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Abstract

To alleviate grid peak-shaving pressure from high-penetration renewable energy integra-
tion, coupling thermal energy storage (TES) with coal-fired power plants is an effective
approach for enhancing operational flexibility. This paper systematically investigates
the peak-shaving performance of a coal-fired unit integrated with molten salt storage
and heat pump storage systems, focusing on load response characteristics, peak-shaving
capability, and the influence of discharge strategies on thermodynamic performance un-
der various rated turbine heat acceptance (THA) conditions. The results indicate that,
under identical peak-shaving capacity, the molten salt system exhibits greater storage
capacity, which increases with rising THA levels, whereas the heat pump storage capacity
remains largely THA-independent. Regarding discharge strategies, replacing high-pressure
extraction steam achieves the fastest ramp rate and largest incremental power output,
introducing steam into the intermediate-pressure cylinder yields the slowest response
but highest round-trip efficiency, and replacing low-pressure extraction steam delivers
the smallest peak-shaving capacity and lowest round-trip efficiency. Although TES inte-
gration slightly reduces thermal efficiency due to heat exchange losses, this trade-off is
justified by significant flexibility improvement, demonstrating clear engineering value for
high-renewable grids.

Keywords: thermal power unit; molten salt thermal energy storage; heat pump thermal
energy storage; peak-regulation capacity; flexibility

1. Introduction
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conventional coal-fired power plants. In China, in particular, thermal energy storage has
been widely regarded as one of the key enabling solutions for the development of modern
power systems [5].

Molten salt thermal energy storage technology [6] is regarded as one of the most
promising peak-regulation technologies for thermal power plants because of its high
heat storage density, stable operation under high-temperature conditions of 500-600 °C,
strong compatibility with the main steam parameters of thermal power units, and high
thermal conversion efficiency. Compared with pumped hydro storage and compressed
air energy storage systems, molten salt thermal energy storage technology offers the
advantages of being free from geographical constraints, allowing on-site construction, and
possessing high energy storage density. Relative to battery storage and chemical energy
storage, it features a longer service life and lower environmental pollution. Owing to its
high specific heat capacity and broad temperature-range stability, molten salt has become
the preferred medium for large-scale thermal energy storage systems. Similar advanced
thermal management concepts have also played a key role in improving the performance
of distributed energy systems [7].

In the construction of coupled systems, the selection of molten salt type, the configura-
tion of thermal storage tanks, the design of heat exchangers, and the matching between
these components and the operating parameters of the generating unit are key aspects of
system design [8,9]. Current research mainly focuses on the thermodynamic performance
and economic analysis of different forms of coupled systems. For example, Lin et al. [10]
designed multiple coupling strategies, and the results showed that, compared with a stan-
dalone coal-fired power unit, the thermodynamic performance of the coupled systems
could be significantly improved, with the maximum equivalent round-trip efficiency reach-
ing 48.89%. Wei et al. [11] constructed a thermal energy storage system using main steam
as the heat source and found that, under the 50% THA condition, the system could achieve
a peak-regulation capacity of 100 MW. Wang et al. [12] proposed four integrated modes
for the extraction and return of main steam/reheat steam and systematically evaluated
the peak-regulation performance of each mode. Richter et al. [13] proposed a scheme for
integrating thermal energy storage equipment into a power plant system to enhance its
flexibility. In their study, the Dymola dynamic simulation software was used to simulate a
695 MW subcritical coal-fired unit. The results showed that the steam thermal energy stor-
age scheme led to a reduction of approximately 7% in net power output, while an additional
4.3% of net power could be gained through heat release from a Ruths accumulator.

In addition to molten salt thermal energy storage, coupling with emerging energy
storage technologies also provides an important pathway for enhancing the flexibility
of thermal power generation. Heat pump energy storage is a large-scale energy storage
technology based on a power cycle [14,15]. During the charging stage, an electrically
driven heat pump operates through a reverse Carnot cycle to convert electrical energy
into thermal energy, which is then stored in molten salt; during the discharging stage, the
high-temperature thermal energy stored in the molten salt is converted back into electrical
energy. This process upgrades low-grade thermal energy into high-grade thermal energy
through thermodynamic compression. Because the coefficient of performance (COP) is
always greater than 1, the amount of thermal energy is amplified during the charging
process. C. Salomone et al. [16] pointed out that coupling thermal storage with a heat
pump can improve the performance of heat pump systems. Owing to its high heat storage
density and small temperature fluctuations, molten salt exhibits significant advantages in
heat pump heating management. Wang et al. [17] found that, after coupling an electric
heat pump with a combined heat and power unit, the minimum power generation load of
the unit could be reduced from 300 MW to 150 MW under a specific heating load, thereby
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significantly enhancing its peak-regulation capability. Yu et al. [18] introduced a “thermal
power storage-heat pump combined thermal storage” mode into a 600 MW unit. The
results showed that, under a thermal storage load of 90 MW, the peak-regulation capacity
increased by 78.29 MW and the peak-regulation depth increased by 13.04%.

The above studies consistently indicate that coupling molten salt/heat pump thermal
energy storage systems not only helps alleviate the safety issues caused by renewable energy
grid integration but also can significantly improve the peak-regulation flexibility of thermal
power units. However, existing research has predominantly focused on the efficiency
of molten salt/heat pump storage systems and the economic analysis of power plant
retrofits, while insufficient attention has been paid to the dynamic response characteristics
of coupled molten salt storage and heat pump cycles under flexible peak-shaving scenarios.
Furthermore, a systematic comparison between the two storage approaches and an in-depth
investigation into their adaptability to off-design unit operating conditions remain lacking.

