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Abstract: Thermal energy storage in long-distance heating supply pipelines can improve the peak
shaving and frequency regulation capabilities of combined heat and power (CHP) units participating
in the power grid. In this study, a one-dimensional numerical model was established to predict
the thermal lag in long-distance pipelines at different scale levels. The dynamic response of the
temperature at the end of the heating pipeline was considered. For the one-way pipe lengths of
10 km, 15 km and 20 km, the response times of the temperature at the distal end were 2.33 h, 2.94 h
and 3.54 h, respectively. The longer the flow period, the further the warming-up time is delayed. An
optimization scheduling approach was also created to illustrate the peak shaving capabilities of a CHP
unit combined with a long-distance pipeline thermal energy storage component. It was demonstrated
that the maximum heating load of the unit increased up to 503.08 MW, and the heating load could
be expanded in the range of 17.88 MW to 203.76 MW at the minimum electric load of the unit of
104.08 MW. Finally, the particle swarm optimization method was adopted to guide the operating
strategy through a whole day to meet both the electric power and heating power requirements. For
the optimized case, the comprehensive energy utilization efficiency and the exergy efficiency increase
to 64.4% and 56.73%. The thermal energy storage applications based on long-distance pipelines
were simulated quantitively and proved to be effective in promoting the operational flexibility of the
CHP unit.

Keywords: thermal inertia; long-distance pipeline; peak shaving; combined heat and power unit;
particle swarm optimization

1. Introduction

With the large-scale integration of renewable energy sources such as wind power and
solar power generation into the grid, the time-varying characteristics on the power supply
side are sensibly increasing, leading to intense fluctuations on the power supply side [1].
To maintain a stable power load and provide a standby load, it is significant for CHP units
to improve the peak shaving capacity by decreasing the power during the peak periods of
renewable energy supply and increasing the power during the off-peak periods. However,
with their rigid thermal–electric coupling characteristics, CHP units run with insufficient
operational flexibility. To meet these restrictions, heat storage technology is employed in
CHP systems to enhance the thermal–electric decoupling capability.

Employing thermal storage components could effectively optimize the thermal–electric
decoupling performance. A hot water storage tank [2], molten salt heat storage system [3]
and comprehensive TES system [4] have been integrated into CHP facilities to enhance
the flexibility of their operating capabilities. However, considering the additional devices,
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the relevant costs are quite high. On the other hand, district heating networks with long-
distance pipelines are capable of storing a large amount of thermal energy with little
extra investment [5]. Scheduled by an intelligent dispatching system, the thermal–electric
decoupling capability of the source network integration system could be enhanced. The
flexible operation performance of CHP units would also be promoted, representing an
adaptation that meets the development demand of China’s new power system. Olgierd and
Ryszard [6,7] studied the heat and water loss phenomena in DHS with a numerical process
and proposed the building of additional tanks or the use of heat storage tanks directly to
collect temporary excess water. Their research provided an effective method for enhancing
the operational capability of DHS in different operating conditions.

The utilization principle of district heating networks with long-distance pipelines for
thermal storage is to make full use of the large thermal inertia of the long-distance pipelines:
During the electric peak shaving period, more steam is extracted from steam turbines, and
the excess heat resources are stored in district heating networks by raising the networks’
average temperature. By contrast, during the electric peaking period, the extraction flow
rate decreases, and much more steam is used for electric power generation. The heating
capability of CHP units thus decreases. The previous heat storage in the heating network
is then scheduled for release, acting as the thermal energy supply resource temporarily.
Considering the complex operating process, developing optimized scheduling strategies is
quite crucial for the stability and safety of the system’s operation [8,9]. For more details
down to the component level, transient simulation needs to be implemented to assess the
specific operation capability [10].

