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Abstract

In order to meet the dual requirements of low-energy heating and flexible operation, a com-
prehensive heating system with multi-mode and wide-load capabilities was constructed,
incorporating a heat pump, a back-pressure turbine, and two 350 MW coal-fired condens-
ing units. Based on the heat transfer characteristics of this system, the simulation model
of this comprehensive thermal system was constructed through a commercial software
(EBSILON). A dynamic coal consumption prediction method based on the non-equilibrium
state parameters was first proposed, which was primarily designed for system operation
optimization. Subsequently, the converted load and load change rate were integrated into
the dynamic correction model to refine prediction accuracy. The results showed that while
basic coal consumption primarily correlates with heat load and electricity load, dynamic
coal consumption is influenced by both the converted load and the load change rate. Based
on this, the three-dimensional surface plot of converted load, load charge rate, and dynamic
coal consumption offset coefficient was calculated. Then, the accuracy of the prediction
model was verified by the variable working condition parameter group, and its reliability
was confirmed. Further, by developing online software, theoretical guidance for industrial
production was realized. In a heating season case study, it was demonstrated the predic-
tion method can effectively reflect the dynamic parameter deviation in the system, with
the annual coal saving being able to reach 841.5 tons. It is expected to provide theoret-
ical guidance for the research on multi-heat sources heating distribution and operation
parameter optimization.

Keywords: coal-fired heating system; coordinated peak regulation; thermal equilibrium
deviation; dynamic coal consumption; load changing rate

1. Introduction
In recent years, developing renewable energy (including wind power and photovoltaic

energy) has been considered an inevitable trend to adjust the modulation of domestic
energy structure, which addresses the issues of reducing fossil energy and increasing
environmental pollution while meeting the requirements of low-carbon and high-efficiency
development. Unfortunately, existing coal-fired cogeneration systems need to meet new
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strict requirements for flexible operation due to the large number of intermittent renewable
energy sources embedded [1].

The utilization of cold end surplus energy for heating is a potential technology to be
developed vigorously. Up to now, there are three main modes: steam extraction heating [2],
heat pump (HP) heating [3], and back-pressure heating [4]. Of course, various forms
of integrated heating systems have also achieved remarkable results in terms of energy
saving and efficiency improvement at the thermodynamic level. For example, Shuzhou Wei
et al. [5] adopted an integrated heating system based on a heat pump and a back-pressure
turbine to reduce the energy consumption of the system by optimizing the proportion of
heat load distribution and ultimately obtained an optimized operation strategy. Hence,
optimizing the operation strategy has become the method to improve the energy utilization
efficiency of the system at the lowest cost. Xiao Xu et al. [6] found that the energy system
with matched parameters can achieve energy savings of more than 30%, which is based
on the economic analysis of multiple energy systems. Jianli Zhou et al. [7] proposed an
integrated energy system based on wind power, photovoltaic, gas, and hydrogen energy. It
is found that the parameter tendency can be changed in real time according to the market
value orientation. Analogously, Jingyi Shang et al. [8] further improved the prediction
accuracy and sensitivity of the system through a phased multi-objective algorithm. As the
system responds to increasing demands, some scholars have begun to pay more attention
to dynamic coal consumption. For example, according to the integration of molten salt heat
storage characteristics, Kaijun Jiang et al. [9] proposed a flexible operation scheme, focusing
on the influence of dynamic load changes. In the case of further consideration of solar
embedment, the impact from load fluctuations will increase the demand for energy storage
regulation of coal-fired units [10]. In the design of system energy storage parameters,
the dynamic operation characteristics of coal-fired units are particularly important. Jianli
Zhou et al. [11] proposed an offset-correction method, which provides a useful conclusion
at the mathematical level for the collaborative optimization of system parameters. The
existing studies on collaborative optimization of system parameters have also carried out
beneficial exploration, suggesting that the goal of energy saving can be further realized
by adjusting parameter sets [12,13]. However, combined with big data analysis, it is
still rare to establish a dynamic prediction model of the system from the perspective of
thermal balance, especially for the optimization of the integrated energy system. Hence,
to develop a prediction method that can calculate the coal consumption of the coal-fired
system under dynamic operating conditions is an important aspect for fully exploring their
peak-shaving potential.