This paper investigates a coupled system integrating a thermal power plant with
molten salt thermal energy storage and heat pump thermal energy storage. A mathematical
model of the system is established, and the load response time and peak-regulation perfor-
mance of the energy storage and energy release processes for both thermal energy storage
configurations under different thermal loads are systematically analyzed. Furthermore,
the effects of different energy storage and release schemes on the system’s peak-regulation
capability and thermodynamic performance are explored, with the aim of identifying
suitable operating strategies for energy storage/energy release.

2. System Overview

Figure 1 is a schematic diagram of the heat storage process of the coupled system
integrating a thermal power plant with molten salt thermal energy storage and heat pump
thermal energy storage. The system includes the thermal power plant section, the molten
salt thermal energy storage section, and the heat pump thermal energy storage section.
The thermal power plant section adopts a domestic supercritical 600 MW unit. The steam
turbine model is N600-24.2/566/566, a condensing steam turbine with one intermediate
reheat, two cylinders, and two exhaust flows, with an exhaust pressure of 0.0049 MPa. The
regenerative system consists of three high-pressure heaters, four low-pressure heaters, and
one deaerator. The molten salt thermal energy storage section includes two solar salt (60%
NaNOs3-40% KNOs) storage tanks, HOT1 and LOT1, as well as a molten salt heat exchanger
(MSHE). The heat pump thermal energy storage section includes two solar salt storage
tanks, HOT2 and LOT2, as well as a Brayton heat pump system. Table 1 summarizes the
operating temperature range and the thermophysical property parameters of the molten
salt used for heat storage. The thermophysical property parameters of Solar Salt are mainly
sourced from the NIST Standard [19] Reference Database. The temperature-dependent
correlations for density and specific heat capacity refer to recent molecular dynamics
simulations and experimental validation [20].

Table 1. Operating temperature range and thermophysical property parameters of molten salt.

Operating Temperature

Name Unit Temperature Dependence Range
cp ]/ (kg-K) 1396.018 + 0.172T 563~833 K
A W/(m-K) 0.391 + 1.9 x 1074T 563~833 K
0 kg/m? 2263.723 — 0.636T 563~833 K
i Pa-s 0.075 — 2.779 x 1074T + 3.488 x 10~ 7/T? — 1.474 x 1071078 563~833 K

https://doi.org/10.3390/pr14132190


https://doi.org/10.3390/pr14132190

Processes 2026, 14, 2190

40f21

Boiler

et Bttty

r
1
1
1
1
1
1
1
1
J

LY N N N Y N

Figure 1. Schematic diagram of the heat storage process of the coupled system.

The thermal energy storage process is as follows: as shown in Figure 1, during the
molten salt thermal energy storage stage, a portion of the steam at the outlet of the boiler
reheater is extracted and exchanges heat with cold molten salt in the MSHE. After the
temperature of the molten salt rises, it is stored in HOT1. The steam after heat release is
returned to the inlet of the low-pressure cylinder of the steam turbine, and peak regulation is
achieved by reducing the steam flow rate doing work in the intermediate-pressure cylinder.
In the heat pump thermal energy storage mode, part of the electrical energy generated by
the thermal power plant is converted into thermal energy through the Brayton heat pump
and stored in the solar salt tank HOT2, and peak regulation is achieved by directly reducing
the power output of the unit. The molten salt flow rate is determined by the required
thermal storage capacity and the permissible temperature drop across the storage tank. The
upper temperature limit is constrained by the thermal decomposition threshold of Solar
Salt and is set at 833 K, while the lower limit is constrained by its freezing point and is set at
563 K. This design is consistent with typical practices for compact heat exchangers. During
the molten salt thermal energy storage process, in order to ensure the safe operation of the
unit, the flow rate of the extracted reheat steam is subject to certain limits. It is necessary
to simultaneously ensure that, under the new inlet steam flow rate of the intermediate-
pressure cylinder, the overall axial thrust of the steam turbine does not exceed the allowable
limit and that the water level of the deaerator does not fall below the safe level. Based
on comprehensive considerations, the maximum extraction steam flow rate for molten
salt thermal energy storage is determined to be 55 kg/s, which is also the limit of steam
extraction of the system and determines the maximum depth of flexible peak regulation
for molten salt thermal energy storage. In contrast, the limitations of heat pump thermal
energy storage are mainly the safety of its own condenser and the maximum capacity of
the solar salt storage tank (that is, the maximum thermal energy storage capacity), which
are fewer than those of molten salt thermal energy storage.

Figure 2 shows the schematic diagram of the energy release process of the coupled
system. Molten salt thermal energy storage and heat pump thermal energy storage release
heat through the surface-type molten salt heat exchangers MSDHE1 and MSDHE2, respec-
tively. After the heat obtained during the storage process is released, it is stored in their
respective low-temperature molten salt tanks. In order to better investigate the effects of
different extraction and release locations during the energy release process on the coupled
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system, three energy release schemes, 1-3, were designed. In Scheme 1, the molten salt heat
exchanger is arranged in parallel with four low-pressure heaters to heat the condensate,
which is then mixed with the main condensate and enters the deaerator, thereby reducing
low-pressure extraction steam, increasing the flow rate through the low-pressure cylinder,
and enhancing power output. In Scheme 2, the molten salt heat exchanger is used to
heat part of the feedwater extracted from the intermediate tap of the feedwater pump,
generating steam that is introduced into the intermediate-pressure cylinder to conduct
work, thereby increasing the power output of the intermediate- and low-pressure cylinders.
In Scheme 3, the molten salt heat exchanger is arranged in parallel with three high-pressure
heaters to heat part of the feedwater, and the heated feedwater is then mixed with the
main feedwater and sent into the boiler, thereby reducing high-pressure extraction steam,
increasing the flow rate through each cylinder, and rapidly increasing power output. All
three energy release schemes can utilize the combined power generation from the boiler

and the hot molten salt tank during periods of peak electricity demand.
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(b) Scheme 2

Figure 2. Cont.
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(c) Scheme 3

Figure 2. Schematic diagram of the heat release process of the coupled system.

