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Under the background of carbon peaking and carbon neutralization proposed by China, the development of energy storage
technology is imperative. (e heat consumption of building central heating is large, which can be used as an important means of
load side energy storage. (e mathematical model of the central heating system is established, the optimal simulation of the
regenerative temperature stratified water tank in the heating system is carried out, and the optimal structure of the temperature
stratified water tank is obtained. (e heating power of the fully mixed water tank is compared with the indoor maintenance
temperature, and the power consumption of the primary pump is reduced by 8.5%. (e energy utilization rate of the heating
system is high and has high energy-saving potential.

1. Introduction

With the global climate change problem becoming in-
creasingly prominent, peak carbon dioxide emissions and
carbon neutrality have become hot topics all over the
world. (e annual greenhouse gas statistics report pub-
lished on the website of the US Environmental Protection
Agency is based on national energy use, agricultural data,
and other statistical data and summarizes the greenhouse
gases produced by all anthropogenic emission sources in
the United States, thus forming the Catalogue of
Greenhouse Gas Emissions and Carbon Sinks. (e cata-
logue shows that the peak of carbon dioxide emissions in
the history of the United States appeared in 2007, when
the total amount of greenhouse gases emitted by the
United States was equivalent to 7.25 billion tons of carbon
dioxide. Like the United States, the peak of total green-
house gas emissions in Japan also appeared in 2007, with
the total emissions equivalent to 1.365 billion tons of
carbon dioxide. (e “analysis of greenhouse gas emission
data" shows that the peak of EU greenhouse gas emission
appeared in 1990, and its total emission was equivalent to
5.57 billion tons of carbon dioxide. (e emission peaks of
three main components, carbon dioxide, methane, and

nitrous oxide, all appeared in 1990, and then the emission
decreased year by year. However, because of the great
differences in economic and social development among
the 28 member countries of the European Union, the peak
times of greenhouse gas emissions among the member
countries appear first and then. (e peak emission of
greenhouse gases in 9 member countries, such as Ger-
many and Bulgaria, appeared in 1990, while the peak
emission of other member countries appeared from 1991
to 2008, among which Cyprus and Slovenia did not appear
until 2008 [1].

In 2020, President Xi Jinping made a commitment to
achieve peak carbon dioxide emissions by 2030 and carbon
neutrality by 2060 in the general debate of the 75th United
Nations General Assembly, which provided a starting point
for forcing high-quality economic development, and also
demonstrated the responsibility of big countries, which
helped boost global confidence in coping with climate
change. As the world’s largest energy consumer and carbon
emitter, achieving the goal of carbon neutrality puts forward
higher requirements for China’s energy and economic
sustainable development. (e goal of “double carbon” is
leading and systematic to China’s green and low-carbon
development, which can bring multiple effects of
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environmental quality improvement and industrial devel-
opment. Focusing on reducing carbon emissions is con-
ducive to promoting the green transformation of economic
structure, accelerating the formation of green production
methods, and boosting high-quality development. High-
lighting the reduction of carbon emissions is conducive to
the coordinated treatment of traditional pollutants and
greenhouse gas emissions and makes the improvement of
environmental quality and the control of greenhouse gases
have a significant synergistic effect. Emphasizing that re-
ducing carbon emissions is everyone’s responsibility is
conducive to promoting the formation of a green and simple
lifestyle, reducing the consumption and waste of material
products, and realizing energy conservation and pollution
reduction. Accelerating the pace of carbon emissions is
conducive to guiding green technology innovation, accel-
erating the development of green and low-carbon industries,
forming new growth points in the fields of renewable energy,
green manufacturing, and carbon capture and utilization,
and improving the global competitiveness of industries and
economies. (e challenge of “double carbon goal” is very
arduous. (e road to zero carbon in the first-developing
countries is still quite long, and there is no shortcut in the
second-developing countries. In recent years, although the
growth rate of China’s energy consumption has slowed
down and carbon emissions have gradually entered a pla-
teau, the proportion of fossil energy in China’s energy
consumption structure is still as high as 80%. On the road of
realizing double carbon, China needs to make continuous
efforts in the fields of power, industry, construction, agri-
culture, etc., to reduce carbon emissions, plan the optimal
strategic path, and strive to achieve the parallel of carbon
emission reduction and economic development [2, 3].

Under the background of carbon neutrality, domestic
renewable energy generation will become the main power
source in the future, and energy storage will undoubtedly
play an important role in it.(e output of new energy has the
characteristics of fluctuation and intermittence, which is
significantly different from the change trend of electricity
load, and it is difficult to predict the power. Because of the
lack of corresponding market return mechanism, the pro-
portion of flexible power supply in power system is low.
Affected by factors such as coal-fired power capacity reg-
ulation and power grid security constraints, the utilization
rate of some transregional transmission channels is not high.
(e peak characteristic of China’s power load curve is ob-
vious, and the duration of 5% peak load does not exceed 48
hours [4]. A series of factors make it more difficult to balance
power in real time, which affects the consumption of new
energy power. Under the background of large-scale devel-
opment of new energy, how to solve the problems and
challenges in grid-connected consumption is the key factor
to achieve the goal of “double carbon.” Energy storage
technology is an important technical means to effectively
relieve the pressure of large-scale renewable energy grid
connection, which can not only smooth the intermittent
renewable energy power generation output but also improve
the frequency modulation and peak shaving capability of
thermal power units, so it has been widely valued [5].

