
Citation: Yang, H.; Tao, S.; Honghe,

M. Design and Modelling of

Heat-Coupled Storage System with

High- and Low-Pressure Bypass:

Electrothermal Characteristics and

Peak Regulating Performance.

Processes 2023, 11, 1104. https://

doi.org/10.3390/pr11041104

Academic Editor: Davide Papurello

Received: 27 February 2023

Revised: 25 March 2023

Accepted: 27 March 2023

Published: 4 April 2023

Copyright: © 2023 by the authors.

Licensee MDPI, Basel, Switzerland.

This article is an open access article

distributed under the terms and

conditions of the Creative Commons

Attribution (CC BY) license (https://

creativecommons.org/licenses/by/

4.0/).

processes

Article

Design and Modelling of Heat-Coupled Storage System with
High- and Low-Pressure Bypass: Electrothermal Characteristics
and Peak Regulating Performance
Han Yang, Sun Tao and Ma Honghe *

School of Electrical and Power Engineering, Taiyuan University of Technology, Taiyuan 030024, China
* Correspondence: mahonghe@tyut.edu.cn

Abstract: To achieve a balance between supply and demand during cogeneration system operation, it
is necessary to improve the peak regulation capacity and regulatory flexibility of the unit. Considering
the excellent performance of energy storage systems, a heat-coupled storage system with high- and
low-pressure bypass is proposed to increase peak regulation capacity. Employing a 300 MW heating
unit as the research object, thermal system models of a traditional-pumping steam-heating system, a
high- and low-pressure bypass heating system, and a coupled system were built using Aspen Plus
software. The electric heating characteristics of the three systems, as well as the peak regulation
capacity and peak regulation depth of the coupled system, were analysed under different storage and
heat release loads. Results indicate that the high- and low-voltage bypass system and the coupled
system both improve the peak capacity and control flexibility of the unit. Moreover, the coupled
system has a greater influence on the maximum thermoelectric ratio and minimum charge rate than
the high- and low-voltage bypass heating system, thereby extending the range of safe operation.
The peak capacity and depth of heat storage are 65.55 MW and 21.85%, respectively, while the peak
capacity and the depth of the heat-release process are 39.32 MW and 13.10%.

Keywords: heat-coupled storage system; high- and low-pressure bypass; peak regulation; Aspen Plus

1. Introduction

To reach the development goal of “peak carbon by 2030 and carbon neutrality by
2060”, the installed capacity of renewable energy generation is expanding every year. Due
to the intermittent and unpredictable nature of renewable energy generation, thermal
power plants are essential for increasing peaking capacity and flexibility in regulation [1].
The application of thermoelectric coupling technology has solved this problem since units
can be retrofitted to meet both the heating demand and peaking capacity of the unit [2].
High- and low-pressure bypass heating [3], low-pressure cylinder no-load heating [4],
heat storage [5], absorption heat pumps [6], and electrode boilers [7] are the primary
technologies of thermoelectrolytic coupling transformation [8].