3. Mathematical Model and Calculation Method
3.1. Mathematical Model

The Brayton heat pump can readily provide high-temperature thermal energy above
400 °C and can be effectively applied in large-scale energy storage. The performance of
the heat pump depends on the parameters of its individual components. The working
fluid in the heat pump system is initially air, with a cycle pressure ratio of 12.4. Both the
compressor isentropic efficiency (17comp) and the expander isentropic efficiency () are
set to 0.88.
The compressor outlet pressure, outlet temperature, and power consumption are as
follows [21]:
Pcomp,out = 7TPcomp,in 1)

Tcomp,out = Tcomp,in ﬂ(nil)/n (2)
Wcomp = Gaircp(Tcomp,out - Tcomp,in)ﬂcomp 3)

The turbine outlet pressure, outlet temperature, and power output are as follows:

Ptur,out = 7TturPturin (4)
-1
Ttur,out = Ttur,in/ 7Tt(1r11r )/n (5)
Weomp = Gairp(Tcomp,out — Tcomp,in)ﬂcomp (6)

The coefficient of performance (COP) of the heat pump is defined as the ratio of the
heat supplied by the heat pump to the work input consumed during operation:

Qex

COP = ————
Wcamp — Whur

@)

For the working fluid-molten salt heat exchanger of the heat pump, the energy balance
equation is

Qex = Gm-salt(hm-salt,out - hm—salt,in) = Gair(hair,in - hair,out)ﬂex (8)
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For molten salt thermal energy storage, the energy balance equation of the steam-—
molten salt heat exchanger is

Gm—salt(hm—salt,out - hm—salt,in) = Gsteam(hsteam,in - hsteam,out)ﬂex (9)

where 71 denotes the pressure ratio; n denotes the polytropic exponent; G denotes the
mass flow rate, in kg/s; ¢, denotes the specific heat capacity of air at constant pressure, in
J/(kgK); and 77, denotes the heat exchanger effectiveness. Based on typical design practice
and operational experience, the heat exchanger effectiveness is assumed to be constant
at 0.98 under the considered operating conditions; i denotes the specific enthalpy of the
working fluid, in kJ/kg; the subscripts air, steam, and m-salt denote the working fluid air,
steam, and molten salt, respectively; and the subscripts in and out denote the inlet and
outlet of each component, respectively.

The modeling of the coal-fired power generation unit is based on the following major
assumptions: the model operates under steady thermodynamic states at different operating
conditions, with unsteady effects during load variations neglected, so that the modeling
results correspond to a quasi-steady-state model; the unit operates under constant-pressure
mode, with the main steam pressure remaining unchanged across all operating conditions;
heat losses from heaters and piping are neglected, and the terminal temperature differences
in each regenerative heater are specified and remain constant. Apart from extraction
steam pressure losses and boiler internal pressure losses, other piping pressure losses are
also neglected.

Based on this, the boiler load Qj, can be expressed as follows:

Qp = Goho + Guhyy — wahfw — Gernhern (10)

where Go, Gy, Gey and Gy, are the mass flow rates of main steam, reheat steam, cold
reheat steam, and boiler feedwater, respectively, in kg/s; ho, hy, hey, and hy, are the
specific enthalpies of main steam, reheat steam, cold reheat steam, and boiler feedwater,
respectively, in k] /kg.

On the steam turbine side, a segmented stage-group model can be established accord-
ing to the inlet and exhaust steam points as well as the regenerative extraction steam points.
The characteristic relationship among stage-group pressure, temperature, and steam mass
flow rate is shown in Equation (11):

Gl:\/P%—P% N 11)
Gy Vpiv—ry VT

where G is the mass flow rate of the stage group under off-design conditions, in kg/s; Gy
is the mass flow rate of the stage group under design conditions, in kg/s; p; and p, are the
inlet and outlet pressures of the steam turbine stage group under off-design conditions, in
MPa; p1y and pp are the inlet and outlet pressures of the steam turbine stage group under
design conditions, in MPa; T is the inlet temperature of the steam turbine stage group
under off-design conditions, in K; and Tyy is the inlet temperature of the steam turbine
stage group under design conditions, in K.

The regenerative extraction steam enters the various heaters of the unit, and a matrix
model of the heaters can be established through heat balance equations. For the three
high-pressure heaters and the deaerator, it can be expressed as
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¢1 g 0
M @2 ) )
= (12)
)\2 )\2 P3 o3 (53
Az Az Az @a] (o4 04
For the four low-pressure heaters,
@5 X5 S5
As @6 X6 ) 6
=|1-) a; (13)
Ae Ae @7 a7 < l; AL
A7 Az Ay gs] |as 3

where w; is the extraction steam coefficient, that is, the ratio of extraction steam to feedwater
flow rate; and J;, ¢;, and A; are the enthalpy changes associated with the inlet and outlet of
the regenerative heaters:

o = Xdischarge (hwi - hw(i+1)> (14)
@i = hi —hg; (15)
/\l' = hdi — hd(i+l) (16)

where gischarge 1S the diverted feedwater flow rate for molten salt heat release, which needs
to be calculated at the appropriate regenerative heater according to the heat release scheme;
hy; is the outlet water enthalpy of each stage of the regenerative heaters, in k] /kg; h; is
the extraction steam enthalpy, in kJ /kg; and hy; is the drain enthalpy of each stage of the
regenerative heaters, in k] /kg.