Under the guidance of peak carbon dioxide emissions
and carbon neutral strategy, the energy storage industry is
bound to usher in a more rapid development. However, at
present, there are still some unfavorable factors in energy
storage at the power supply side, such as the difficulty in
breaking through new material technology, the imperfect
energy storage business model, and the reduction of new
energy subsidies. At present, technologies such as energy
storage on the power supply side are mainly limited by the
research and development of new materials. It is difficult for
new energy storage materials to make breakthroughs in
energy density, unit cost, and application safety. Side energy
storage technology is immature, and several energy storage
technologies are still in the demonstration application stage,
without extensive application. At present, many energy
storage projects on the power supply side do not take into
account the wide-area self-smoothing characteristics of re-
newable energy, which leads to the unreasonable distribu-
tion position of energy storage projects and excessive
capacity allocation [6].

When the system faces the above challenges, the source-
load cooperative energy storage system has great develop-
ment potential. Energy storage of the source-load cooper-
ative system is helpful to the development of renewable
energy and alleviate the problems of energy depletion and
environmental pollution. At the same time, it can avoid the
shortcomings of uncertain power generation of renewable
energy, give full play to the advantages of environmental
protection and economy of renewable energy, and reduce
the adverse effects after grid connection. As the main body,
the energy storage of the source-load cooperative system
participates in the electric energy trading in the electricity
market, which can reasonably conduct the electric energy
trading according to the level of electricity price and user
load and reasonably select the electric energy trading time
and quantity according to the peak-valley difference of
electricity price.(e difference between the power generated
by renewable energy and the system load is partly traded
with the large power grid, which can reduce wind and light
abandonment and improve the economy of the system. It
plays an important role in building a clean, low-carbon, safe,
and efficient modern energy system and has social practical
significance. (erefore, the source-charge cooperative en-
ergy storage system is an important research direction with
social and economic value [7].

Nowadays, all countries in the world put the energy issue
in a strategic position that concerns the national economy
and people’s livelihood. As the largest developing country in
the world, China’s rapid economic development is accom-
panied by a large amount of energy consumption. Among all
energy consumption, building energy consumption ac-
counts for a large proportion. According to statistics, it was
built in China.

Building energy consumption accounts for about 30% of
the total social energy consumption. Among all kinds of
building energy consumption in China, central heating
energy consumption accounts for about 36% of the total
national building energy consumption, which is the largest
component of building energy consumption [8]. (erefore,
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load side energy storage is particularly prominent. (e load
energy storage system has the advantages of peak shaving
and valley filling, demand response, and so on. Reasonable
allocation of energy storage system is helpful to stabilize load
fluctuation, reduce peak-valley difference of power grid, and
increase precise control means. It is an effective measure to
solve many problems caused by new energy grid connection,
promote new energy consumption, and improve system
operation reliability [9]. Our government has also promoted
a series of related policies to encourage the optimal
scheduling of energy storage at the user side. (e “13th Five-
Year Plan” clearly indicates that the future energy storage
market will be extended to public utilities, from transmission
and distribution side to load side [10]. Under this back-
ground, the energy storage system on the load side has great
potential, and the development of energy storage on the load
side has become an irreversible trend.

2. Materials and Methods

2.1. Establishment of Dynamic Model of Heating System

2.1.1. Introduction to Dynamic Models of Heating Systems at
Home and Abroad. In applied energy in 1993, Andersson
carried out simulation calculation according to the math-
ematical model of pipe network heat storage. In the ad-
justment, the heat storage of pipe network was considered
and the heat storage capacity of heating pipe network was
not considered. (e operation parameters of the heating
system were found to be more reasonable, and the purpose
of energy saving was achieved [11]. Bohm and others did
dynamic modeling of heating system and optimization of
district heating in 1995. In this paper, a dynamic simulation
model was established according to the temperature and
flow nodes of the heating network and the district heating
parameters were optimized [12].

In 1995, Bennonysson et al., in the Journal of Data
Transfer Unit, put forward that according to the structure of
the heating network, a dynamic model was established
according to the temperature and flow of each node of the
heating network for simulation, so that the change of the
pipeline flow and the change of the temperature in the
pipeline were obtained when the pipeline layout was known
[13]. Bojic and Trifunovic published a work in Building and
Environment in 2000, and a simple central heating pipe
network was studied by establishing the corresponding
mathematical equations by using the method of steady-state
backstepping and continuous linear programming.(is pipe
network includes a heat source, a primary pipe network, a
heat exchange station, a secondary pipe network, and three
heat users, and the central heating pipe network was opti-
mized [14]. Sauer et al. published in Applied Ergonomics in
2008, in which they studied the central heating system,
simulated the heating system by using a computer, input
different parameters through its interface in the simulation
system, and displayed the simulation results, as well as
provided the users with a display of energy consumption and
discussed the design of the central heating system [15]. In the
long-term dynamic simulation of Flynn and O’Malley

natural boilers, the main parameters of the boiler system,
such as main steam pressure and main steam temperature,
are very reasonable and effective [16]. In 2004, according to
the mathematical model, a central heating systemmodel was
established by Zaheeruddin, and the model was simulated by
MATLAB. In the simulation, various control strategies were
tested and analyzed and the existing heating regulation
control strategies were optimized [17].

Lianzhong established a dynamic model of district hot
water heating by using the conservation of mass and energy.
(rough simulation analysis, the influences of water sup-
plement, radiator area, solar radiation, and water supply
temperature on system operating parameters and users were
analyzed. In the simulation system, different control strat-
egies such as fuel control and temperature were combined
and six different combinations of control strategies were
simulated. (e simulation results show that the control
strategy based on user side can achieve the goal of energy
saving and indoor temperature stability [18]. Matteo et al.
used the sensitivity analysis method to study the relationship
between building volume, window-wall ratio, and heating
energy consumption and established a model for simulation.
(e error between the simulation result and the actual one
was about 8% [19]. Krzysztof et al. discussed the influence of
outdoor temperature, solar radiation, and wind speed on
heating heat load. Outdoor temperature directly affects the
heat load of the heating system, and solar radiation can
reduce the heat load of the heating system. With the increase
of wind speed, the heat dissipation coefficient of the external
surface of the building is improved, and at the same time, the
cold air infiltration of the building is increased, so that the
heat demand of the building is increased [20]. Jonsson et al.
used the grey box method to simulate the heat load of central
heating system, realized online prediction of heat load based
on weather forecast data and SCADA system in central
heating system, and established a model which can predict
the heat load of regional central heating system [21].
Gabrielaitiene et al. realized computer simulation based on
the physical model of a few nodes in district heating system
and studied the temperature dynamics of district heating
[22]. Peng et al., in Computer Simulation in 2002, studied
the computer simulation of heating system, established the
simulation model through building, heating network, and
other modules, and introduced the solution ideas of the
model [23].