For this purpose, a comprehensive heating system of coupled heat pumps, back-
pressure turbines, and coal-fired condensing units with low-pressure turbine zero-output
units was structured in this work. Then, an optimal heat load distribution model based on
thermodynamic equilibrium and a dynamic coal consumption analysis method was first
proposed, which can make more accurate predictions of the system’s coal consumption
under variable operating conditions. The innovation of this work is that a dynamic coal
consumption correction method was proposed for the first time based on the thermody-
namic steady state, which compensates for the errors caused by load changes in the system.
It provides a reference for the thermal system to implement deep energy cascade utilization
and intelligent heating.

2. System Introduction
2.1. Heating System

Taking the district heating demand and the heating energy efficiency into account,
the low-pressure turbine zero-output heating supply retrofit is identified as a reasonable
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option [14]. However, the single utilization of a low-pressure turbine zero-output heating
system cannot adapt to the development program of flexible peak regulation because its
electrical load regulation capacity is low. Hence, an integrated heating system with a heat
pump, a back-pressure turbine, and a low-pressure turbine zero-output unit is proposed.
First, by using heat pump waste heat recovery heating technology, a partial “thermoelectric
decoupling” is achieved by reducing the amount of steam extracted from the medium-
pressure turbine. Second, the adjustment of the back-pressure turbine is adopted to achieve
the double effects of flexibility adjustment and energy cascade utilization [15]. Finally, the
low-pressure cylinder zero-output technology can achieve the dual goals of avoiding cold
end loss and enabling deep cascade utilization of energy. Its structure is shown in Figure 1.

Figure 1. Diagram of coupled heating system.

The fundamental principles of the system design are as follows: first of all, the heat
pump driven by the steam extraction from the medium-pressure turbine of the NO.2 unit
is used to recover the waste heat of the circulating water for the initial heating of the heat
network water; then, the medium-pressure turbine exhaust steam of NO.1 unit is used to
carry out the secondary heating of the heat network water after the back-pressure machine
has performed its work, and the medium-pressure turbine of NO.1 unit is used as the heat
source of the peak heater for auxiliary heating, and then cut out the low-pressure turbine
of NO.1 unit based on the demand of the external heat load, so that the lower limit of the
unit’s electric load can be greatly reduced. Removing the low-pressure turbine of the NO.1
unit enabled the unit to reduce the lower limit of its electric load according to the external
heat load demand, which greatly met the needs of the unit for flexible peak regulation. The
advantages of this integrated heat supply system are as follows: first, it avoids the cold
end loss of the low-pressure turbine exhaust steam of the NO.1 unit; second, utilizing the
exhaust steam from the back-pressure turbine to heat the outlet water of the heat pump
meets the requirement for deep gradient energy, bringing greater optimization potential
to the variable operating condition adjustment and performance enhancement of the heat
pump; third, the amount of steam driving of the back-pressure turbine and the amount of
steam driving the heat pump can be used as the regulating factor for heat load distribution,
which greatly reduces the degree of thermoelectric coupling, and provides an effective
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solution to improve the flexibility of the coal-fired unit. In summary, the system is based on
the recovery of waste heat from circulating water, which further expands the ratio of heat
to electricity; at the same time, the exhaust steam of the middle pressure turbine drives
the back-pressure turbine to do work first and then exhaust steam for heating, and the
exhaust steam of the medium-pressure turbine is used as the heat source of the peak heater
to realize the deep step utilization of energy [16].

2.2. Steady State and Dynamic Testing

In order to further study the rise and fall rate of the electrical load of the NO.2 unit,
the performance tests have been carried out for the unit during the non-heating season, in
which the constant pressure operation and the sliding pressure operation are, respectively,
carried out. The electrical load situation is shown in Figure 2. Its stable condition can be
used to build a steady-state model, and its load increase process is used to analyze the
maximum load change rate and the coal consumption deviation in the dynamic process.
Specifically, the five stable working conditions also provide a relatively stable environment
for other individual equipment, such as the heat pump and the back-pressure turbine as
well as the condensing unit before zero output. In addition, the establishment process of
dynamic coal consumption is based on the big date of previous adjustment processes with
variable operating conditions. In these processes, as shown in Figure 2, the lifting load rate
provides an opportunity to verify the dynamic migration.
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Figure 2. Electrical load of NO.2 unit during constant pressure/sliding pressure operation test.