In recent years, numerous studies concerning high- and low-pressure bypass-heat
supply and storage tanks have been conducted. Xue et al. [9] studied the impact of
high- and low-pressure bypass heating on unit-heating capacity. The findings revealed
that retrofitting deep peaking and high- and low-pressure bypass heating had a limited
impact on the heating capacity of the unit. Wang et al. [10] established a mathematical
model based on bypass heating and proposed an operating strategy according to the
actual grid peaking needs of the unit. The results indicated that the traditional heat-
supply method of steam extraction and the high- and low-pressure bypass switching could
improve the renewable-energy consumption capacity of the unit by 324.46%. Liu et al. [11]
established a thermodynamic analytical model of thermoelectric coupling technology to
quantitatively analyse a 350 MW combined heat and power (CHP) unit. It was found that
thermoelectrolytic coupling technology extended the feasible operating range of the system
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and reduced the minimum electrical load, suggesting that heat-storage-tank decoupling
technology was a preferable energy-saving option. Wang et al. [12] modelled the thermal
system of the unit and investigated the effect of the thermal storage tank capacity on the
peaking range. The research findings demonstrated that the peaking range of the unit could
be increased after performing the heat-storage tank modification. However, there was an
upper limit to the increase in peaking range, which was restricted by the capacity of the
heat-storage tank. Lai et al. [13] utilized heat extraction and storage as a means to reduce
the generation load of a unit and provide room for additional new energy sources to be
integrated into the grid. The hot-water storage tank was capable of balancing some of the
unit-load requirements for the grid. Li et al. [14] used phase-change heat storage to store
the energy of excess steam by modifying the original unit and then releasing the energy
stored in the phase change through heat exchange to the unit’s steam system to increase the
unit’s electrical load output when required. Trojan et al. [15] stored the pressure water from
a deaerator in a hot-water storage tank without changing the boiler output load, thereby
increasing the turbine pumping and reducing the electrical output of the turbine. During the
heat-release phase, the water in the hot-water tank is introduced into the deaerator, thereby
reducing the turbine draw and increasing the electrical output of the turbine. To improve
the unit-heating capacity and increase the cogeneration unit wind-power consumption
capacity, Liu et al. [16] established a mathematical model for wind-power consumption
and used a combination of high- and low-pressure bypass heating and conventional steam
extraction heating. Wang et al. [17] proposed a control principle to adapt the high-pressure
bypass and low-pressure bypass flow rates to the characteristics of the high- and low-
pressure bypass heating retrofit, which is of some significance for the smooth operation
of the unit and the improvement of the parameters of the heating steam. The proposed
control principle can further reduce the waste of steam with high parameters. These studies
have achieved several enhancements, but there remain shortcomings in the comparative
analysis of the electrothermal characteristics, maximum thermoelectric ratio, and minimum
electrical-load factor of the unit after high- and low-pressure bypass heating transformation
and coupled heat storage. Thus, further studies regarding peaking capacity and peaking
depth are necessary.

In this paper, a 300 MW heating unit is employed as an example. Aspen Plus software
is used to model the conventional extracted-heat supply system, high- and low-pressure
bypass-heat supply system, and high- and low-pressure bypass-heat supply system coupled
with a heat-storage tank. Three heat storage and release schemes were designed to align
with the principle of graded energy utilization, avoiding the use of high- and low-pressure
bypasses for direct-steam extraction, so that the design principle is consistent with the
use of capacity ladders. Three heat storage and release schemes were designed to align
with the capacity ladder principle, thereby avoiding the need for high- and low-pressure
bypasses for direct-steam heating. Further analysis of the three schemes revealed that they
have a lower electrical-load output for the same heating compliance and higher heating
compliance for the same electrical-load output. This enhances the peaking capacity of
the thermal-power unit, improves its heating capacity, and provides a reference solution
for the flexible modification of thermal-power units to use new energy generation as a
peaking energy source. In contrast to traditional methods, such as steam extraction from
the medium-pressure cylinder for heating and high- and low-pressure bypasses for heating,
the designed schemes offer an alternative approach to consuming new energy generation.

2. Coupled Heat Storage System Unit Design

In response, the use of a high- and low-pressure bypass system for direct desuper-
heating and depressurization of steam for heating does not align with the principle of
stepped energy utilization. To avoid energy waste caused by direct desuperheating and
depressurization of high-parameter steam for heating, a heat-storage system coupled with
a high- and low-pressure bypass system was chosen. The heat storage and release strategy
for the coupled system involves applying the high- and low-pressure bypass-coupled heat



Processes 2023, 11, 1104 3 of 15

storage tank system. This approach decreases the load when the electric-load output of
the unit needs to be reduced in the low-power consumption valley. THA (turbine heat
acceptance) refers to the rated operating condition of a unit where the turbine is able to
continuously operate and generate the rated power output with the rated steam inlet pa-
rameters, rated back pressure, normal commissioning of the heat-return system, and a 0%
make-up water rate. When the electrical load of the heating unit is 40% THA, which is the
minimum stable combustion load of the boiler, the high- and low-pressure cylinder bypass
coupled-heat storage-tank system ceases to reduce the boiler load. At peak electricity
consumption, the thermal-storage system releases heat in THA conditions to increase the
electrical-load output of the unit. Referring to Zhang [18] et al., this work incorporated
the storage and release capacities of the heat-storage tank, which were 30 MW, 60 MW,
and 90 MW, respectively, in the heat-storage process design. The simulation in Aspen Plus
software demonstrated that the storage and release capacities met the cycle requirements.