In 2012, Chen and others simulated the heating system,
taking the simple direct connection central heating system as
an example, and analyzed the changes of indoor temperature
when the outdoor temperature and water supply flow
changed according to the model. As a result, the temperature
response of the heating system was delayed, which provided
a basis for on-demand heating [24]. In 2014, Xie and others
designed a Smith-Fuzzy-PID controller for the established
model and the model after the system parameters changed
due to disturbance and other external factors and conducted
simulation research. From the simulation results, the Smith-
Fuzzy-PID controller is suitable for the case of interference
between accurate input and external factors, which makes
the system achieve better control effect [25].
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In 2013, Xu et al. took the water supply flow and outdoor
temperature as the input and the backwater temperature as
the output of the simulated heating system and designed the
fuzzy controller of the heating system. (e fuzzy controller
was simulated by using Fuzzy Toolbox, and the result can
reach the expectation [26]. In 2008, Liu analyzed the running
state of the heating system, carried out hydraulic calculation,
and established a dynamic mathematical model. Using
MATLAB/Simulink as a platform, she established a hy-
draulic system model of the heating pipe network and
simulated the model. In the model, she could observe and
test the hydraulic adjustment of the heating system and
achieve the purpose of saving energy [27]. In his dissertation,
Dang took the supercharged boiler unit as the research
object, took Simulink as the simulation system, as the de-
velopment platform, established the mathematical model of
thermal equipment under certain simplified conditions,
built the overall dynamic simulation model of the super-
charged boiler, and analyzed the working principle of the
boiler [28].

In his dissertation, Jin built a central heating simulation
program with Simulink as the simulation system platform
and then applied it to the built simulation program with BP
neural network tool, which did not provide a basis for
centralized adjustment [29].

2.1.2. Heating System Modeling in %is Paper. In this paper,
the heating system is decomposed into different subsystems
and themathematical model of each subsystem is established
by using the centralized parameter method and heat balance
equation, and the modules are combined into a complete
simulation model of central heating system. In the model,
different key parameters such as flow rate and load change
curve can be obtained according to the temperature of
supply and return water, different external environment, and
indoor temperature. In this paper, parameters such as actual
external air temperature are input into the model and the
obtained system parameters are compared with the opera-
tion parameters of adding temperature stratified water tank,
which proves the influence of temperature stratified hot
water tank on system power and indoor temperature [30].

2.1.3. Design Heat Load of Heating System

(1) Design Heat Load of Heating System. It refers to the heat
Q supplied by the heating system to the building in unit time
to reach the required indoor design temperature tn at a
certain outdoor design temperature tw [31].

Q � Q1j + Q1x + Q2 + Q3, (1)

where Q1j is the basic heat consumption of enclosure
structure, Q1x is the additional heat consumption of
maintenance structure, Q2 is the heat consumption of cold
air penetrating into the room through the gap between doors
and windows, which is called the heat consumption of cold
air infiltration, and Q3 is the heat consumption for heating

cold air intruded by doors, holes, and adjacent rooms, which
is called cold air intrusion heat consumption.

(2) Heat Consumption of Envelope. (e basic heat con-
sumption of envelope is as follows:

Q1j � KF tn − tw( α, (2)

where K is the heat transfer coefficient of envelope, F is the
area of enclosure structure, tn is the calculated temperature
in the heating room, tw is the outdoor calculated temper-
ature of heating, and α is the temperature difference cor-
rection coefficient of envelope. (e modified temperature
difference factor is based on Table 1.

Heat transfer coefficient k value of envelope:

K �
1

R0

�
1

Rn + Rj + Rw

� αn + 
αλλ
δ

+ αw,

(3)

where R0 is the heat transfer resistance of maintenance
structure, αn and αw are the heat transfer coefficient of inner
and outer surfaces of maintenance structure, Rn and Rw are
the heat transfer resistance of internal and external surfaces
of maintenance structure, δ is the thickness of each layer of
the maintenance structure, λ is the thermal conductivity of
materials of each layer of the maintenance structure, and Rj

is the thermal resistance of individual material layers of
maintenance structure composed of single or multilayer
materials.

Calculation formula of additional heat consumption:

Q1 � Q1j + Q1x

� Q1j 1 + βch + βf + βli + βc + βm  1 + βg  1 + βj ,

(4)

where Q1 is considered as the additional heat consumption
of a certain enclosure, Q1j is the basic heat consumption of a
certain enclosure, βch is orientation correction, βf is ad-
ditional wind power, βm is external door attachment, βg is
additional door height, βli is modification of exterior walls
on both sides, βc is the area ratio of window to wall made a
big correction, and βj is additional clearance.

(3) Heat Consumption of Cold Air Infiltration. Estimate the
heat consumption of cold air infiltration in the room
according to the number of air changes in the room. (e
calculation formula is as follows:

Q2 � 0.278cpρwV tn − tw( , (5)

where 0.278 is the unit conversion factor, 1 kj/h� 0.278w, V

is the total air quantity infiltrated into the room through the
gaps of doors and windows, ρw is the air density at calculated
temperature outside heating room, cp is the constant
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pressure specific heat capacity of air, tn is the calculated
indoor heating temperature, and tw is the outdoor calculated
temperature of heating.