By combining the heat balance matrix with the characteristic relationships among
stage-group pressure, temperature, and steam mass flow rate, the operating parameters
of the thermal power unit under heat storage and heat release conditions can be calcu-
lated. The output power Py of the entire steam turbine unit can be obtained from the
following equation:

Py = nmtai

8
wa <h0 + “rhhrh - Z O‘ihi —ache — Z“chargehchurge>] /3600 (17)
i=1

8
ae=1- Z a; — Z“charge (18)
i=1

where «. and k. denote the exhaust steam coefficient and exhaust steam enthalpy (kJ/kg),
respectively; h,; is the outlet water enthalpy of each stage of the regenerative heaters, in
KJ/Kg; acharge and heparge denote the heat storage steam coefficient and heat storage steam
enthalpy (kJ/kg), respectively; #,, is the mechanical efficiency, taken as 0.99; and 7,; is the
generator efficiency, taken as 0.985.

3.2. Model Reliability Verification

To verify the accuracy of the model, it was assumed that the leakage loss from steam
turbine shaft seals could be neglected. Three typical operating conditions of a supercritical
unit (N600-24.2/566/566) were selected for simulation, namely 100% THA, 75% THA, and
30% THA. The design parameters of the unit were derived from the turbine heat balance
diagrams under off-design conditions. A comparison between the simulation results under
each operating condition and the design values is shown in Table 2. As can be seen from
Table 2, the calculated results of the model are basically consistent with the reference design
values. The relative errors of data such as the inlet and outlet pressures, temperatures, and
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flow rates of the main steam, first reheat steam, and second reheat steam are all within 4%,
and most of the errors are less than 1%. To validate the accuracy of the Brayton heat pump
model, simulations were performed using the same working fluid and storage medium
as in Ref. [16], and the results were compared with the experimental data therein Table 3.
The comparison demonstrates good agreement, confirming the reliability of the proposed
model. Therefore, it can be demonstrated that the established mathematical model is
accurate and reliable and can meet the needs of the subsequent study.

Table 2. Comparison between simulated values and designed values.

100% THA 75% THA 30% THA
Name/Unit Sim. Des. Error Sim. Des. Error Sim. Des. Error
Power Generation/ MW 598.92 600 0.18% 494.15 495 0.17% 19785 198.06 0.11%

Main Steam Pressure/MPa 24.27 24.2 0.29%  24.28 24.2 0.33%  24.14 24.2 0.25%
1st Extraction Pressure/MPa 5.79 5.8 0.17%  4.222 4233  0.26% 1.809 1.805  0.22%
2nd Extraction Pressure/MPa 4.12 4.11 0.24% 3.043 3.038 0.16% 1.313 1.316 0.23%
3rd Extraction Pressure/MPa 2.030 2.025 0.25% 1.509 1.506 0.20% 0.6565 0.655 0.23%
4th Extraction Pressure/MPa 1.006 1.008 0.20% 0.759 0.761 0.26% 0.3203 0.321 0.22%
5th Extraction Pressure/MPa 0.326 0.32 1.88% 0.3082  0.299 1.27% 0.1313  0.129 1.78%
6th Extraction Pressure/MPa 0.1258  0.127 0.94% 0.09867 0.095 3.86% 0.03886 0.040 2.85%
7th Extraction Pressure/MPa 0.063 0.062 1.6% 0.04612 0.047 1.87% 0.02093 0.021 0.33%

8th Extraction Pressure/kPa 20.96 21 0.19% 15.94 16 0.38% 7.99 8 0.12%
Exhaust Pressure/kPa 491 4.9 0.20% 4.89 4.9 0.20% 4.88 4.9 0.41%
Heat Rate/kJ/(kW-h) 75125 75083 0.06% 7600.2 7589.8 0.14% 86052 8590.8 0.17%

Thermal Efficiency 0.4357 0436 0.06% 04307 04312 0.13% 0.3802 0.3809 0.18%

Table 3. Parameter comparison for the Brayton heat pump.

Name/Unit Ref. Calc. Error

Heat Source Inlet Temperature/°C 270.85 270.85 0.00%
Heat Source Outlet Temperature/°C 584.35 580.07 —0.73%

Cold Source Inlet Temperature/°C 26.85 26.85 0.00%
Cold Source Outlet Temperature/°C 8.55 10.06 +17.66%
Compressor Inlet Temperature/°C 21.05 20.98 —0.33%
Compressor Outlet Temperature/°C 589.05 589 —0.01%
Expander Inlet Temperature/°C 287.65 295 +2.56%

Expander Outlet Temperature/°C —31.25 —31.25 0.00%
cor 1.2 1.19 —0.83%

3.3. Method for Evaluating Thermodynamic Performance

For the performance evaluation of the coupled system, the assessment is mainly
carried out from three indicators: the system efficiency over the entire process of energy
storage and release, peak-regulation capacity, and round-trip efficiency.

The thermal efficiency # of the coupled system over the entire process of energy
storage and release is

t t
_ ftlz P.idt + ft: P;dt
i (Quet /o)t + [ (Qust/ 1700) Bt

7 x 100% (19)

where P is the electric power output of the system during heat storage, in kW; t; and ¢,
are the start and end times of the heat storage process, respectively, in h; Py is the electric
power output of the system during heat release, in kW; t3 and t4 are the start and end times
of the heat release process, respectively, in h; Qy, ; is the boiler thermal load during the heat
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storage period, in kW; Qy, o is the boiler thermal load during the heat release period, in kW;
1y is the boiler efficiency during the heat storage and release periods.