3. Model Construction and Regulation Domain
In order to optimize the operation of the integrated heating system, the model of the

heat pump, the back-pressure turbine, the condensing unit and the heating unit with the
zero-output of the low-pressure turbine are modeled, respectively, and the corresponding
regulation domain is constructed. Figure 3 shows the simulation model of the twin coal-
fired condenser unit and its specific connection mode. It should be pointed out that the
steady-state operating condition selected is mainly based on the stable operation of these
equipment, and the stable operation of different monomers has certain time differences.
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NO.1 unit NO.2 unit

BT

Absorption heat pump

Peak heater

Figure 3. The Ebsilon simulation diagram of the integrated heating system with coupled HP and BT.

3.1. Heat Pump System

The performance test of the heat pump system was carried out with a total of five sets
of variable operating condition tests, each of which operate continuously and stably for 2 h.
The test results are shown in Table 1. Among them, operating conditions 1–5 correspond to
100%, 90%, 80%, 70% and 60% of the rated heat pump inlet, respectively.

Table 1. Stable test condition of heat pump system.

Parameter Unit Case 1 Case 2 Case 3 Case 4 Case 5

Load % 100 90 80 70 60
Steam outlet flow t/h 194 177 163 139 116
Steam inlet temperature ◦C 170 154 149 142 131
Hydrophobic temperature ◦C 60.8 58.7 56.7 53.3 47.2
Driving steam pressure Mpa 0.32 0.30 0.26 0.17 0.06

Inlet water temperature of heating network ◦C 39.2 41.8 41.9 42.1 37.6
Outlet water temperature of heating network ◦C 76.4 70.6 67.9 65.3 62.3
Inlet water temperature of waste heat water ◦C 31.4 35.4 32.2 32.0 31.7

Outlet water temperature of waste heat water ◦C 22.8 18.4 17.1 18.5 25.5

Five groups of stable operating conditions are selected as the basic modeling data, and
the steady-state variable operating condition model of the monomer is established, which
is characterized by including a relatively wide range of loads and a relatively long stable
operating time to meet the data requirements for constructing stable variable operating
conditions. According to the actual operating load range of the heat pumps, the operating
condition at 60% minimum heat load of a single heat pump and the exhaust enthalpy value
of the medium-pressure cylinder (3106.846 kJ/kg) are used as benchmarks for calculation.
The heating power of a single heat pump at full load is 59.4 MW, and the pumping capacity
consumed by the medium-pressure cylinder is 52.294 t/h.



Processes 2025, 13, 3492 6 of 16

3.2. Back-Pressure Turbine

The steam feed to the back-pressure turbine comes from the heating exhaust mother
pipe of machine #1, the steam extraction pressure at the connecting pipe of the medium
and low pressure cylinder of the steam turbine is 0.8 MPa, while the actual heating steam
pressure required by the heat network heater is 0.3 MPa, This technology that is now
throttled down by a pressure reducing valve to satisfy the requirement of the heat network
heater for the steam pressure is intended to make full use of the unit’s residual heat and
pressure to improve the economy and flexibility of power plant operation [17]. According
to the data of five groups of back-pressure turbine variable conditions, the steady-state
variable condition model was constructed, and the inlet steam flow rate of the back-pressure
turbine was deduced according to back-pressure turbine import and export parameters as
well as power generation, which set its rated load.

The dependence relationship between the thermal load, the electrical load, and the
steam consumption in the monomer model of the back-pressure turbine was constructed,
and the modified characteristic curve of the exhaust pressure of the medium-pressure
turbine was determined by simulation. Taking the design enthalpy of hydrophobicity
(721.099 kJ/kg) as the reference to determine the heat loads of the back-pressure turbine
under 10 sets of operating conditions to be 50.099 MW, 57.28 MW, 50.203 MW, 56.768 MW,
43.125 MW, 36.213 MW, 45.696 MW, 47.288 MW, 50.891 MW, and 40.927 MW, respectively,
the ratio of the mechanical and electrical load and steam consumption of the back pressure
in the selected working condition 3 to the heat load of the back-pressure turbine is 0.38386
and 2.09784, respectively, with the heat load adjustment range of the back-pressure turbine
determined to be 36.213 MW–57.28 MW.

3.3. Condensing Unit

The thermal system model under the condition of 40%~100% boiler output is con-
structed by extracting the parameters of the condensing unit as well as the steady-state
operation condition. In this work, under the premise of ensuring the minimum flow re-
striction of the low-pressure cylinder exhaust steam, the thermoelectric load regulation
area is calculated. Among them, the maximum heat load boundary refers to the heat
load converted from the maximum steam extraction by the condensing unit itself. In the
subsequent calculation model, the system coal consumption can be further calculated based
on the load parameters of the condensing unit operating in the thermoelectric load [13].