Average heating load [32]:

Q
h
av � Qh

ti − tav

ti − to

, (6)

where Qh
av is the average heating load, Qh is the heating

design heat load, ti is the calculated indoor heating tem-
perature, generally taken as 18°C, tav is the average outdoor
temperature of heating, and to is the outdoor design tem-
perature for heating.

According to the basic formula of heat calculation of heat
exchanger, the heat transfer equation and heat balance
equation are derived as follows [33]:

Q � kAΔtm,

Q � q1c1 t1′ − t1″( 

� q2c2 t2″ − t2′( ,

(7)

where Q is the type-heat transfer, k is the total heat transfer
coefficient, Δtm is the average temperature difference of heat
transfer, q1 and q2 are mass flow of inlet and outlet fluid, c1
and c2 are specific heat capacity of inlet and outlet fluids, and
t1′, t1″, t2″, and t2′, respectively, represent the inlet and outlet
temperatures of fluid on the primary side of heat exchanger
and the inlet and outlet temperatures of heat exchanger on
the secondary side.

2.1.4. Pipe Network Model. For the pipe network research,
the lumped parameter method is also used to establish a
mathematical model according to the heat balance. (e heat
balance of the heating pipe network mainly considers the
heat dissipation loss and leakage loss of the pipeline. Because
the water loss ratio is relatively small and it is impossible to
know where to lose water, it is consistent to adopt the water
loss rate per unit length of pipe section.

(erefore, in the simplified model, similar to a boiler, the
heat brought by the pipe section minus the heat taken away
and the heat absorbed by the supplementary cold water is the
heat stored in the pipe section.

Calculation of heat dissipation per unit length of pipeline
by the lumped parameter method: heat flowing into the
pipeline is cwQin(Tin − Tout). Heat loss due to heat con-
duction in this section is (Tout − Tdb) × K. Heat taken away
by pipeline leakage is agbbgb(Tin − Tout/2).

(e heat transfer temperature of pipe section is calcu-
lated according to the average temperature of this pipe
section, so the heat balance equation of pipe section is as
follows [34]:

Cgd

dTout

dt
� cwQin Tin − Tout(  − aglbglTout − qλ, (8)

where Cg d is the heat capacity of unit pipe section, Tout is
the outlet temperature of pipeline, Qin is flow into pipeline,
Tin is the temperature of inflow pipeline, agl is the water
leakage coefficient of pipeline, 0-1, bgl is the water leakage of
pipeline, and qλ is the heat dissipation loss of pipeline.

Among them, the pipe heat loss is described as follows:
the water supply and return pipes are laid together in the
heating pipe, but according to the practical experience and
design requirements, the heat loss of the pipe network ac-
counts for less of the transportation heat, so the additional
thermal resistance between the common laying of the water
supply and return pipes is not considered, and the calcu-
lation is directly made by a single pipe qλ.

Heat loss of pipeline:

qλ �
Tout − tdb( 

 R
,

R �
1

2πλb

ln
db

dgw

+
1

2πλt

ln
4H

db

,

H � h +
λb

ak

,

(9)

where Tout is the outlet temperature of pipeline, tdb is the
surface temperature, λb is the thermal conductivity of
insulation layer, db is the outer diameter of insulation layer,
dgw is the outer diameter of pipeline, λt is the thermal
conductivity of soil, H is the converted depth of pipeline, H

is the depth from pipeline center to surface, and ak is the heat
release coefficient of soil surface.

Table 1: Modified temperature difference factor.

Serial
number Envelope characteristics

Modified
temperature

difference factor
1 Exterior walls, roofs, floors, floors communicating with the outdoors, etc. 1.00
2 Stuffy roof and floor slab above nonheating basement connected with outdoor air 0.90
3 Partition wall adjacent to unheated stairwell with external doors and windows (1–6 floors building) 0.60
4 Partition wall adjacent to unheated stairwell with external doors and windows (7–30 floors building) 0.50
5 When there is a window on the external wall of the floor above the heating basement 0.75

6 When the floor above the heating basement has no window on the
external wall and is located above the outdoor floor 0.60

7 When the floor above the heating basement has no window on the
external wall and is located below the outdoor floor 0.40

8 Partition walls and seismic joint walls adjacent to nonheating rooms with external doors and windows 0.70
9 Partition wall adjacent to nonheating room without external doors and windows 0.40
10 Expansion joint wall and settlement joint wall 0.30
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2.1.5. Heat Exchanger Model. (e main equipment of the
heat exchange station is the heat exchanger, and it is par-
ticularly important to establish the mathematical model of
the heat exchanger through reasonable mathematical
methods. According to the heat transfer mechanism of the
plate heat exchanger, because the heat capacity of the heat
exchanger itself is small and the heat preservation measures
are taken for the heat exchanger, the plate can be considered
adiabatic and the heat loss can be ignored when establishing
the mathematical model. According to the principle of heat
balance, it can be concluded that the heat absorbed and
released by cold and hot fluids is equal.