Peak-regulation capacity reflects the additional range by which the unit can increase
or decrease its load after being coupled with the molten salt thermal energy storage system,
and it is one of the indicators used to evaluate system flexibility. The peak-regulation
capacity AP during the energy storage process is

APy = Py — Pu (20)
The system peak-regulation capacity APs; during the heat release process is
APy = Py — P, (21)

In order to analyze how effectively the thermal energy storage system converts the
stored heat into electrical energy of the generating unit, the round-trip efficiency 7, is
defined as the ratio of the increased power generation during the heat release stage to the
reduced power generation during the heat storage stage, and its expression is as follows:

ty

ty Alsedl 100% (22)
= —q——— X %
m S APt

4. Results and Analysis
4.1. Analysis of Energy Storage Process

During the energy storage process, the coupled system can store energy either through
molten salt thermal energy storage or through heat pump cycle-based thermal energy
storage. Therefore, the performance of these two energy storage modes, namely molten
salt thermal energy storage and heat pump thermal energy storage, was analyzed under
three operating conditions: 30% THA, 75% THA, and 100% THA.

Figure 3 shows the load response curves during the heat storage process. In the
figure, “without thermal energy storage” represents the time required for the actual power
plant, when no thermal energy storage system is used, to reduce its power generation
output by 65 MW. The two dashed lines respectively represent the times required for the
power plant to reduce its power generation output by 65 MW when molten salt thermal
energy storage and heat pump thermal energy storage are employed. It can be seen from
the figure that both molten salt thermal energy storage and heat pump thermal energy
storage significantly improve the load regulation capability of the unit. Compared with
molten salt thermal energy storage, heat pump thermal energy storage exhibits a somewhat
faster response in load reduction, mainly because the two systems differ in their energy
conversion and transfer mechanisms. Molten salt thermal energy storage converts the
reduced electrical energy of the unit into thermal energy through a heat exchanger and
stores it in high-temperature molten salt. This process involves a certain degree of thermal
inertia and heat transfer delay. In contrast, the heat pump thermal energy storage system
uses a reverse Brayton cycle to directly upgrade thermal energy through components such
as compressors and expanders. Its power regulation can be rapidly achieved by changing
the compressor speed or valve opening, and the circulation velocity of the working fluid
and the dynamic response of the system are both faster. Therefore, when it is necessary to
reduce power generation output (that is, to draw electricity from the grid for thermal energy
storage), heat pump thermal energy storage has a shorter load reduction response time.

https://doi.org/10.3390/pr14132190


https://doi.org/10.3390/pr14132190

Processes 2026, 14, 2190

11 of 21

—— without thermal energy storage
= = = molten salt thermal storage

=)
[
(=]

Z

g 59() \." : =+ heat pump thermal storage

=) in

N

5 580 |"

) 1%

ERUE Rt

= 560 '

5 {

= <\

S 5504 .,

) 4 -3

= 540 1

S b N e e e —-— - — —

Qoq 330 — 1 T - 1T T T 1
0 50 100 150 200 250

Time/s

Figure 3. Expected load response curve during the energy storage process.

Figure 4 shows the thermal storage loads of molten salt thermal energy storage and
heat pump thermal energy storage, respectively, for a thermal power unit coupled with
thermal energy storage participating in grid peak regulation under 30% THA, 75% THA,
and 100% THA operating conditions when the peak-regulation capacity is reduced. It
can be seen from the figure that, under the same peak-regulation capacity, the thermal
energy storage capacity of molten salt thermal energy storage is greater than that of heat
pump thermal energy storage. The reason is that molten salt thermal energy storage
achieves a reduction in power generation by extracting reheat steam to heat the molten
salt, thereby reducing the steam’s ability to conduct work as its thermal energy is removed.
Since the power generation efficiency of thermal power units is about 35-45%, reducing
power generation by 1 MW requires extracting approximately 2.2-2.8 MW of heat from
the steam. By contrast, heat pump thermal energy storage consumes auxiliary power to
drive the compressor and is limited by the coefficient of performance (COP) of the heat
pump, so consuming 1 MW of electrical power can only generate about 1.7 MW of thermal
energy. Therefore, for the same unit reduction in power generation, the corresponding
thermal energy storage amount of molten salt thermal energy storage is greater than that
of heat pump thermal energy storage. In addition, when the same peak-regulation capacity
is reduced, the thermal energy storage amount of molten salt thermal energy storage
increases with increasing THA operating condition, whereas that of heat pump thermal
energy storage does not vary with the THA operating condition. The reason is that, at low
load (30% THA), the steam consumption rate of the steam turbine is high and the electricity
generated per kilogram of steam is low, so less steam mass flow needs to be extracted
to reduce the same amount of power generation, and the temperature and pressure of
that steam are also lower, resulting naturally in less total heat being transferred after heat
exchange with the molten salt. At high load (75% and 100% THA), the steam consumption
rate is lower and the steam has a stronger ability to conduct work, so more steam must be
extracted to reduce the same amount of power generation, and the steam parameters are
also higher, causing the heat obtained by the molten salt to increase accordingly. Therefore,
the thermal energy storage amount of molten salt thermal energy storage increases with
increasing THA. In contrast, the heat pump thermal energy storage system is electrically
and thermally decoupled from the steam turbine thermodynamic cycle, and its thermal
energy storage amount depends on the electrical power consumed, which is determined by
the peak-regulation command, rather than on the current THA operating condition of the
steam turbine. Therefore, regardless of whether the unit is operating at 30%, 75%, or 100%
THA, the thermal energy storage amount of heat pump thermal energy storage under the
same peak-regulation capacity remains almost completely the same. This difference makes
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molten salt thermal energy storage more suitable for deep coupling with thermal power
generation under high-load, high-quality steam conditions, whereas heat pump thermal
energy storage offers greater deployment flexibility and operational independence over the
full load range, especially during low-load periods of deep peak regulation.