3.4. Low-Pressure Turbine Zero-Output Unit

According to the data of unit #2, the steady-state variable operating condition model
of cylinder cutting unit was constructed, and through the parameters of the unit with
zero output from the low-pressure cylinder and the steady-state operating condition, the
thermal system model was under the condition of 40%~100% boiler output. Furthermore,
according to the output of different boilers and the setting of the exhaust steam of the
medium-pressure cylinder for heating, the thermoelectric load boundary can be obtained.
In this work, the heat from the exhaust steam of the medium-pressure cylinder is first
considered as the cold end loss, and then the thermoelectric load range of the cylinder
cutting unit can be preliminarily determined. Therefore, in the subsequent calculation
model, the system coal consumption will be calculated for the operation of the cylinder
unloading unit within its thermoelectric load boundary.
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4. Characteristic Parameters
4.1. Heat Pump System

The steady-state multi-condition operation model of the heat pump was constructed
according to its engineering operation data, and the COP of the heat pump system was
derived from its three-in-three-out parameters and the number of operating unit (a total of
six sub-heat pumps were adopted),which provides a basis for the collaborative construction
of the unit #2 model. These results are shown in Figure 4. According to the actual operating
load range of the heat pump, the operating condition of a single heat pump is calculated
when the minimum heat load is 60%. At the same time, using the enthalpy of the exhaust
steam of the medium-pressure cylinder (3106.846 kJ/kg) as the benchmark, the heating
power of a single heat pump at full load is 59.4 MW, and the exhaust steam of the medium-
pressure cylinder is 52.294 t/h. On this basis, according to the variable operating condition
adjustment characteristics of the heat pump system model [Figure 4a], the relationship
between the number of heat pumps used and the amount of steam consumed under
different heat load requirements [Figure 4b] is calculated, which can be used to construct
the model of unit #2.
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Figure 4. Characteristic curves of heat pump system.

4.2. Back-Pressure Turbine

The relationship between heat load, electric load, and steam consumption in the single
model of back-pressure machine is established, and the modified characteristic curve of
exhaust steam pressure of medium-pressure cylinder is determined by simulation. Based on
the design hydrophobic enthalpy (721.099 kJ/kg), the BT heat load under the 10 groups was
determined to be 50.099 MW, 57.28 MW, 50.203 MW, 56.768 MW, 43.125 MW, 36.213 MW,
45.696 MW, 47.288 MW, 50.891 MW, and 40.927 MW, respectively. The ratio of BT electrical
load and steam consumption to BT thermal load (working condition 3) is 0.38386(MW/MW)
and 2.09784[t/(h ∗ MW)], respectively. At the same time, the characteristic curve relating
the BT electric load and steam consumption has been modified based on the exhaust steam
pressure of the medium-pressure cylinder. According to the inlet and outlet parameters of
the back compressor and the power generation, the inlet steam flow of the back compressor
is derived to provide a basis for the collaborative construction of the model of unit #1. The
results are shown in Figure 5. At the same time, it can be determined that the heat load
adjustment range of the back-pressure is 36.213 MW–57.28 MW.
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Figure 5. Characteristic curve of back-pressure turbine.

4.3. Condensing Unit

In this work, under the premise of ensuring the minimum flow limit of low-pressure
cylinder exhaust steam, the thermoelectric load regulation area is calculated, and the results
are shown in Figure 6a. Among them, the maximum heat load boundary refers to the
heat load converted from the maximum steam extraction flow of the condensing unit itself.
In the subsequent calculation model, the coal consumption of the condensing unit can
be further calculated according to the operating load parameters in the thermoelectric
load area. Firstly, the thermal load and electric load of the condensing unit are uniformly
converted, and the conversion coefficient is calculated as the boundary of AB thermoelectric
load in Figure 6a. In this work, the heat load multiplied by 0.2448 was added to the electrical
load to establish a fitting relationship with the standard coal consumption after the reduced
electrical load. The result is shown in Figure 6b. The second fitting relationship curve
is Y = −134.36146 + 1.20329 ∗ X−0.00119 ∗ X ∗ X. On the basis of stable operation, the
basic correlation between standard coal consumption and thermoelectric load is calculated,
and the results are shown in Figure 6c. The overall trend of this surface shows that as the
electric load increases, the rate of increase in coal consumption starts to rise lightly and
then decreases; this trend is related to the adjustment ability of the unit under different
electric load, especially the adjustable range of the main steam pressure and the exhaust
steam pressure of the medium-pressure cylinder all restrict the coal consumption of the
unit. With the direction of heat load increase, the trend of influence on coal consumption
is different in the stage of low power load and high power load, which is related to the
heat load distribution among units. It should be noted that the ranges of electrical load and
thermal load can serve as the boundary conditions for subsequent optimization.
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(a) (b)