For detailed research issues, scholars have begun to conduct operating optimization
studies on district heating systems from different perspectives. Wang et al. [11] and Franco
et al. [12] demonstrate that establishing a well-sized thermal energy storage system and a
correct operational strategy can help to operate a CHP unit in a constant way, increasing
the share for the thermal production and increasing the energy efficiency; the first law
efficiency increased from 0.74 to 0.84, and the second law efficiency increased from 0.35 to
0.44. Zheng et al. [13] developed a mixed-integer nonlinear programming model for an
integrated energy system with CCHP, incorporating storage to solve the multi-objective
optimization problem and determine the best combination of technologies for meeting the
energy demand under practical constraints. Martínez et al. [14] introduced an application
to the assessment and optimal sizing of thermal storage in CCHP plants for detailed system
constructions. Iribarren et al. [15] optimized the system and operation design of thermal
energy storage systems in micro-cogeneration plants. The calculation results indicated that
the optimal size of storage minimizes the overall cost and the generated emissions. Tehrani
et al. [4] studied a smart operation strategy to match the production and consumption
profiles of a TES facility coupled with a CHP plant; the annual CHP efficiency increases by
1.12%, and the annual fuel consumption rate and CO2 emissions decrease by 2.6%.

Simulation methodology for CHP/TES has also been implemented widely in recent
decades. Thermal–hydraulic analysis code relap5 [16] was employed to simulate water
hammer characteristics in district heating networks. Valve modeling is quite crucial in
the simulation process. The commercial software Apros [17] was utilized to calculate the
hydraulic performance under the guidance of a control strategy coded using MATLAB.
Kirchhoff’s law was used in centralized heating system hydraulic balance prediction [18],
and network flexibility methodology was also evaluated. A novel three-order scheme was
developed to preserve the sharp temperature front in coarse mesh in long-pipe district
heating networks [19], which would dramatically decrease the calculation quantity for
detailed system prediction. Hou et al. [20] employed the Simulink toolkit to simulate the
dynamic characteristics of a comprehensive energy supply system. Wang et al. [21] and
Zheng et al. [22] reviewed integrated multi-energy-system flexibility options, and energy
storage and future ancillary services were investigated.

However, the recent simulation studies were not much related to heat storage capacity
and the thermal inertia of heating networks. In order to utilize the heat storage capacity to
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enhance the heat and power decoupling capability of CHP units, it is necessary to establish
a dynamic model of a district heating network. This paper presents a study of the heat
storage performance of long-pipe heating networks and an analysis of the peak shaving
capacity of a power plant scheduled using the particle swarm optimization method.

2. Dynamic Simulation Model

In the cogeneration unit, the steam turbine is employed mainly to generate electricity.
Steam is partially extracted to heat circulation water of the primary heating network in
the primary heating station. The hot circulation water is pumped to the heat exchange
station through the heat network pipeline to supply thermal energy to buildings. In
winter, the steam extraction capacity is almost fixed, which imposes restrictions on the
electric peak shaving flexibility of the cogeneration unit. The thermal energy storage in
long-distance heating supply pipelines could improve the peak shaving and frequency
regulation capabilities of cogeneration units participating in the power grid. To investigate
the inherent characteristics, numerical models were established in this research.

A transient numerical model was developed to simulate thermal performance in the
steam turbine and long-distance heating supply pipelines. Considering that the steam trav-
els at supersonic speed through the steam turbine blade, a quasi-steady-state assumption
was used in the turbine model establishment.

2.1. Heat Transfer Model

When the hot circulation water flows through the pipeline, heat loss occurs due to the
large temperature difference between hot water and the ambient atmosphere. In the radial
direction, the total thermal resistance is composed of the following serial components:

The thermal resistance from the hot water to the inside pipe wall,

Rin =
1

παinDin
(1)

The pipe wall thermal resistance,

Rpipe =
1

2πλpipe
ln

(
Dout,pipe

Din,pipe

)
(2)

The thermal insulation material thermal resistance,

Rlayer =
1

2πλlayer
ln

(
Dout,layer

Dout,pipe

)
(3)

The soil thermal resistance,

Rsoil =
1

2πλsoil
ln

(
4x

Dout,layer

)
(4)

Compared with the other thermal resistances, Rin and Rpipe have a lower order of
magnitude and can be neglected. Therefore, the total thermal resistance becomes

∑ R = Rlayer + Rsoil (5)

In the axial direction, energy conservation equations were discretized to simulate the
thermal lag characteristics of long-distance heating supply pipelines. A one-way heating
pipeline was divided into 100 nodes equidistantly, and the lumped parameter method was
employed for each node. Figure 1 illustrates the discrete scheme of the transient calculation
methodology. An explicit scheme for time sequences and a first-order upwind scheme were
utilized in the code.
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Figure 1. Numerical scheme of transient calculation methodology through the pipeline.

