H I S A S
(22 5 AR R R TR [J]. ACHECR, 2021,
42(5): 525-536.

TANG J, CHU S, GE W, et al. Difference between
electrode electric heating and traditional heating and its
application prospect in carbon neutrality[J]. Power
Generation Technology, 2021, 42(5): 525-536.

MANNI M, NICOLINI A, COTANA F. Performance
assessment of an electrode boiler for power-to-heat
conversion in sustainable energy districts [J]. Energy and
Buildings, 2022, 277: 112569.

E5R, BN, kR, & E R BUR R R
[7]. #RE3hF1LAR, 2023, 38(8): 1-12

WANG H, DONG H, DU Q, et al. Current situation and
outlook of electrode boilers in China [J]. Journal of
Engineering for Thermal Energy and Power, 2023, 38(8):
1-12.

HUTABARAT R, NUGROHO G. High voltage electrode
boiler implementation using hydropower in a process
steam  production scenario[J]. AIP  Conference
Proceedings, 2019, 2088(1): 030008(1-11).

B, BIE, #ENY, & BRI (7).
THEHIR, 2025, 43(2): 99-105.

HU R, ZHAO Z, DONG H, et al. Applications and
advances of electrode boiler [J]. Energy Conservation
Technology, 2025, 43(2): 99-105.

NOVIKOV P, TESLENKO O, BELDII V, et al. Review of
technologies of thermal energy generation using high
voltage electrode boilers in the context of their application

(20]

(21]

[22]

(23]

(24]

(23]

http://rlfd.cbpt.cnki.net

as energy load regulator [M]/ZAPOROZHETS A.
Systems, Decision and Control in Energy V. Cham;
Springer Nature Switzerland. 2023: 355-70.

GICEVSKIS K, LINKEVICS O. The role of decentralized
electrode boiler in ancillary services and district heating:
a feasibility assessment [J]. Latvian Journal of Physics and
Technical Sciences, 2023, 60(5): 32-42.

FEGR, REMR. KRR ARk
AR (3], AL, 2021, 35(5): 334-8.
WANG J, WU H. Thermophysical properties of solar salt
and its application in solar thermal power generation [J].
Power Equipment, 2021, 35(5): 334-8.

CARABALLO A, GALaN-CASADO S, CABALLERO
A, et al. Molten salts for sensible thermal energy storage:
A review and an energy performance analysis [J].
Energies, 2021, 14(4): 1197.

SOMMERSETH C, MOLVIK K-R, HILLESTAD H, et al.
Electrical conductivity of binary, ternary, quaternary and
quinary molten salt mixtures based on NaCl-CaCl, [J].
Journal of The Electrochemical Society, 2024, 171(10):
106503.

KATYSHEV S F, SHIROKOVA N V, TESLYUK L M.
Conductivity of molten LiCl-KF—ZrFs mixtures [J].
Russian Journal of Electrochemistry, 2017, 53(5): 547-50.
GAO X, VON BOECKLIN M, ERMANOSKI I, et al.
Low-cost radiant heater for rapid response, high-
temperature heating [J]. Frontiers in Energy Research,
2021, 9: 652203.

(SHEwE FHE)