As Table 1 indicates, high- and low-pressure bypasses for direct desuperheating and
depressurisation of reheated steam for heating do not align with the principle of graded
energy utilization. The following three heat storage and release systems were designed for
storage of the directly desuperheated and depressurised steam using molten salt, which
can be used to increase the electrical-load output of the unit when the demand for electrical
output increases. Three coupling methods with high- and low-pressure bypass heating
are designed.

Table 1. Unit coupling system scheme.

Heat Storage Medium Coupling Mode Heat Storage Process Exothermic Process

Ternary molten salt
R1 Heat resteam→ deaerator Feed-pump-outlet water→ LP1 inlet steam
R2 Heat resteam→ deaerator Feed-pump-outlet water→ boiler-feed water
R3 Cold resteam→ deaerator Feed-pump-outlet water→ boiler-feed water

For R1, the heat-storage process involves heating the molten salt with steam taken
from the reheater outlet, and the hydrophobic water, after heat exchange with the molten
salt, enters the deaerator. This method avoids the use of low-pressure bypasses for direct-
heat reduction and depressurization of the reheater outlet and inlet steam, which is not in
line with the principle of graded energy utilization. In the heat-release process, the heated
feedwater from the feed pump is heated to LP1 inlet parameters and enters LP1 to generate
work for the turbine, directly increasing the electric-load output.

For R2, the heat storage process involves utilizing steam from the outlet of the reheater
as the heat source to heat the molten salt and then exchange heat with hydrophobic water
before entering the deaerator to avoid the use of a low-pressure bypass for direct heating.
This approach is in accordance with the graded use of energy, which aims to avoid reducing
the temperature and pressure of steam at the outlet and inlet of the reheater for direct
heating. The heat-release process involves heating the molten salt with feed-pump-outlet
water to reach the boiler-inlet feedwater temperature, resulting in the reduction of heat
pumping steam from the high-pressure cylinder and medium-pressure cylinder. As a
result, more high-temperature and high-pressure steam enters the turbine to generate more
electrical output.

For R3, during the heat storage process, the molten salt is heated using steam at
the inlet of the reheater, and the hydrophobic water is then exchanged with the molten
salt before entering the deaerator. This helps to avoid the low-pressure bypass, which
reduces the temperature and pressure of the steam at the reheater outlet and inlet and
is not in line with the graded use of energy. During the heat-release process, the molten
salt is heated using the feed-pump-outlet water, which is then heated to the boiler inlet
feedwater temperature. This process reduces the amount of steam required for back-heat
pumping in the high-pressure cylinder and medium-pressure cylinder, allowing more high-
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temperature and high-pressure steam to enter the turbine and do work, thereby increasing
the electric-load output.

Heat-storage tank size: cold tank 11.6 m diameter, 7.8 m high, hot tank 11.6 m diam-
eter, 8.4 m high; heat storage material: cold tank ASTM A516-70 carbon steel, hot tank
304 stainless steel; specific heat of energy storage unit: 0.34 kcal/kg. The heat storage
medium of the double-tank molten-salt storage tank is selected as ternary molten salt (53%
potassium nitrate + 40% sodium nitrite + 7% sodium nitrate). Energy storage unit melt
heat: 18 K cal/kg; the average thermal conductivity of the energy storage unit: 0.317 [19,20].
The focus of this study is on heat storage and release power, and, therefore, the size and
material of the storage tank in the references were adequate in meeting the maximum heat
storage and release power of 60 MW. In Figure 1, orange denotes the flow direction of
the extracted high-temperature heat source, purple represents the flow of the extracted
low-temperature heat source, while red and green symbolise the flow of the molten salt in
the high- and low-temperature molten-salt tanks, respectively [21].
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3. Model Building and Methodology
3.1. Modelling

In this paper, a 300 MW subcritical coal-fired direct air-cooled unit is used as the
research object. The turbine is a two-cylinder, two-exhaust unit with one intermediate
reheat and a rated back pressure of 14 kPa. Further, in addition to the fact that the 300 MW
units are widely studied, the primary reason for choosing them as the focus of this work
is that the foundation of this study is based on a 300 MW engineering example. As such,
the parameters in this paper were based on the parameters of the 300 MW example unit.
Although varying the values of heating units does open up more possibilities, due to
the practicalities of this study, a 300 MW unit was selected as the subject. Exploring and
analysing the heating-unit values in greater detail could be a promising avenue for future
research. The selection of turbine parameters for this work is similar to the study by Li
et al. [22]. The turbine parameters are listed in Table 2.