Regarding the water and steam medium as an incompressible fluid, in node i, the
explicit form of the energy conservation equation becomes

(Ghn0,inlet − Ghn0,outlet)−
Tn0 − Tsoil

∑ Rn
Li(1 + β)πDi,out,layer =

∂hn

∂t
ρπ

(Di,out,layer

2

)2

Li (6)

When Equation (6) is discretized with a first-order difference scheme, the differential
equation turns into an algebraic equation, which can be solved numerically.[

(Ghn0,inlet − Ghn0,outlet)−
Tn0 − Tsoil

∑ Rn
Li(1 + β)πDi,out,layer

]
∆t = ρπ

(Di,out,layer

2

)2

Li(hn − hn0) (7)

2.2. Pressure Drop Model

Pressure drop was included in the hydraulic model. For a circular pipe, the pressure
drop is mainly caused by friction resistance ∆Pf ric,

∆Pf ric = 6.88 × 10−3K0.25 Gn0
2Li

ρD5.25
n

(8)

And the pressure drop equation for each node can be written as

pi,outlet = pi,inlet − ∆Pf ric (9)

The pressure of node i at the n0 time level is

pi,n0 =
pi,outlet + pi,inlet

2
(10)

2.3. Model of Turbine

The Flugel formula is the theoretical basis for predicting the variable condition proper-
ties of steam turbines in CHP units. The original form is

G1

G1b
=

√
p1

2 − p22

p1b
2 − p2b

2

√
T1b
T1

(11)

In the formula, letters with b subscript represent parameters in basic working condi-
tions as reference data, and letters without b subscript represent parameters in variable
conditions.

Backpressure, a parameter determined by the working condition of the condenser, is a
crucial parameter for achieving the maximum work output for the turbine. It is necessary
to determine the temperature of condensed water tcond to determine the backpressure
at the outlet of the low-pressure cylinder of the turbine. The temperature of condensed
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water is mainly governed by condenser and circulation water parameters, as given in the
following formula:

Tcond = Tcirc,inlet +
Gexh

(
hexh − h′exh

)
CcircGcirc

[
1 − exp

(
−kcond Fcond

CcircGcirc

)] (12)

2.4. Particle Swarm Optimization Method

In 1995, particle swarm optimization (PSO) was proposed by Kennedy and Eber-
hart [23] to imitate the social behavior of animals. The swarm-based stochastic algorithm
has been extended for utilization in CHP [24] operation optimization. To receive the optimal
solution, the personal best position (pbest,i) for each particle and the global best position
(gbest,i) in the swarm need to be evaluated. The basic calculation strategy is performed
as follows:

pt
best,i = x∗i | f (x∗i ) = mink=1,2,...,t

({
f
(

xk
i

)})
(13)

where i ∈ {1, 2, · · · , N}, and

gt
best = xt

∗ | f
(

xt
∗
)
= mini = 1, 2, . . . , N

k = 1, 2, . . . , t

({
f
(

xk
i

)})
(14)

In the formula, i represents each particle’s tag, t denotes the current iteration step, f
is employed to describe the objective function to be calculated, x is the particle’s position
vector and v is the velocity. N denotes the total number of particles. v and x should be
refreshed by the formula as follows at t + 1 iteration:

vt+1
i = ωvt

i + c1r1

(
pt

besti
− xt

i

)
+ c2r2

(
gt

best − xt
i
)

(15)

where ω represents the inertia weight as a balancing factor for local and global exploration
equilibrium, r1 and r2 are random vectors. c1 and c2 are acceleration coefficients. The
calculation flowchart is illustrated in Figure 2.
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3. Results
3.1. Reference Case

