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Abstract: [Objective] With the advancement of China's “dual carbon” goals and the accelerated construction of a
new power system characterized by a high proportion of renewable energy, coal-fired power units are undergoing a
fundamental transformation from base-load power sources to essential supporting and regulating assets. Enhancing
the operational flexibility of these units, particularly their ability to accommodate fluctuating renewable generation,
has therefore become an urgent and critical demand. Molten salt thermal energy storage (MSTES) technology,
renowned for its significant advantages in large-scale storage capacity, high operational temperatures, and relatively
low cost, exhibits a strong compatibility with the dynamic regulation requirements of coal-fired units. Consequently,
it is widely regarded as a pivotal and promising technical approach for achieving substantial flexibility
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enhancements in the power sector. [Methods] To systematically address this challenge, this study proposed and
designed three distinct MSTES coupling system configurations for coal-fired units: namely, the steam heating
system, the electric-steam hybrid system, and the all-electric heating system. A representative 350 MW supercritical
coal-fired unit was selected as the specific research object to ensure the practical relevance and applicability of the
findings. The professional thermal system simulation software, EBSILON, was employed to construct high-fidelity
models for each coupling configuration. These models underwent a rigorous calibration and verification process
against design and operational data, ensuring that the simulation error for all key performance parameters was
reliably controlled within an acceptable margin of 5%. Utilizing these validated models, the study conducted a
comprehensive comparative analysis, systematically evaluating the peak-shaving capability (deep load reduction),
peak-load boosting capability (increased power output), and primary frequency regulation performance of the three
systems. Beyond technical performance, a detailed economic benefit analysis was performed, calculating and
comparing key financial metrics including the static investment payback period, financial net present value (FNPV),
and financial internal rate of return (FIRR) for each option. [Results] The simulation results reveal clear and
significant performance differentials among the proposed systems. In terms of peak-shaving performance, which is
crucial for absorbing excess renewable power, the ranking is electric heating > electric-steam hybrid > steam
heating. Notably, the electric heating system can reduce the unit's minimum technical load from 50% down to 0
(theoretically enabling full shutdown while storing energy), whereas the hybrid and steam systems lower it to 16.8%
and 18.2%, respectively. For peak-load boosting, important for meeting daily high demand, the order is electric-
steam hybrid > steam heating > electric heating. The hybrid and steam systems can boost the peak output from 80%
to 100% of unit capacity, while the electric heating system increases it to 83%. Their corresponding sustainable
peak output durations are 2 h, 1.5 h, and 1.0 h, respectively. Regarding fast frequency regulation, the electric heating
and electric-steam hybrid systems perform equally well and are substantially superior to the steam heating system.
Both improve the comprehensive frequency regulation performance coefficient from a baseline of 0.98 to 5.7~7.7.
5.7~7.7. 0.98, indicating a much faster and more significant power response. The steam heating system showed no
measurable improvement in this metric. From an economic standpoint, the all-electric heating system demonstrates
the most favorable financial profile, with the shortest static payback period of 3.8 years, an FNPV of 285.53 million
yuan, and the highest FIRR of 24.2%. The electric-steam hybrid system follows closely (5.0 years, 280.09 million
yuan, FIRR of 17.5%), while the steam heating system also remains economically viable with a payback period of
5.2 years, an FNPV of 224.95 million yuan, and an FIRR of 17.0%. [Conclusion] The research results quantitatively
elucidate and contrast the distinct performance trade-offs and economic characteristics inherent to different MSTES
coupling pathways. The electric heating system offers superior economic returns and excels in deep peak-shaving
and frequency response. In contrast, the hybrid system provides the best peak-load boosting capability. The steam
heating system, while less flexible, remains a technically and economically feasible option. These detailed findings
provide critical technical guidance and a robust, data-driven decision-making framework for power plant operators
and planners. They are instrumental in selecting the most appropriate MSTES integration strategy for specific grid
service needs, thereby facilitating the effective engineering application of MSTES technology to support the crucial
flexibility enhancement of coal-fired power units within the evolving energy landscape.
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Tab.1 Design parameters of a 350 MW unit under rated
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conditions