Table 2. Turbine parameters.

Parameters Value

Rated main steam pressure/MPa 16.70
Rated main steam temperature/◦C 538.0
Rated main steam capacity/t·h−1 914.39
Rated reheat steam pressure/MPa 3.074

Rated reheat steam temperature/◦C 538
Rated reheat steam capacity/t·h−1 768.85

Rated back pressure/kPa 14
Rated feed water temperature/◦C 268.4

The thermal system of the unit was modelled using Aspen Plus software [12]. The
“Heater” model was applied in the heater to simulate the boiler, reheater, and air-cooled
island. Moreover, the “Turbine Compr” model simulated the high-pressure, medium-
pressure, and low-pressure cylinders. Also, the “HeatX” model of the two-strand logistics
heat exchanger simulated the high-pressure heater and low-pressure heater, while the
“Hopper” model was applied in the mixer to simulate the deaerator. The modules were
connected through the material strands and after the process was built the STEAM-TA
physical-property method was selected for the global setting. This approach enabled
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calculations in a temperature range from 273.15 K to 1073 K and was applied to the
constructed model.

3.2. Model Validation

To verify the accuracy of the numerical simulation, refer to the verification method of
Li [15] et al. The simulated turbine-output values for the four operating conditions of THA,
75% slip pressure, 50% slip pressure, and 40% slip pressure of the unit were compared with
the design values. As Table 3 indicates, the deviations between the simulated and design
values were less than 5%, thereby meeting engineering simulation accuracy requirements
and verifying that the model effectively simulates the variable working conditions of the
unit [3].

Table 3. Comparison of steam engine thermal parameters under typical working conditions.

Condition Design Value/MW Simulation
Value/MW Relative Error/%

THA condition 300 287.88 4.04
Sliding pressure 75% 225 215.65 4.16
Sliding pressure 50% 150 145.62 2.92
Sliding pressure 40% 120 117.61 2.00

3.3. Minimum-Cooling Flow Rate

The minimum-cooling flow rate of the low-pressure cylinder is an important condition
to ensure the safe operation of the low-pressure cylinder of the steam turbine. In order
to ensure the safe operation of the steam turbine, the cooling flow rate of low-pressure
cylinders must be safe. The cooling flow rate for low-pressure cylinders [23] can be
calculated using Equations (1) and (2):

Vmin =
Dc0 ×Vc0

3.6
Gv2min (1)

Gcmin =
Vmin

vc
× 3.6 (2)

where DC0 is the exhaust flow rate of the low-pressure cylinder under THA conditions, in
t/h; Vc0 represents the rated exhaust steam-specific capacity, in m3/kg; Vmin denotes the
minimum volume flow of the final stage; Gv2min signifies the relative minimum volume
flow of the final stage and is assumed to be 0.4; Gcmin is the minimum cooling flow of
the low-pressure cylinder, in t/h; vc denotes the exhaust steam-specific capacity of the
low-pressure cylinder at different back pressures, in m3/kg.

3.4. Thermoelectric Decoupling Performance Evaluation Index

The thermoelectric ratio and charge-rate indicators that evaluate the thermoelectric
decoupling capability of the system are important indicators of the relationship between
the unit-heating capacity and power-generation capacity.

The thermoelectric ratio [24] can be calculated using Equation (3):

x =
Qh
Pe

(3)

where Pe represents the output electrical load of the unit, in MW; Qh denotes the thermal
load of the unit, in MW.

The lowest charge rate is determined using Equation (4):

λ =
Pe

Pe0
(4)



Processes 2023, 11, 1104 7 of 15

where Pe signifies the output electrical load of the unit, in MW; Pe0 stands for the output
electrical load of the unit under rated working conditions, in MW.