A 330 MW CHP was selected as the reference case to simulate the thermal–electric
decoupling techniques. The configuration of the thermodynamic system is charted below in
Figure 3. The heat power decoupling technique based on a long-distance pipeline thermal
energy storage component was studied for the reference power plant. The main feed
water system includes seven shell-and-tube heat exchangers (low-pressure heat exchangers
RH1-RH4 and high-pressure heat exchangers RH6-RH8) and a mixing-type heat exchanger
(deaerator RH5). The heat sources are all from the extraction of steam from the turbine.
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In this 330MW CHP unit, one steam extraction point was set at the outlet of the
intermediate pressure cylinder to heat the long-distance heating supply pipelines. In the
calculation process, the steam pressure to the regenerative heaters can be calculated with
the following formula according to the Flugel formula:

Pr =

√
P52 + (

G1

G1b
)

2
(Prb

2 − P5b
2)(r = 6 to 8) (16)

And the extraction steam pressures in LPC can be calculated as follows:

Pr =

√
Pc2 + (

G1

G1b
)

2
(Prb

2 − Pcb
2)(r = 2 to 5) (17)

where the r represents the position of the extraction point after the stage group.
Then, a long-distance heating supply pipeline was built with the CHP for heating

supply to remote heat consumers. The layouts of the entire system are charted in Figure 4.
The one-way pipeline lengths of 10 km, 15 km and 20 km were calculated.
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3.2. Performance Characteristics of Long-Distance Pipeline Thermal Energy Storage Component

Calculation oriented to thermal storage characteristics through long-distance heat-
ing pipelines was performed with the transient modeling methodology mentioned in
Sections 2.1 and 2.2. Cases with one-way pipeline lengths of 10 km, 15 km and 20 km were
built. Temperature fluctuations were focused on. In each case, the pipelines received heat in
the first heat exchange station and partially delivered heat to the remote heat exchanger, as
shown in Figure 5. The heat storage and supply procedures were performed and analyzed.
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Figure 5. Heat storage facility based on long-distance heating supply pipelines.

The calculation boundary conditions were defined in the analysis code according to
the parameters in Table 1. It is worth mentioning that the total thermal power for the heat
exchanger remains constant during the calculation. Thus, the difference in temperature
between the inlet and outlet of the heat exchanger was set as a constant. The heat storage
and supply procedures were simulated in each case: During 0 h–20 h, the first heat exchange
station worked for heat storage. During 20 h–24 h, the first heat exchange station was out
of service, and the heat supply only depended on the sensible heat. To monitor the spatial
distribution and response characteristics of temperature fluctuation along the long-distance
pipeline, five monitoring points were installed, as shown in Figure 6, in both the feedwater
pipeline and return pipeline.

Table 1. Boundary conditions in heat storage through long-distance heating supply pipelines.

Parameter Value

Power of first heat exchange station, MW 390.88
Power of heat exchanger, MW 325.73

Water flow velocity, m·s−1 0.87
Pipe diameter, m 1.80

Outlet temperature of first heat exchange station, ◦C 75.00
Outlet pressure of first heat exchange station, MPa 1.00
Inlet temperature of first heat exchange station, ◦C 39.30
Inlet pressure of first heat exchange station, MPa 0.52

Inlet temperature of heat exchanger, ◦C 73.50
Inlet pressure of heat exchanger, MPa 0.76

Outlet temperature of heat exchanger, ◦C 40.00
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Figure 6. Monitoring point distribution.

The calculation results are displayed in Figure 7. Subplots (a), (c) and (e) illustrate
temperature distributions along the feedwater pipelines. Temperature waves occurred
periodically from point 1 to point 5 in sequence. For the first wave, temperatures rose
to 75.23 ◦C, 74.95 ◦C and 74.62 ◦C in the 10 km, 15 km and 20 km cases, respectively. A
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similar conclusion could also be demonstrated by the data in (b), (d) and (f), the data
monitored along the return pipelines. According to the energy conservation relation, the
tiny temperature reductions should be mainly caused by the heat loss model embedded in
Formula (6) with the linear heat loss coefficient β.
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It could be found obviously that the temperature fluctuation response is related to the
pipeline distance. For the first wave in each case through the feedwater pipeline and return
pipeline, the response time at point 1 in each pipeline in the simulation was calculated and
is listed in Table 2. The results demonstrated that the time for warming up at point 1 on each
pipeline is positively associated with the flow period or the flow distance from the inlet of
the pipelines. The longer the flow period, the further the warming-up time is delayed. The
variation should be influenced mainly by Equation (6): for the fluid flow, the heat loss term
Tn0−Tsoil