200 Jpeak-regulation capacity

180 4 [ J20mwW molten salt thermal storage
160 4 [_]40MW heat pump thermal storage

140 | [ 60MW

Thermal storage load/ MW
>
S
N

30% THA 75% THA 100% THA

Figure 4. Comparative analysis of thermal energy storage capacity during the energy storage process.

4.2. Analysis of Energy Release Process

Figure 5 shows the load response curve during the heat release process. In the figure,
“without thermal energy storage” represents the time required for the actual power plant,
without using a thermal energy storage system, to increase its power output by 50 MW
through increased boiler firing. Scheme 1 represents the time required for the power output
to increase by 50 MW during the heat release process in which stored thermal energy
replaces extraction steam from the four low-pressure stages. Scheme 2 represents the
time required for the power output to increase by 50 MW in the process where stored
thermal energy is used to heat part of the feedwater extracted from the intermediate tap
of the feedwater pump, generating steam that is then introduced into the intermediate-
pressure cylinder to conduct work and increase the power output of the intermediate- and
low-pressure cylinders. Scheme 3 represents the time required for the power output to
increase by 50 MW during the heat release process in which stored thermal energy replaces
extraction steam from the three high-pressure stages. It can be seen from the figure that the
release of heat from the thermal energy storage system can significantly shorten the time
required for the unit to raise its load during peak regulation. It can also be observed that
Scheme 3 has a higher rate of increase in power output than Scheme 1, while Scheme 2 has
the lowest rate of increase in power output among the three schemes. The reasons are as
follows: Scheme 3 responds the fastest because it directly displaces the extraction steam
from the three high-pressure stages of the unit. Once the stored thermal energy is put into
use, more high-grade steam is allowed to return to the high-pressure cylinder to conduct
work, resulting in the most rapid rise in power output. Scheme 1 ranks second because it
replaces extraction steam from the four low-pressure stages, where the steam pressure is
low and the specific volume is large, so the decrease in extraction steam flow is relatively
gradual and the rise in power output is slightly slower. Scheme 2 is the slowest, and the
core reason lies in its heat transfer and flow characteristics: the stored heat must raise
the feedwater temperature from about 190 °C to 560 °C, and under the condition of fixed
heat release on the molten salt side, the large heat transfer temperature difference forces
the feedwater flow rate to fall to an extremely low level. Although this correspondingly
reduces the feedwater flow passing through the high-pressure heaters, thereby lowering the
extraction steam flow from the three stages to some extent, Scheme 2 does not essentially
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suppress the unit’s extraction steam directly. Instead, it adds a new steam source for doing
work that has high parameters but extremely low flow rate and a slow establishment of
flow, and therefore its increase in power output is the slowest.

610
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Power generation output/

——— without thermal energy storage
— T T T T T T T T 1
50 100 150 200 250
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Figure 5. Expected load response curve during the heat release process.

Figure 6 is a comparative analysis of the increased power output (peak-regulation
capacity) provided by different thermal energy storage modes and heat release schemes
when the thermal energy storage system is in the energy release stage. It can be seen
from the figure that, during heat release, Scheme 3 increases power output more than
Scheme 2, while Scheme 2 increases power output more than Scheme 1. This is because
the differences in power generation increment among the three schemes stem from differ-
ences in the “grade” of thermal energy substitution and the “work-producing path”. In
Scheme 1, the replaced low-pressure extraction steam originally has very limited work-
producing capability, and the steam saved mainly expands in the low-pressure cylinder, so
the marginal increase in power generation is limited. In Scheme 2, the stored heat is used
to generate intermediate-pressure steam, which directly increases the steam flow through
the intermediate-pressure cylinder and thereby simultaneously raises the power output of
both the intermediate- and low-pressure cylinders. Therefore, its power increment is higher
than that of Scheme 1 by about 13-19%. In Scheme 3, the replaced steam is high-pressure
extraction steam, which has the greatest work-producing capability. After being replaced
by stored heat, the saved high-pressure steam can continue to expand through the high-,
intermediate-, and low-pressure cylinders over the entire expansion process, so the increase
in power generation is more than 50% higher than that of Scheme 2. This reflects the
thermodynamic principle that the higher the extraction steam pressure, the greater the
benefit after replacement. In addition, under the same heat release scheme, molten salt
thermal energy storage produces a greater increase in power output during energy release
than heat pump thermal energy storage. This is because, during the energy storage stage,
molten salt thermal energy storage actually stores more heat. Although heat pump thermal
energy storage can achieve heat upgrading through the heat pump, its net stored heat is
lower under the same “thermal energy storage capacity” design because it is constrained
by the compressor, the thermal storage medium, and the temperature difference across
the heat exchanger. During energy release, even if the heat-to-power conversion paths
of the two modes are exactly the same, the one with the greater initial stored heat will
inevitably deliver higher power output. Quantitatively, the heat released by molten salt
thermal energy storage is about 1.3-1.4 times that of heat pump thermal energy storage.
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Figure 6. Comparative analysis of peak-regulation capacity during energy release.