3.5. Performance Evaluation Index of the Coupling System

The newly added peak regulating capacity and peak regulating depth of the coupling
system are indexes that evaluate the peak regulating the performance of the unit. It can
reflect the proportional relationship between the output power load of the coupled system
and the output power load of the uncoupled heat storage and release system. It can also
intuitively reflect the peaking capacity of the unit. The heat storage and release processes
are determined as follows [18]:

Heat-storage process:
∆Pc,t = P0 − Pc,t (5)

Ψc,t =
∆Pc,t

Pe
(6)

Heat-release process:
∆Ps,t = Ps,t − Pe (7)

Ψs,t =
∆Ps,t

Pe
× 100% (8)

where ∆Pc,t and ∆Ps,t are the newly added peak-regulating capacity of time storage and heat-
release process units, respectively, in MW; Ψc,t respectively denote the peak regulating depth
of time t storage and heat-release process units; Ψs,tPc,tPs,t signify the output electrical load
of the unit at time t of heat storage and heat release, in MW; P0 and Pe, respectively, represent
the output electrical load of the unit under the 40% THA and THA condition in MW.

4. Results and Analysis
4.1. Analysis of Electric Heating Characteristics

According to the simulations of the traditional extraction steam-heating system, the
high- and low-pressure bypass heating system, and the coupled system built with Aspen
In addition, the minimum cooling flow of the low-pressure cylinder and the regenerative
extraction steam are satisfied. Figure 2 illustrates that when the maximum power of the
heat-storage system and heat release is 60 MW, the output heat load and the electrical load
of the unit can be obtained.

The electric heating characteristics of the R1, R2, and R3 schemes are shown in
Figure 2a–c. Line AB represents the maximum-output load line of the boiler, BC shows the
minimum cooling-flow load line of the low-pressure cylinder, and DC is the minimum-
output load line of the boiler. Additionally, point B is the maximum heating load of the unit
and the corresponding electrical load, while A and D, respectively, signify the maximum
and minimum electrical load in the unit at the pure condensation condition. When the
unit is under a certain thermal-load condition, the electrical load has a specific range of
adjustability. M-N-B-L-H-I-F-D and J-K-B-L-H-I-F-D are the safe operating areas of the three
schemes, which include a traditional extraction steam heating and a high- and low-side
coupled heat-storage tank system. Since R2 and R3 have the same heat-release strategy, the
boundaries of their electrothermal characteristic diagram are identical.

The maximum heating load of the traditional extraction steam (point B) increases from
271.28 MW to 377.52 MW in the coupled system (point H), and the heating load at point H
is 35.49 % higher than that at point B.

At a constant heat load, the three coupling schemes lead to an improved electrical-load
adjustment range. With traditional extraction steam heating, the adjustment range of the
electrical load is 114.29 MW–300 MW. The minimum electrical load of the coupling system
is reduced to 112.21 MW, while the R1 scheme boosts the electrical load to 312.81 MW and
the R2 and R3 schemes increase the maximum electrical load to 323.43 MW. If the R2 and
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R3 schemes are adopted, 211.21 MW can be provided for new energy. As the thermal load
rises, the adjustment range of the electrical load falls. This is due to the higher amounts of
steam pumped in the ternary molten-salt system leading to a reduction in the proportion
of steam that can be used to regulate the work done by the low-pressure cylinder. Thus,
the range of electrical-load regulation gradually decreases.
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4.2. Maximum Thermoelectric Ratio

When the minimum cooling flow of the rated back pressure in the low-pressure
cylinder is satisfied, the maximum thermoelectric ratios of the traditional extraction steam-
heating system, high- and low-pressure bypass heating system, and the coupled systems
vary according to the electrical load, as Figure 3 reveals.
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Figure 3. Maximum thermoelectric ratio comparison.

Figure 3 reveals that with an increase in electrical load, the maximum thermoelectric
ratios of traditional extraction steam heating, high- and low-voltage bypass heating, and
the coupled systems initially rise and then fall. This is due to an increase in the electric
load allowing more steam to enter the steam turbine. As a result, the enthalpy value of the
heat-extraction steam after work decreases and the heat-supply capacity falls. However,
the export or import steam enthalpy value in the reheater of the coupled-system heating ex-
traction system is higher than in the medium-pressure cylinder-extraction steam system or
the heat-storage tank supplementary heating system, resulting in a greater heating capacity.
When the electric load is steady, the maximum thermoelectric ratio of the coupled system
is always greater than that of the traditional extraction steam-heating unit. Additionally,
when the electric load is in the range of 130 MW–190 MW, the variations in the R1, R2, and
R3 schemes are similar. This is because the output electric load is equivalent to the heat
load affected by the heat-release power. When the electric load is 190 MW–310 MW, the
output electric loads of the traditional extraction steam-heating system and the high- and
low-pressure bypass heating system reaches 300 MW, while the maximum thermoelectric
ratio approaches zero. Under a constant electric load, both the high- and low-pressure
bypass heating system and the coupled system enhance the heating capacity of the unit,
although the coupled system has a more considerable influence.