∑ Rn
Li(1 + β)πDi,out,layer decreases the fluid enthalpy hn0,inlet gradually, which governs

the slope of the temperature function most on the left side of the formula. As a result,
the response time increases with the fluid flow, and the heat loss mechanism should be
studied carefully to raise the efficiency of heat utilization and make the temperature change
more sensitive.

Table 2. Temperature response time from point 1 in different cases.

Flow Period (h) Time for Warming
Up (h) Response Time (h)

10 km feedwater pipe 0.64 1.69 2.33
10 km return pipe 3.83 2.95 6.78

15 km feedwater pipe 0.96 1.98 2.94
15 km return pipe 5.75 4.47 10.22

20 km feedwater pipe 1.28 2.26 3.54
20 km return pipe 7.66 5.69 13.35

As shown in Figure 8 and Table 3, the temperature distributions influenced by the
initial temperatures in the feedwater pipe were also investigated. Similar conclusions were
drawn from the temperature response time results. When the initial temperature is raised,
more heat is transferred into the ambient atmosphere due to a large temperature difference,
which weakens the slope of the temperature change and finally extends the heat transfer
response time. As a result, the heat loss process should be designed carefully, not only to
raise the efficiency of heat storage, but also to make the whole process much more flexible.

Table 3. Temperature response time from point 1 in cases with different initial temperatures.

Time for Warming Up (h)

70 ◦C IC feedwater pipe 2.50
70 ◦C IC return pipe 3.98

75 ◦C IC feedwater pipe 2.61
75 ◦C IC return pipe 4.70

80 ◦C IC feedwater pipe 2.72
80 ◦C IC return pipe 5.01

3.3. Peak Shaving Performance Optimization

The swarm optimization method mentioned in Section 2.4 was used to enhance
operational flexibility based on the energy storage capability of long-distance heating
pipelines. To implement the optimization method, a 330 MW cogeneration unit was selected
for heating the heating network. The system diagram of a single unit combined with long-
distance heating supply pipelines is shown in Figure 4. According to the thermodynamic
property of turbine units of the power plant, the original energy utilization efficiency
distribution was calculated and is displayed in Figure 9. The dot–dash line represents the
fully open state of the control valve after the steam heating outlet when the thermal power
is increased.
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Figure 9. The original energy utilization efficiency distribution. The dot–dash line indicates a fully
opened control valve of the turbine.

The operational domain was restricted by the boundaries described below. The
maximum value of the main steam flow acted as the superior limit,

Pe = −0.229Qh + 366.7 (18)

for partially opening the control valve (on the left side of the dot–dash line) and

Pe = 0.0001803Qh
2 − 0.3835Qh + 389.9 (19)

for fully opening the control valve (on the right side of the dot–dash line), where Pe and Qh
represent the electric power and heating power.

The minimum value of the condensing flow limited the domain on the right.

Pe = 0.5289Qh + 44.76 (20)

The minimum value of the main steam flow defined the inferior boundary.

Pe = −0.2683Qh + 132.9 (21)

The local energy utilization efficiency was calculated as follows:

ηen,loc =
Pe,i + Qh,i

BiQLHV
(22)

The local exergy efficiency was calculated as follows:

ηex,loc =
Pe,i + (Esupply,i − Ereturn,i)

BiQHHV
(23)

The subscript i is used to identify different working conditions. Considering the
heating storage capacity based on the long-distance pipelines, a 92.94 MW heating storage
and supply capability could be utilized to support the flexible operation requirement.
The operational domain is expanded along the heating power direction. The additional
heating storage components obviously enhance the thermal–electric decoupling ability
of the thermoelectric unit and enlarge the working condition domain with high energy
efficiency. When heating power increases to more than 300 MW, the efficiency can mostly
reach over 70%. The energy utilization efficiency distribution is charted in Figure 10.
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Figure 10. The energy utilization efficiency distribution of power plant with heat storage component.
The colored line is used to display the working boundary of the original CHP power plant displayed
in Figure 9.