Referring to the nonlinear simulation method of
establishing a simplified boiler model, the plate heat ex-
changer is considered as a lumped parameter system and the
mathematical model is established by using the particle
system method. Two inlet and outlet temperature nodes are
established at the primary network side of the plate heat
exchanger, and the temperature of the outlet temperature
node represents the temperature of the hot fluid in the plate
heat exchanger, so the heat entering the plate heat exchanger
per unit time minus the heat transferred from the primary
network side hot fluid to the secondary network side cold
fluid is equal to the heat of the primary network side hot fluid
temperature rise, and the mathematical equation is estab-
lished as follows [35]:

Cprimary
dT1out

dt
� cwG1 dT1in − dT1out(  − qj, (10)

where Cprimary is the water heat capacity of primary network
side of plate heat exchanger, dT1out is the outlet temperature
of hot fluid at primary network side of plate heat exchanger,
T1in is the inlet temperature of hot fluid at primary network
side of plate heat exchanger, G1 is the flow rate of hot fluid at
primary network side of plate heat exchanger, and qj is the
heat exchange capacity of plate heat exchanger.

Similarly, for the secondary network side of the plate
heat exchanger, two temperature nodes of inlet and outlet
are also established and the temperature of the outlet
temperature node represents the temperature of the cold
fluid in the plate heat exchanger, so that the heat transfer
amount of the plate heat exchanger minus the heat taken
away by the secondary network side cold fluid through
circulation is equal to the temperature rise of the cold fluid in
the secondary network side of the heat exchanger, and the
mathematical equation is established as follows:

Csecondary
dT2out

dt
� qj − cwG2 T2in − T2out( , (11)

where Csecondary is the water heat capacity of primary net-
work side of plate heat exchanger, T2out is the outlet tem-
perature of hot fluid at primary network side of plate heat
exchanger, T2in is the inlet temperature of hot fluid at
primary network side of plate heat exchanger, and G2 is the
flow rate of hot fluid at primary network side of plate heat
exchanger.

(e formula for calculating the heat exchange capacity of
the plate heat exchanger qj is

qj � KAΔtpj, (12)

where K is the heat transfer coefficient of plate heat ex-
changer, A is the heat exchange area of plate heat exchanger,
and Δtpj is the heat transfer temperature difference of
primary and secondary network side of plate heat exchanger.

In the above formula, the heat transfer temperature is
calculated by logarithmic mean temperature difference as
follows:

Δtpj �
T1in − T2in(  − T1out − T2out( 

ln T1in − T2in/T1out − T2out( 
. (13)

(e calculation formula of heat transfer coefficient k of
heat exchanger is

K �
1
α1

+
1
α2

+ Rwg + Rbp 

−1

, (14)

where α1 is the convective heat transfer coefficient from
heating medium to pipe wall, α2 is the convective heat
transfer coefficient from pipe wall to heated medium, Rwg is
the water fouling thermal resistance, which is
1.16×10 −6m2°C/w according to the Design Manual of
Practical Heating and Air Conditioning, and Rbp is the
thermal resistance of plate, which is 4.5×10−6m2°C/w
according to the DesignManual of Practical Heating and Air
Conditioning.

2.1.6. Radiator Model. Taking the radiator as the lumped
heat capacity model, the simplified model is the same as the
pipe model, that is, the temperature change of the radiator is
caused by the heat input minus the heat dissipation and the
heat output. At the same time, in this study, users’ radiator
equipment in a divided building area is regarded as a whole
and the temperature of supply and return water entering
each user’s radiator system is consistent under the condition
of thermodynamic and hydraulic balance of each user’s
heating system, so this simplification is reasonable. (e
dynamic mathematical model of the radiator is established
as follows when the inlet temperature of the radiator is Tg,
the corresponding return temperature is Th, and the indoor
temperature is tn [36]:

Cs

dTh

dt
� cwQg Tg − Th  − qs. (15)

(e formula refers to the heat dissipation capacity of
radiator. According to the heat dissipation capacity mea-
surement method of heating radiator in GB13754-2017, the
heat dissipation characteristic equation of radiator module is
calculated (qs):

qs � asFs

Tg + Th

2
− tn 

1+b

, (16)
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where Cs is the heat capacity of radiator, Th is the return
water temperature of radiator, Qg is the flow into radiator,
Tg is the radiator water supply temperature, as is the radiator
area coefficient, 0-1, Fs is the radiator area, and 1 + b is the
index of radiator standard characteristic formula.

Calculation of radiator area:

F �
Q

K tpj − tn 
β1β2β3β4, (17)

where F is the heat dissipation area, K is the heat transfer
coefficient of radiator, tpj is the average temperature of heat
medium in radiator, tn is the calculated temperature in the
heating room, Q is the heat dissipation of the radiator, which
is equal to the heat load of the heating room, w, β1 is the
correction factor of radiator assembly number, β2 is the
correction coefficient of radiator connection form, β3 is the
correction factor of radiator installation form, β4 is the
correction factor of flow into the radiator, and for β1β2β3β4,
see “Practical Heating and Air Conditioning Design Man-
ual” for the correction coefficient.

Simplified algorithm for quantity engineering of
radiators:

n �
Q

q
, (18)

where Q is the room heat load and q is the heat dissipation
capacity per unit number of radiators. Actual heat dissi-
pation of radiator� standard heat dissipation of radiator/
β1β2β3β4.

Hot water heating system:

tpj �
tsg + tsh 

2
, (19)

where tsg is the water inlet temperature of radiator and tsh is
the outlet temperature of radiator.

Determination of inlet and outlet temperatures of ra-
diators in each layer of single pipe system [36]:

GL �
A  Q

C tg − ts 
, (20)

2.1.7. BuildingModel. Because of the periodic disturbance of
indoor and outdoor air temperature and sunlight, heat
conduction is a complicated and unstable process.
According to the theory of heat transfer, if the height and
width of the wall are 8–10 times of the thickness, the cal-
culation error is less than 1% when treated by one-di-
mensional heat conduction. Because the heat conduction
along the height direction will not have a great influence on
the indoor thermal environment, in order to simplify the
calculation, a one-dimensional heat conduction model along
the wall thickness direction is established in this study. (e
finite difference method is used to simulate, the inner surface
of the wall is set as the origin of coordinates, the heat transfer
problem is discretized in time and space, the difference
equation is established, and the third boundary condition is

considered, and the calculation is carried out layer by layer
according to space.