(c)

Figure 6. Thermoelectric load regulation range of condensing unit.

The influence of main steam pressure and exhaust steam pressure of medium-pressure
cylinder was analyzed, and the correlation of correction coefficients was obtained after the
disjunction point was eliminated, as shown in Figure 7a,b. The corresponding characteristic
curves are provided for the subsequent construction of coal-fired unit models.

Figure 7. Characteristic curve of condensing unit.

4.4. Dynamic Coal Consumption Analysis

To further study the difference in system coal consumption during the variable load
process, a dynamic coal consumption correction coefficient was introduced. The calculation
formula of this coefficient is shown in Equation (1), which is the ratio of the fitted value to
the predicted value.

Dynamic.coal.consumption =
Fitting.value

Predicteal.value
(1)

Among them, the fitted values refer to the parameters obtained through polynomial fit-
ting based on the measured points while the predicted values are the parameters calculated
according to the steady-state model.
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5. Results and Discussion
5.1. Dynamic Coal Consumption

For the dynamic coal consumption correction coefficient of conventional condensing
units, there is an obvious dividing line influenced by the load change rate, and the dividing
point is zero as shown in Figure 8. As can be seen from Figure 8b, if only the influence of
load factors is considered, it further proves the necessity of considering the influence of load
change rate. Figure 9 shows the relationship between the converted electrical load, the rate
of load change, and the dynamic coal consumption. Thus, combined with the thermoelectric
load range region in Figure 9a, a three-dimensional relationship surface between load
change rate, converted electrical load, and dynamic coal consumption correction factor can
be obtained, as shown in Figure 9b. The results can provide a new idea for predicting coal
consumption in the extraction steam heating system of conventional condensing units. It
should be noted that, compared with the traditional steady-state coal consumption analysis
method (with a coefficient of 1), the dynamic coal consumption offset coefficient proposed
in this work can well match the trends under partial load conditions and different rate
changes. The difference caused by the variation in load power should be related to the time
response of the system itself.

 

Figure 8. Dynamic coal consumption fitting of condensing unit.

Figure 9. Condensing unit’s regulation area and dynamic coal consumption fitting surface.

The effects of converted electric loads were further fitted for the base term fitting of the
rate of change in load to the dynamic coal consumption offset coefficient of the cut-cylinder
unit, as well as for the load increase and decrease processes. The results are shown in
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Figure 10a,b. On this basis, further area delineation and surface fitting were carried out to
establish the relationship between the load change rate, the converted electric load, and
the dynamic coal consumption offset coefficient in the cylinder cutting mode, as shown in
Figure 11a,b.
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Figure 10. Dynamic coal consumption fitting of low-pressure cylinder zero-output unit.

200 240 280 320 360 400

-3

-2

-1

0

1

2

3

 Test value

L
o
ad

 c
h
an

g
in

g
 r

at
e(

M
W

/1
0

s)

Converted electrical load(MW)

A(214.9;2.38)

C
(388.1;0)

E(285.3;-2.34)
F(315.9;-2.85)

G
(3

8
8

.1
;-

2
.8

5
)

B(322.3;2.38)

D(214.9;0)

(a)Regional assignment
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fitting surface.
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5.2. Accuracy Verification

Through selection and analysis of the variable operating condition parameters of unit
#2, the results of the unfolding analysis of its coal consumption are shown in Figure 12. The
coal consumption under dynamic operation is greater than the steady-state value during
load rise, while it is smaller during load fall. The dynamic coal consumption increases in the
load increase process, while the standard coal consumption decreases in the load-decrease
process. This is consistent with the law of prediction method. Regarding the current factors
causing errors, there are other secondary factors whose effects have not been fully analyzed.