During the heat supply operation of the unit with a heat storage component, the
electrical load regulation range stays the same as before. However, the heating supply range
is widely expanded. The total heating supply load could reach 503.08 MW temporarily.
If the heating load is fixed, the thermoelectric unit will operate on a vertical line in the
graph. Compared with the original operating characteristics, when receiving peak shaving
instructions, the unit can use thermal energy storage for heat supply, enhancing the unit’s
ability to participate in peak shaving and improving the flexibility of unit operation.

The particle swarm optimization method was employed to optimize the operation
strategy for 24 h for a power plant combined with a heat storage component. Although the
optimization is governed by the thermoelectric characteristics illustrated by Figure 10, a
time-delay characteristic is also considered:

td =
πρLDin

2

4G
(24)

In this case, the length of one-way long-distance pipeline is 15 km. The flow rate is
815.0 kg/s. Conservations in electric power supply and heating supply are also defined,

Pe,i = Pe,j (i, j = 1, 2, . . . , 24) (25)

and
24

∑
i=1

Qh,i =
24

∑
j=1

Qh,j (26)

The subscripts i and j represent the supply-side parameter and demand-side parameter,
respectively. The optimization calculation process is illustrated in Figure 11.
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Figure 11. Flowchart of PSO optimization.

To accelerate the iteration process, a penalty function was utilized in the fitness
algorithm, as shown in Figure 12. An extremely large number was attached to the objective
function to penalize infeasible particles. The penalty function could eliminate the out-
of-date particles gradually and accelerate the convergence of the particle swarm to the
optimized result.
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Figure 12. Penalty function.

Based on the optimization methodology, several working scheduling strategies were
compared to meet a daily specific electric and heating requirement. The oriented electric
load tendency is a daily tendency for the 330 MW power plant, including a simple peak
and valley, as shown by the blue curve in Figure 13. The heating load is fixed to 190 MW.
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To evaluate the scheduling strategy, the comprehensive energy utilization efficiency
and exergy utilization efficiency were calculated in each case. The comprehensive energy
utilization efficiency was estimated by taking the average value of local energy utilization
efficiency defined in Formula (22):

ηen,comp = ηen,loc =
1

24
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∑
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(27)

And exergy efficiency was calculated as follows:

ηex,comp = ηex,loc =
1

24

24

∑
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Pe,i + (Esupply,i − Ereturn,i)
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(28)

For the first scheduling strategy, the local energy utilization efficiency of the power
plant was required for the electric load peak. During 9 h–12 h, the heating load of the
power plant increases to 405 MW, and the local energy utilization efficiency and exergy
efficiency can reach 76.71% and 58.55%. And in the heating release zone, the heating load
is supplied by the storage heat and planned extraction of steam heat. The comprehensive
energy utilization efficiency and exergy efficiency for the daily scheduling strategy reach
63.65% and 56.67%. The operation strategy is illustrated in Figure 13.

For the second scheduling strategy, a balanced policy is trialed. Here, 355.09 MW and
210.36 MW heating loads are implemented in the heating storage zone for the peaking part
and ordinary part. For the peaking period, the energy utilization efficiency and exergy
efficiency are 73.23% and 58.5%, respectively, much higher than the values during the
ordinary period (68.23% and 57.16%). The comprehensive energy utilization efficiency and
exergy efficiency for the second scheduling strategy reach 64.05% and 56.7%, which are
better than the local optimal case values; the scheduling strategy is charted in Figure 14.