4.3. Analysis of the Entire Energy Storage and Release Process

Figure 7 presents the analysis of the thermal efficiency of the coupled system over the
entire process of energy storage and release. By comparison with the parameters in Table 2,
it can be seen that the thermal efficiency of the coupled thermal energy storage system
is lower than that of the system without thermal energy storage, and as the heat storage
and heat release loads increase, the thermal efficiency of the system gradually decreases.
This is because the energy storage system itself also involves unavoidable thermal losses.
Although molten salt thermal energy storage and heat pump thermal energy storage differ
in their heat storage principles, during the heat release stage, both must transfer heat
to the steam through heat exchangers, and temperature-difference losses are therefore
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unavoidable; moreover, the greater the amount of stored heat, the greater the loss. In fact,
the participation of the energy storage system cannot improve the thermal efficiency of the
thermal power unit and instead causes the thermal efficiency of the coupled thermal power
unit to decline. However, coupling with an energy storage system is an important means
of overcoming the temporal and spatial limitations of energy transfer in conventional
coal-fired generating units and enhancing their peak-regulation flexibility. The addition of
a thermal energy storage system can significantly improve peak-regulation performance at
the cost of only a small loss in efficiency.
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Figure 7. Thermal efficiency of the coupled system over the entire energy storage and release process.
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A comparison of Figure 7 also shows that the thermal efficiency over the entire energy
storage and release process differs under different energy storage modes and different
energy release schemes. A comparison of the three energy release schemes indicates that
Scheme 3 has the highest thermal efficiency, followed by Scheme 1, while Scheme 2 has
the lowest. The reason why Scheme 3 achieves the highest efficiency is that the stored heat
replaces the extraction steam from the three high-pressure stages, which is characterized by
high pressure and high temperature. This portion of extraction steam originally possesses
a very high work-producing potential. After being replaced by stored thermal energy, the
saved high-pressure steam can continue expanding from the inlet of the high-pressure
cylinder all the way to the condenser, resulting in the longest work-producing path and
thus the greatest power generation output per unit of heat. Scheme 1 ranks in the middle
in terms of efficiency because it replaces the extraction steam from the four low-pressure
stages, which is at a lower pressure. The saved steam mainly performs work in the low-
pressure cylinder, so the work-producing path is shorter, and the exergy value of the
low-pressure extraction steam itself is relatively low; therefore, its thermal efficiency is
lower than that of Scheme 3. Scheme 2 has the lowest efficiency because, in this scheme, the
stored heat must first be used to heat feedwater to generate steam, which is then introduced
into the intermediate-pressure cylinder. During this process, there are heat transfer losses,
as well as throttling or mixing losses, when the steam is introduced; the response time
is relatively slow; and the temperature grade of the heat declines during transmission,
resulting in the greatest exergy loss. Therefore, although the peak-regulation capacity
(increase in power generation) of Scheme 2 lies between that of Scheme 1 and Scheme 3, its
thermal efficiency is lower than that of Scheme 1. This clearly demonstrates that a “larger
peak-regulation capacity” does not necessarily mean a “higher thermal efficiency”—the
latter depends more on the magnitude of exergy loss during the heat conversion process.

In addition, regarding the efficiency differences under different THA operating con-
ditions, the order is 100% THA > 75% THA > 30% THA. The fundamental reason is that
the intrinsic efficiency of the steam turbine decreases as the load declines. Under the
low-load condition of 30% THA, the overall steam parameters are lower than those under
high-load conditions. In essence, the energy storage and release system “inserts” the stored
heat back into the system, and the equivalent work-producing potential corresponding to
this portion of heat is inherently lower under low-load conditions than under high-load
conditions. Therefore, regardless of which energy release mode is adopted, the overall
thermal efficiency over the entire process under low-load conditions is inevitably lower
than that under high-load conditions.

Figure 8 presents an analysis of the round-trip efficiency during the energy storage
and release process. Round-trip efficiency reflects the degree of completeness of energy
conversion during the storage and release process. It can be seen from the figure that,
under the same conditions, the round-trip efficiency under the 100% THA condition is
greater than that under the 75% THA condition, which in turn is greater than that under
the 30% THA condition. The round-trip efficiency under the 75% THA condition is about
12-15% higher than that under the 30% THA condition, while that under the 100% THA
condition is about 1-3.5% higher than that under the 75% THA condition. The reason is
that, under low-load conditions, the extraction steam parameters at each stage of the steam
turbine decrease and the internal efficiency declines, so the “electrical energy equivalent”
corresponding to steam extraction or heat pump heating during the energy storage stage is
higher, while the increment in power generation that can be produced by the same amount
of heat during the energy release stage is smaller. Under high-load conditions, the unit
operates in a high-efficiency region, allowing the stored thermal energy to be converted into
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electrical energy more fully. Therefore, the round-trip efficiency increases monotonically

with increasing load.

110
100

90 -

80

§ 70
= 60
50

40

30

30%THA 50%THA 75%THA 100%THA

90
80
70
60
S50
40
30

30%THA 50%THA 75%THA 100%THA

30

—— S1-molten salt- 5+ S1-heat pump

=—@— S2-molten salt- & S2-heat pump

—&— S3-molten salt- <= S3-heat pump
<

(a) 20 MW

- —— S1-molten salt- 57 S1-heat pump
—@— S2-molten salt= &= S2-heat pump
+ —&— S3-molten salt= <= S3-heat pump

1o----- o

(b) 40 MW

J—8FST-molten'salt- v+ SI-heat pump
—@— S2-molten salt = & S2-heat pump
—&— S3-molten salt- <= S3-heat pump

30%THA 50%THA 75%THA 100%THA

(c) 60 MW

Figure 8. Round-trip efficiency of the coupled system during the energy storage and release process.