In this study, there is no internal heat source in the wall
of building envelope and the solar irradiance received by
the exterior of the wall is included in the outer boundary
point. At the same time, the relative humidity and absolute
humidity in winter are very small. In order to simplify
reasonably, the influence of moisture conduction and its
phase change heat on the thermal physical parameters and
temperature distribution of the wall is ignored. (e heat
conduction of the wall is a one-dimensional unsteady heat
conduction process. (e wall model is divided into three
parts, namely, inner wall surface heat dissipation model,
wall surface heat dissipation model, and outer wall surface
heat dissipation model. (e lumped parameter method is
adopted in the wall heat dissipation models of the three
parts.

(e wall is divided into layers, the temperature of each
layer is regarded as a point, and the thickness of each layer is
subject to the subsequent calculation accuracy requirements.
(e model is divided into three parts, namely, the inner
surface of the wall, the body of the wall, and the outer surface
of the wall.

As shown in the figure, there is no heat storage on the
inner surface and the inner surface is only a transformation
from convective heat transfer to heat conduction, so the
convective heat transfer on the inner wall surface is equal to
the heat conduction from the wall surface to the inner wall.
(e schematic diagram of the wall structure is shown in
Figure 1.

Heat dissipation calculation of inner wall surface [37]:

hn tn − Tnqb  � Kq1 Tnqb − Tq1 . (21)

Calculation of heat conduction in the wall:
(e lumped parameter method is also used to conduct

heat inside the wall. Because each divided level is the
temperature of the current level, the division is about fine
and the temperature in the wall is closer to reality. In the
subsequent modeling of this paper, it will be divided
according to the heat balance equation, so try to have more
levels and divide the layers into n.

Temperature calculation of the first layer in the wall:

ρq1cq1δq1
dTq1

dt
� Kq1 Tnqb − Tq1  − Kq2 Tq1 − Tq2 . (22)

Temperature calculation of the second layer in the wall:

ρq2cq2δq2
dTq2

dt
� Kq2 Tq1 − Tq2  − Kq3 Tq2 − Tq3 . (23)

Temperature calculation of the nth layer in the wall, that
is, where the wall is close to the outer surface:

ρqncqnδqn

dTqn

dt
� Kqn Tqn−1 − Tqn  − Kqn Tqn − Twqb .

(24)

Heat dissipation calculation of wall outer surface: like the
inner surface, there is no heat storage on the outer surface,
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but the outer surface only transforms from heat conduction
to convection heat transfer. At the same time, the enclosure
structure of the wall is still in contact with sunlight, so there
is heat absorption, so the convection heat transfer on the
outer wall surface is equal to the heat conduction from the
wall to the outer surface.

KqnTqn − Twqn � hqw Twqb − tw  − qqs, (25)

where hqn is the convective heat dissipation coefficient be-
tween interior wall surface and indoor air, tn is the indoor air
temperature, Tnqb is the surface temperature of interior wall,
Kq1 is the heat transfer coefficient of the divided first wall, Tq1
is the node temperature of the divided first floor wall, ρq1 is
the density of wall materials of the first layer divided, cq1 is the
specific heat capacity of divided first layer wall materials, and
δq1 is the thickness of the divided first wall,
ρqn, cqn, δqn, Kqn, Tqn are the density, specific heat capacity,
thickness, heat transfer coefficient, and temperature of the
divided nth wall, Twqb is the external wall surface tempera-
ture, hqw is the convective heat transfer coefficient between
exterior wall surface and air, tw is the outdoor air temperature,
and qqs is the heat intensity of external wall surface irradiated
by the sun. Like the model of the roof and the wall, the
dynamic mathematical model is the same as that of the wall.

In the living room, residents have furniture and various
objects. As we all know, furniture itself is a kind of heat
accumulator with heat storage characteristics. In this study,
indoor furniture and various objects are regarded as objectsX,
and the objects X are inserted into a certain insulation me-
dium, so that only the leftmost end of the objects is exposed to
the outside, and convection heat transfer is carried out on the
surface of the objects X, as shown in Figure 2.

At the beginning, the equilibrium temperature of fur-
niture is the initial indoor temperature for heating. When
the indoor temperature changes, the leftmost end of the
object will do surface flow heat exchange with the indoor
temperature. In the model, the default is that the heat
conduction in the object is extremely great and the tem-
perature changes with time.(erefore, it is only necessary to
consider the heat storage of the object itself, without con-
sidering the temperature changes in different internal co-
ordinates, so it is not necessary to divide it into multiple
layers like a wall. (e dynamic heat transfer equation is

C
dTp

dt
� Kw t0 − Tp , (26)

where C is the heat capacity of furniture and various objects,
Tp is the average temperature inside furniture, Kw is the heat
transfer coefficient of furniture, and t0 is the indoor air
temperature.

2.1.8. Hydraulic Model. (e main tasks of hydraulic cal-
culation of heating system pipeline are as follows:

(1) According to the flow rate of each pipe section of the
known system and the circulating pressure (pressure
head) of the system, determine the pipe diameter of
each pipe section

(2) Determine the necessary circulating pressure
(pressure head) of the system according to the
known flow rate and pipe diameter of each section of
the system

(3) According to the known pipe diameter of each pipe
section of the system and the allowable pressure drop
of this pipe section, determine the water flow
through this pipe section

When designing a hot water heating system, in order to
make the water flow of each pipe section in the system meet
the design requirements and ensure that the water flow into
each radiator meets the needs, it is necessary to carry out
hydraulic calculation of the pipeline. When the fluid flows
along the pipeline, energy will be lost due to the friction
between the fluid molecules and the pipe wall. When the
fluid flows through some accessories of the pipeline (such as
valves, elbows, tees, and radiators), local vortices and im-
pacts will occur due to the change of flow direction or speed
and energy will also be lost. (e former becomes the loss
along the way, and the latter is called the local loss.
(erefore, the resistance loss of a single calculated pipe
section of the hot water heating system can be expressed by
the following formula [38]:

ΔP � ΔPy + ΔPj � Rl + ΔPj, (27)

where ΔP is the total pressure loss, ΔPy is the loss along the
way,ΔPj is the local loss,R is the loss per unit length, specific
friction, and l is the length of pipe section.