Finally, the particle swarm optimization method was adopted for the scheduling.
Here, 305.18 MW and 227.1 MW heating loads were extracted from the power plant into
the heating pipeline. The operation strategy is shown in Figure 15. During the peaking
period, the energy utilization efficiency was 69.63%, a little bit lower than the value during
the ordinary period (70.14%). For the exergy efficiency, the value during the peak period
could reach 58.45%, larger than that during the ordinary period (57.24%). However, the
comprehensive energy utilization efficiency and exergy efficiency were both optimized,
reaching the peak values of 64.40% and 56.73%. The comparison results are listed and
compared in Table 4.
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Figure 15. Electric and heating scheduling strategy for PSO-optimized case.

Table 4. Comparisons of efficiencies among different cases.

Energy Utilization Efficiency (%) Exergy Efficiency (%)

Case I: local maximum
efficiency 63.65 56.67

Case II 64.05 56.70
Case III: PSO-optimized case 64.40 56.73

4. Conclusions

In this study, a method of thermal–electric decoupling based on heating storage
in long-distance pipelines was studied with a simulation process. A one-dimensional
numerical model was established to predict the thermal lag in long-distance pipelines.
The particle swarm optimization method was also employed to optimize the working
scheduling strategy for the daily operation of the thermal–electric decoupling system, and
the results are as follows:

The dynamic response of the temperature at the end of the heating pipeline was
considered. The longer the flow period, the further the warming-up time is delayed. For
the one-way pipe lengths of 10 km, 15 km and 20 km, the response times of the temperature
at the distal end were 2.33 h, 2.94 h and 3.54 h, respectively.

The PSO method was also adopted to guide the operating strategy through a whole
day to meet both electric power and heating power requirements. By enhancing the electric–
thermal decoupling performance relying on the CHP unit combined with long-distance
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pipeline thermal energy storage component, it was demonstrated that the maximum heating
load of the unit increased to 503.08 MW, and the heating load could be expanded in the
range from 17.88 MW to 203.76 MW at the minimum electric load of the unit, 104.08 MW.
For the optimized case, the comprehensive energy utilization efficiency and the exergy
efficiency increase to 64.4% and 56.73%.

The thermal–hydraulic simulation and schedule optimization process for a thermal–
electric decoupling system based on thermal energy storage applications through long-
distance pipelines presented in this paper provide a structure for quantitively estimating
working performance. With this preliminary toolkit, practical models such as the overall
heat losses associated with the use of long-distance heat supply pipelines for thermal
energy storage could be studied to indicate more operational characteristics of decoupling
systems in future research.
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Nomenclature

Symbol Description Unit
B coal consumption rate kg/s
c acceleration coefficients -
C specific heat capacity J/(kg ◦C)
D diameter m
E exergy J
F heat exchange area m2

f objective function -
G heating water flow rate kg/s
h enthalpy kJ/kg
k heat transfer coefficient W/(m2 ◦C)
L length m
N total number of particles -
P pressure Pa
∆P pressure loss Pa
Pe electric power MW
Qh heating power MW
QLHV lower heating value MJ/kg
R thermal resistance m2 ◦C/W
T temperature ◦C
t time s
∆t time step s
x burial depth of the heating pipeline m
Matrix
g global particle position
p personal particle position
r random vector
v particle velocity
x particle position
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Greek Symbols
α heat release coefficient W/(m2 ◦C)
β local heat loss coefficient %
ρ density of fluid kg/m3

λ thermal conductivity W/(m ◦C)
K equivalent absolute roughness of wall m
ω inertia weight
Subscripts and superscripts
1 before stage group
2 after stage group
b basic working condition
best best particle
circ circulation water
comp comprehensive
cond condenser
d time delay
en energy utilization
ex exergy
exh exhaust steam flow
f ric friction
i the i node or the i particle
in inner wall
inlet inlet of a node
layer outer wall of insulation layer
loc local
n the n time level
n0 current time level
out outer wall
outlet outlet of a node
pipe heating pipeline
return return water in heating pipeline
soil soil
supply supply water in heating pipeline
Abbreviations
CCHP combined cooling, heating and power
CHP combined heat and power
HHV high heat value
LHV low heat value
PSO particle swarm optimization
TES thermal energy storage
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