4.3. Minimum Charge Rate

When the unit is rated back pressure, Figure 4 presents the minimum charge rate of
the traditional extraction steam-heating system, high- and low-pressure bypass heating
system, and coupled systems, according to various heat loads.

Based on the relationship between the electrical-load output and the thermal-load
output of the three coupling schemes illustrated in Figure 2, the minimum electrical-load
output values for the three coupling schemes were observed to be closely similar when
the thermal-load outputs ranged from 30 MW to 280 MW. Such findings are demonstrated
by the similarity in the IH line. Despite similar trends, all three schemes were designed to
decrease the minimum electrical-load factor and improve the peaking capacity of the unit.
Thus, the minimum charge rate of the R1, R2, and R3 schemes is essentially the same. This
is due to the minimum output load being constant and limited by the minimum cooling
flow of the low-pressure cylinder and the regenerative extraction steam. When the heating
load is 280 MW, the heating load for conventional extracted heat does not reach 280 MW, so
the electrical-load output is zero for a heating load of 280 MW, and the minimum electrical
load factor is, accordingly, zero. When the heat load is stable, the minimum charge rate of
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the coupled system is less than that of the traditional extraction steam heating and high-
and low-pressure bypass heating systems. The reason for this is the enthalpy value of
the extraction steam in the coupled heating system is higher than that of the conventional
medium-pressure cylinder. Under a stable heating load, the heat-storage tank supplements
a part of the heat, resulting in lower steam extraction and more steam entering the turbine.
Under the same heating load, the minimum charge rate of the coupled system is noticeably
smaller, and the absorption capacity of new energy is better.
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4.4. Peak Regulating Capacity and Depth

When the high- and low-pressure side intake ratio is 4:6, the minimum cooling flow of
the low-pressure cylinder at a back pressure of 3 kpa can be ensured in the unit under the
premise of heat recovery and steam extraction. The newly added peak regulating capacity
and peak regulating depth in the heat-storage processes of the three coupled schemes vary
with the heat-storage load, as Figures 5 and 6 indicate.

The output load and new peak regulating capacity of the three coupling schemes
are proportional to the heat-storage load. Figure 5a–c, respectively, represent the peak
regulating capacity of R1, R2, and R3. As the heat-storage load increases, the output
electrical load of the coupled system gradually falls, while the new peak regulating capacity
progressively rises. This is due to steam being extracted for heat storage in the heat storage
process under the 40% THA condition, thereby reducing the amount of steam entering the
steam turbine. As Figure 6 reveals, increasing heat-storage loads leads to a steady rise in
the peak regulating depth of the coupling system. When comparing the three coupling
modes, the minimum output power of the coupling system in the R3 scheme is 54.45 MW,
while the maximum peak regulating capacity is 65.55 MW. When the heat-storage load
is 60 MW, the peak regulating depths of the R1, R2, and R3 schemes are 21.46%, 21.46%,
and 21.85%, respectively. During the heat-storage process of R1 and R2, the molten salt is
heated by the steam taken away from the reheater outlet, and the hydrophobic water, after
heat exchange with the molten salt, enters the deaerator. When the heat storage load is
20 MW, 40 MW, and 60 MW, the influence on the electric-load output of the steam turbine
is the same. The results suggest that the strategy of reheating-extracted cold steam as the
heat source of the heat-storage tank is preferable to the reheating of extracted hot steam in
the heat-storage process.