120 160 200 240 280
90

120

150

180

210

120 160 200 240 280
90

120

150

180

210

 Steady state

(b)Load down

 Y=0.19383+0.68243*X

(a)Load up

 Dynamic state

Electrical load/(MW)

S
ta

n
d

ar
d

 c
o

al
 c

o
n

su
m

p
ti

o
n

/(
t/

h
)

S
ta

n
d

ar
d

 c
o

al
 c

o
n

su
m

p
ti

o
n

/(
t/

h
)

Electrical load/(MW)

 Y=-2.27594+0.71353*X

 Steady state

 Y=0.19383+0.68243*X

 Dynamic state

 Y=3.72315+0.62369*X

Figure 12. Coal consumption characteristics of dynamic bottleneck migration.

5.3. Online Software Development

Figure 13 shows an online software system applied to guide actual production,
which covers the optimal distribution of thermoelectric loads. It can be found that
the distribution of electric load is mainly achieved by regulating the feed water flow,
and of course, it also includes the correction and optimization of the main steam
pressure and the exhaust steam pressure of the medium-pressure cylinder. For heat
load distribution, not only the selection of the cutting cylinder state of the coal-fired
condensing unit is considered, but also the number of heat pump operating units and
the cooperative optimization among the heat pump, back-pressure, and extraction
volume. By monitoring coal saving status, while optimizing the parameter group,
and guiding the choice of operation mode, the production, university, and research
technology is ultimately realized. In addition, by monitoring the optimization results,
the sliding pressure operation strategy of the main steam parameters is further obtained,
which is milder than those reported in the literature [18]. It should be noted that in
this software, after inputting the relevant parameters, the system can calculate the
optimized parameter combination, thereby guiding the production process.
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Figure 13. Online software design and development interface.

5.4. Total Coal-Saving Amount in Heating Season

The total thermoelectric load of the entire heating season was adjusted, as shown in
Figure 14a. It can be found that although there is a certain fluctuation in the electrical
load of the twin units, the trend is stable throughout the day. There is only one special
situation in the entire heating season that requires a sudden increase in power load. As
for the heat load, it presents an overall trend of a gradual rise, followed by a steady
decline, and then a rapid decline. Although there is a short period of sudden rise during
the heating season, the overall trend can still show a more obvious regularity.
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coal quantity in heating season.
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In order to reduce the instantaneous error, the coal consumption of the unit before
and after optimization has been compared within the hourly date points across the heating
season. Figure 14b shows the fluctuation in coal consumption of dual units in heating
season. The overall trend of coal consumption shows little change before and after opti-
mization, while the coal-saving effect shows an obvious difference across different periods.
Through the integration, the coal saving amount of the entire heating season is 841.5 tons
of standard coal.

6. Conclusions
In this work, two 350 MW coal-fired heating units were selected as the research objects

to develop a dynamic coal consumption model under variable load conditions. Thus,
a key parameter group optimization model based on optimal heat load distribution is
constructed, with a dynamic coal consumption analysis method based on cooperative
modification of unit load and load change rate is proposed, and the intelligent heat supply
peaking operation based on multi-heat source heat distribution and operation parameter
optimization is realized. The specific conclusions are as follows:

(1) Separate fittings were conducted to account for the impact of converted electric load
during the load increase and decrease processes. Furthermore, area delineation and
surface fitting techniques were applied to establish the relationship among load
change rate, converted electric load, and dynamic coal consumption offset coefficient
under the cutter head mode.

(2) For the cylinder unloading mode, the coal consumption will increase compared with
the steady operating condition. When the unit load change rate is greater than 1, the
offset coefficient is also greater than 1; conversely, the offset coefficient is less than 1
when the load is reduced for the reason that the coal consumption is lower than under
stable operating conditions; frequent changes in operating conditions will increase
the unit’s coal consumption.

(3) The relationship among the load change rate, converted electric load, and dynamic
coal consumption offset coefficient for the two operating modes was ultimately
obtained after the adjustment range was further defined based on the correlation
diagrams of converted electric load versus load change rate for both the cylinder
unloading mode and the non-cylinder unloading mode. The heating season case
study verified that total coal savings reached 841.5 tons of standard coal.

In conclusion, the results of this work, when combined with AI intelligence, are bene-
ficial for the energy utilization and integration of the coal-fired integrated energy systems.
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Nomenclature Abbreviations

Heat pump HP

Coefficient of performance COP

Back-pressure turbine BT

Low-pressure LP

Intermediate cylinder MP
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