Under the same energy release scheme, the round-trip efficiency of heat pump thermal

energy storage is significantly higher than that of molten salt thermal energy storage. Taking

the case of 100% THA, 20 MW, and Scheme 2 as an example, the round-trip efficiency of

heat pump thermal energy storage is 85.24%, while that of molten salt thermal energy
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storage is 75.39%; that is, the round-trip efficiency of heat pump thermal energy storage
is about 10% higher than that of molten salt thermal energy storage. The reason is that
heat pump thermal energy storage uses the heat pump cycle to “transport” heat from the
environment or waste heat, so that, for the same reduction in power generation output,
the required energy storage time is shorter and the total electricity consumed during the
energy storage stage is smaller. In other words, the “denominator” of round-trip efficiency
is significantly smaller than that of molten salt thermal energy storage.

In addition, among the three energy release schemes, Scheme 2 (generating steam and
introducing it into the intermediate-pressure cylinder) has the highest round-trip efficiency,
followed by Scheme 3 (replacing high-pressure extraction steam), while Scheme 1 (replacing
low-pressure extraction steam) has the lowest. This ranking is not the same as that of
thermal efficiency and needs to be analyzed in conjunction with peak-regulation capacity
and load response time. Although Scheme 2 has relatively low thermal efficiency during
energy release, it features a long energy release duration and a moderate increase in peak-
regulation capacity, thereby forming a characteristic of “slow increase and steady return,”
which results in the highest round-trip efficiency. Scheme 3 has the largest increment in
peak-regulation capacity during energy release, but because its energy release duration is
also relatively short, its overall energy return capability is not strong, and its round-trip
efficiency is therefore lower than that of Scheme 2. In Scheme 1, the increment in peak-
regulation capacity during energy release is too small and the energy release duration is
also relatively short, leading to the lowest degree of energy return. Therefore, Scheme 2
obtains more electrical energy through its return characteristic of “slow release and low-
amplitude increase”.

The integration of molten salt and heat pump storage with coal-fired power plants
has been proven to improve peak-shaving capability. In terms of financial returns, the core
economic rationale lies in storing thermal energy in molten salt during off-peak periods
using low-cost electricity to drive heat pumps or electric heaters, and subsequently releasing
the stored heat for power generation or heating during peak-price periods. Although the
present study does not include a detailed economic assessment, the proposed scheme
combining molten salt storage with heat pump and extraction steam heating demonstrates
strong technical and policy-level feasibility.

5. Conclusions

This study retrofitted a thermal power plant for flexible peak-shaving using molten
salt and heat pump thermal energy storage. The peak-shaving capacity, thermal efficiency,
and round-trip efficiency of both storage modes were investigated under various discharge
schemes. The detailed comparative conclusions are as follows:

(1) During load-reduction peak-shaving processes, the heat pump storage system exhibits
arelatively fast response in load reduction, making it suitable for rapid load-following
scenarios. In contrast, the molten salt storage system responds more slowly due
to thermal inertia and heat exchange lag. However, under the same peak-shaving
capacity, molten salt storage provides greater thermal storage capacity, which increases
with rising THA conditions, whereas the storage capacity of the heat pump system
remains largely independent of THA. This indicates that molten salt storage possesses
superior thermal regulation potential under high-load conditions.

(2) The discharge strategy significantly influences both peak-shaving capacity and round-
trip efficiency. In terms of peak-shaving capacity, Scheme S3 (replacing high-pressure
extraction steam) achieves a maximum of 40.2 MW, which is 78% higher than that of
Scheme S2 (introducing generated steam into the intermediate-pressure cylinder) at
its maximum of 22.5 MW, while Scheme S1 (replacing low-pressure extraction steam)

https://doi.org/10.3390/pr14132190


https://doi.org/10.3390/pr14132190

Processes 2026, 14, 2190

19 of 21

ranks in between with a maximum of 26.6 MW. Regarding overall thermal efficiency
across all THA conditions, the ranking is consistently S3 > S1 > S2. However, the
ranking for round-trip efficiency differs, with 52 > S3 > S1, indicating that Scheme S2
achieves the highest electricity recovery rate through its “slow-release, low-power”
return characteristic. Under the same discharge scheme, the power output from
molten salt storage is approximately 1.3 to 1.4 times that of heat pump storage.

(3) The integration of thermal energy storage systems achieves a substantial enhancement
in peak-shaving flexibility at the expense of a marginal thermal efficiency penalty.
Although the thermal efficiency of the coal-fired unit slightly decreases due to heat ex-
change temperature difference losses, this trade-off constitutes a critical enabler for op-
erational flexibility, providing a viable technical pathway for the flexibility retrofitting
of thermal power plants under high-penetration renewable energy grid integration.
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Nomenclature

Roman letters

Cp Specific heat capacity [J/(kg-K)]

G Mass flow rate [kg/s]

h Specific enthalpy [k]/kg]

p Output power [MW]

Q Load [MW]

T Temperature [K]

Greek letters

Xe Exhaust steam coefficient [-]

Xcharge Heat storage steam coefficient [-]

Xdischarge ~ Diverted feedwater flow rate for molten salt heat release

o; Extraction steam coefficient [-]

Wai Generator efficiency [-]

/i Boiler efficiency [-]

Nm Mechanical efficiency [-]

Nyt Ratio of the increased power generation to the reduced power generation

A Thermal conductivity [W/(m-K)]

U Viscosity [Pa-s]

P Density [kg/m?]

0; Enthalpy changes associated with the inlet of the regenerative heaters [kJ/kg]
i Enthalpy changes associated with the onset of the regenerative heaters [k] /kg]
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Subscripts and abbreviations

cor Coefficient of performance
MSHE Molten salt heat exchanger
THA Turbine heat acceptance
TES Thermal energy storage
crh Cold reheat steam

ct Heat storage period

di Drain

fw Boiler feedwater

st Heat release period
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