In the heat-release process, 40% of the heat stored under THA conditions is released.
The outlet water supply of the feed pump is heated, and the heated steam is transported to
LP1 to increase the working steam capacity of the low-pressure cylinder and the output
electrical load of the unit, as Figures 7 and 8 show.
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Figure 7a–c, respectively, represent the peak regulating capacities of the R1, R2, and
R3 coupling modes under different heat-release powers. The output electrical load, newly
added peak regulating capacity, and peak regulating depth of the three coupling schemes
are proportional to the heat-storage load. When the newly added peak regulating capacity
and peak regulating depth of the three coupling schemes have the same heat-storage load,



Processes 2023, 11, 1104 13 of 15

the maximum output electrical loads of the R2 and R3 schemes are equal. During the heat-
release process of R2 and R3, the molten salt is heated by the outlet water of the feed-water
pump to reach the boiler inlet feed-water temperature, resulting in the reduction of heat
pumping steam from the high-pressure cylinder and medium-pressure cylinder. When the
heat-release load is 20 MW, 40 MW, and 60 MW, the influence on the electric-load output of
the steam turbine is the same. When the heat-storage load is 60 MW, the maximum and
minimum peak regulating capacities of the coupled system are 39.32 MW and 13.11 MW,
respectively. Furthermore, the maximum and minimum peak regulating depths are 13.10%
and 4.27%. The results suggest that due to the heat-release peak regulation effect, in the
heat-release process, the strategy of using the outlet water of the feed pump as the water
supply, after heating by the hot tank, is more desirable than directly sending the water to
the low-pressure cylinder.

5. Conclusions

In this study, a 300 MW heating unit was used as a model and Aspen Plus software was
employed to simulate and assess a traditional extraction steam-heating system, high- and
low-pressure bypass heating system, and high- and low-pressure bypass heating system
coupled to a heat-storage tank. The software was also applied to quantitatively analyse the
safe-operating interval, maximum thermoelectric ratio, and minimum electric-load rate of
the three systems. Furthermore, the peak regulating capacity and peak regulating depth
of the unit at different heat storage loads were determined. The following conclusions
were obtained:

(1) The high- and low-pressure bypass heating system and the coupling system can
expand the safe operating range of the unit. The maximum heat load increased from
271.28 MW to 377.52 MW compared to traditional pump heating, which represents a
relative increase of 35.49%. The R2 and R3 schemes increased the maximum electric load
from 300 MW to 323.43 MW, which is a relative increase of 7.81%.

(2) When the generating load of the unit was 190 MW, the maximum thermoelectric
ratio of the high- and low-pressure bypass heating system and coupling system increased
from 0.89 to 1.26, signifying a 41.57% increase. When the heat load was 180 MW, the lowest
electric load ratio of the high- and low-pressure bypass heating system and the coupling
system fell by 32.31% from 0.65 to 0.44. Thus, the coupled heat storage arrangement of the
high- and low-pressure bypass heating system improved the peak regulating capacity of
the unit.

(3) By comparing the heat-storage peak regulation performance of the coupling
schemes for three different heat-storage loads, the peak regulation capacity of the R3
scheme was better than the R1 and R2 schemes. The corresponding optimal heat storage
load was 60 MW, the newly increased peak regulation capacity was 65.55 MW, and the
newly increased peak regulation depth was 21.85%. A heat release peak regulating perfor-
mance analysis revealed that the R2 and R3 schemes had better peak regulating capacity
than the R1 scheme. These two schemes had a maximum heat-storage load of 60 MW, a
newly added peak-regulating capacity of 39.32 MW, and a newly added peak-regulating
depth of 13.10%.
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Nomenclature

DC0 the exhaust flow rate of the low-pressure cylinder under THA conditions (t/h)
Vc0 rated exhaust steam specific capacity (m3/kg)
Vmin minimum volume flow of the final stage
Gv2min signifies the relative minimum volume flow of the final stage
Gcmin minimum cooling flow of the low-pressure cylinder (t/h)
vc exhaust steam specific capacity of the low-pressure cylinder at different back pressures (m3/kg)
x thermoelectric ratio
Pe output electrical load of the unit (MW)
Qh thermal load of the unit (MW)
λ lowest charge rate
Pe0 output electrical load of the unit under rated working conditions (MW)
∆Pc,t peak regulating capacity of storage process units (MW)
∆Ps,t peak regulating capacity of heat release process units (MW)
Ψc,t peak regulating depth of time t storage process units
Ψs,t peak regulating depth of time t heat release units
Pc,t output electrical load of the unit at time t of heat storage (MW)
Ps,t output electrical load of the unit at time t of heat release (MW)
P0 output electrical load of the unit under the 40% THA (MW)
THA turbine heat acceptance
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