Tp

insulating medium

to Kw

Figure 2: Schematic diagram of the regenerator model.

tnqb twqb

tn tq1 tq2 tq3 tqn tw

Figure 1: Schematic diagram of the wall.
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Among them, the specific friction calculation formula is

R �
λ
d

ρ]2

2

� 6.25 × 10−8λ
ρ
Δ

G
2

d
5 ,

(28)

where λ is the frictional resistance coefficient of pipeline, d is
the inner diameter of pipeline, ρ is the density of heat
medium, G is the pipeline flow, and v is the flow velocity of
heat medium in the pipeline.

Hydraulic calculation methods used in this system:
according to the changed flow of each pipe section of the
most unfavorable circulation loop and the known pipe di-
ameter of each pipe section, using the hydraulic calculation
chart, determine the pressure loss of each pipe section of the
circulating loop and the necessary circulating pressure of the
system and check whether the head of the circulating pump
meets the requirements.

(e local loss of the pipe section can be calculated
according to the following formula:

ΔPj �  ξ
ρv

2

2
, (29)

where ξ is the total local resistance coefficient in the pipe
section.

(e local resistance coefficient ξ value of accessories
(such as tee, elbow, and valve) of water flowing through hot
water heating system can be consulted in the literature. (e
values given in the table are determined by experimental
methods. With the above formula, the along-way loss ΔPj

and local loss ΔPj of the spare pipe section in the system can
be determined, respectively, and the sum of the two is the
resistance loss of the pipe section.

(e pump power is

Pg �
ρgqvH

1000ηηm

, (30)

where ρ is the density of fluid, qv is the volume flow, H is the
head, η is the total efficiency of the pump, and ηm is the
efficiency of motor.

3. Results and Discussion

3.1. Difference between Fully Mixed Water Tank and Tem-
perature Layered Water Tank. (e traditional fully mixed
heat storage tank has a simple structure, the high-temperature
water supply pipe of the heat storage tank is located at the top
of the heat storage tank, and the low-temperature return pipe
is located at the bottom of the heat storage tank, so the supply
and return water can be fully mixed in the heat storage tank,
and the energy utilization efficiency is low. (e structure of
the traditional fully mixed water tank is shown in Figure 3.
(e cold water backwater from the client enters the heat
storage tank from the left side of the tank, and the hot water
flows out from the right side of the tank. For comparison, a

water tank model of the same size with a middle baffle was
established (Figure 4) to study the temperature transient
temperature stratification of the new water tank and the
ordinary water tank under the same boundary conditions.

3.2. Used Models and Parameters. Temperature stratified
water tank is the energy stored in the central heating system
and regulating equipment. By controlling the internal flow,
reduce the mixing between high and low temperature water
and realize the temperature stratification. Based on the
influence of temperature on the heat transfer medium,
density of buoyancy lift driver, which is formed by the water
temperature from the bottom of the tank to the tank top,
gradually increases with the formation of thermal stratifi-
cation. For the influence factors of thermal stratification, the
effect of Richardson’s number Ri (Ri � Gr/Re2) is mostly
considered. Richardson number is the ratio or proportional
dimensionless number of turbulent shear stress work and
buoyancy work, and it is the criterion of atmospheric tur-
bulence stability [39, 40].

Under the influence of gravity, the temperature strati-
fication of the water tank is affected by the buoyancy force
formed by the density gradient. Gr/Re2 is floating measure of
the ratio of the inertial force of lift and flow; it is generally
believed that Ri ≤0.1 is pure forced flow, and the research
shows that when Ri≥ 3.6, the tank inlet structure has an
impact on temperature stratification and when Ri> 10, the
influence of inlet on temperature stratification can be ignored
or the influence of mixing on temperature stratification is
very weak. For water tanks placed horizontally, Ri> 0.2, the
stratification gradient in the water tank is very small, so the
impact on the inlet of the water tank in turbulent (Ri is small)
and cannot be ignored. To realize temperature stratification
in the water tank, it is necessary to consider the suppression
of the turbulent flow regime. In order to meet the require-
ments of large water storage capacity and limited installation
space of the water tank, and weaken the influence of the inlet
effect of the water tank, the partition temperature stratified
water tank studied in this paper can achieve better thermal
zoning by adjusting the structure of different sections of the
water tank and realize temperature stratification. As shown in
Figures 3 and 4, the heat transfer medium (water) in the flow
area inside the water tank was taken as the research object
and a mathematical model was established. (e length,
width, and height of the water tank were 4m, 2.5m, and 3m,
respectively, and the inlet and outlet diameters were 100mm.
(e influence of the change of the baffle on the stratification
under turbulence was studied, and the average temperature
and temperature cloud map at the outlet of the water tank
were analyzed, respectively. (e center position of the round
hole at the inlet and outlet of the water tank is shown in
Figure 5.

3.3. Calculation of Control Volume. Because the heat storage
model is complex in structure and difficult in calculation,
some conditions that have little influence on calculation are

Mathematical Problems in Engineering 9



Figure 4: Schematic diagram of fluid flow direction.