TiH HifE
BUE HhEEIMW 350
AR E/(hY) 1012.325
T2V F1IMPa 24.200
FEVRIREIC 566.0
TR E/(thY) 867.285
FHGRIRIE S1IMPa 4.017
FBHFRRIREIC 566.0
HEA /() kg ™) 2366.9
25 KR BEIC 278.4
HFE/ (K (KW h)Y) 7767.3
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100%THA THLIIM SRS EOAT R, SR8
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%2 AR T RMRIMESIRIHEN
Tab.2 Comparison between the simulated and design values for typical operating conditions

5 100%THA T 60%THA T.ih. 30%THA T
WiHE BEME RE% BitE BERME  RE% witE  BHME RE%
% B I ZE MW 350.00  350.170 0.05 210323 210150  -0.08 105.333  105.500 0.16
1 HZER RN hY 60.601 61.323 1.19 27.332 27.840 1.86 11.794 12.071 2.35
2 MR/ hY) 80.844 81.698 1.06 75.109 75.679 0.76 35.724 35.808 0.24
AR E/(hY) 30.620 31.600 3.20 14.915 16.541 10.90 6.815 8.555 2553
4 HZVRE/(thT) 57.099 55.874 -2.15 29.610 29.091 -1.75 14.036 13.887 -1.06
5 AR/t h?) 61.062 60.790 —-0.45 32.582 32.342 -0.74 15.775 15.888 0.72
6 AV E/(thT) 28.409 28.211 -0.70 15.554 15.420 -0.86 7.607 7.520 -1.14
7 AR/t hT) 28.577 28.464 -0.40 15.554 15.461 -0.60 6.733 7.038 453
8 A=/ (t h?) 24.743 25.398 2.65 7.739 8.113 4.83
8 SALE AL (ILHn HECUKIE/C 37.500 36.805 -1.85 37.700 36.864 222 38.300 36.934 -3.57
7 SR CUKIRSC 57.800 57.842 0.07 48.100 48.136 0.07 38.300 37.289 -2.64
6 SRk CKIR/C 80.800 80.808 0.01 68.900 68.972 0.10 54.600 54,633 0.06
5 SR Nk LK/ C 102.900  102.906 0.01 89.300 89.338 0.04 72.700 72.738 0.05
B gk KR/ C 149.700  149.726 0.02 132.000  132.012 0.01 110.600  110.639 0.04
3 SRS G # Ok C 197.700 197.010 035 175500 173613  -1.08 150.000  146.353 243
2 Sinak CoKigRC 218.100  218.065  —0.02 193.200  193.208 0 165500  165.514 0.01
15 E gt KR/ C 253.700  253.743 0.02 224.600  224.609 0 193.200  193.154  -0.02
2R KR EEIC 278.400  278.427 0.01 246.400  246.453 0.02 213200  213.234 0.02
FFE/(KI (KW h)2) 776730 7761770 —0.07 8096.500 8106.320  0.12 8984.00 8993780  0.11
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Tab.3 Heating steam parameters

Bk HIRBH KB/ hT) IRIA
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Tab.4 Main parameters of molten salts

S T o5 =i R
o 60%NaNO:3. 7%NaNOs. 53%KNO;.
40%KNO3 40%NaNO;
J05°C 220 142
{f R EIC 260~570 180~450
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Fig.1 Schematic diagram of the steam-molten salt thermal
storage system
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Fig.2 Schematic diagram of the electric-steam hybrid
molten salt thermal storage system
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Fig.3 Schematic diagram of the electric-molten salt thermal
storage system
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Fig.4 Comparison of peak-shaving capabilities among
different systems
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Fig.5 Comparison of peak capabilities among different
systems
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Fig.7 Comparative economic analysis of different systems
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