Figure 3: Physical model of the hot water tank.
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Figure 5: Layout of water tank inlet and outlet.
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approximated and ignored, and the following assumptions
are given in combination with the relevant literature: the
flow and heat transfer in the water tank are three-dimen-
sional unsteady problems, and the governing equations for
solving this problem are as follows.

Continuity equation [41]:


3

i�1

z

zxi

ρui(  � 0. (31)

Momentum equation:

z ρui( 

zt
+ 

3

j�1

z

zxi

ρujui  � −
zP

zxi

+ 
3

j�1

zτij

zxi

+ ρf. (32)

Energy equation:

ρCp

zT

zt
+ div(λgradT) + Tβ

dP

dt
+ q + ϕ. (33)

Among them,

ϕ � −
2
3
η(divu)

2
+ 2ηSij

zui

zxj

Sij

�
1
2

zui

zxj

+
zuj

zxi

 .

(34)

Turbulence kinetic energy equation:

ρ
zε
zt

+ ρuj

zk

zxj

�
z

zxj

η +
ηt

Prt

 
zk

zxj

 

+ ηt

zuj

zxi

zui

zxj

+
zuj

zxi

  − CDρ
k

(3/2)

lm
.

(35)

Turbulence kinetic energy dissipation rate equation:

ρ
zε
zt

+ ρuj

zk

zxk

�
z

zxk

η +
ηt

σε
 

zε
zxk

 

+ c1
ε
k
ηt

zui

zxj

zui

zxj

+
zuj

zxi

  − C2ρ
ε2

k
.

(36)

(emodel andmesh processing are created by Geometry
in ANSYS, and mesh optimization is imported. (e
boundary conditions are set and initialized in Fluent. (e
boundary condition of water tank inlet section is velocity-
inlet, and the velocity value is 0.038m/s; the boundary
condition of the outlet section of the water tank is set as
outflow. Others are set as adiabatic boundary conditions.
Cold water entering the water tank is always 50°C, and the
initial temperature in the water tank is 90°C. Simulation
calculation is done after setting iteration and control pa-
rameters. In order to ensure the accuracy of the calculation
results, the grid has been verified to be irrelevant.

3.4. Structural Optimization. Considering the economy, it is
best to place 6 separators in the water tank. (e spacing of
the separators in the water tank is optimized, and the fluid

ascending channel and descending channel are 0.91 + 0.12,
0.85 + 0.2, 0.7 + 0.4, 0.55 + 0.6, 0.4 + 0.8, 0.28 + 0.96,
0.22 + 1.04, 0.16 + 1.12, and 0.1 + 1.2, respectively. (e par-
tition height was 2.4m, and the outlet temperature at
14 hours was simulated (Figure 1). As can be seen from
Figure 6, the average outlet temperature was relatively stable
from 1 to 7 hours and the decline rate became faster after 7
hours. From the average outlet temperature at 14 hours, the
best structure was 0.22m for the ascending channel and
1.04m for the descending channel. After that, the structure
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Figure 6: Influence of separator spacing on outlet temperature.
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Figure 7: Influence of baffle height on average outlet temperature.
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was optimized and the other conditions remained un-
changed. (e height of the partition was changed to 1.5m,
1.8m, 2.1m, 2.4m, and 2.7m, respectively. (e 14-hour
outlet temperature was simulated (Figure 7). It can be seen
from Figure 2 that the mixing speed of hot and cold water is
different with different partition heights, among which the
best height is 2.7m.

3.5. Optimization Results. Based on the actual engineering,
the research object is the temperature stratified heat storage
tank in the clean energy heating system. (e heat storage
performance is simulated and analyzed, and the influence of
each parameter on the outlet average temperature index is
studied to provide reference for the optimization of oper-
ation parameters. On the basis of the research, the physical
model and mathematical model of temperature stratified
heat storage tank are established to study its heat storage
performance, and the optimization analysis is carried out
according to the numerical simulation results. Among them,
the ascending passage is 0.22m, the descending passage is
1.04m, and the partition height is 2.7m, as shown
in Figure 8. After optimization, compared with the 14-hour
outlet temperature (Figure 9) of the fully mixed water tank, it
is not difficult to find that the outlet temperature has been
greatly improved.

3.6. Influence of Fully Mixed Water Tank and Temperature
Stratified Water Tank on Optimal Operation of Central
Heating System. (e target building is the most common
multistorey residence in hot summer and cold winter areas,
with a total heating area of 1020m2. According to the Design
Code for Heating, Ventilation and Air Conditioning of Civil
Buildings, the heating index of 70W/m2 is selected. (e
calculated outdoor temperature is −16.9°C, and the indoor
design temperature is 18°C. Take 30m2 from the heat storage
tank and plate heat exchanger parameters as shown in
Table 2, from 7 pm to 9 pm. Taking Table 3 as an example, the
ratio of the pump power to the initial power for 14 hours in a
day is calculated, and the result is shown in Figure 10.

As shown in Table 4, it can be seen that, from 7 am to
12 am, because of the temperature rise, the outlet water
temperature did not significantly decrease, but the power

ratio showed a downward trend, which was especially ob-
vious in the thermal storage tank with temperature
stratification.

From 12 o’clock to 4 o’clock in the afternoon, the outlet
water temperature drops substantially and the indoor
temperature in the completely mixed water tank system also
drops accordingly. (e temperature stratified water tank
system can still maintain the original indoor design tem-
perature, but it needs to increase the flow and increase the
power of the pump. From 4 o’clock to 8 o’clock, the tem-
perature stratified water tank system cannot maintain the
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Figure 8: Structure diagram of the temperature layered water tank.
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Figure 9: Comparison of average outlet temperature.

Table 2: Parameters of the plate heat exchanger.

Total heat exchange area 8m2

Veneer heat exchange area 0.385m2

Equivalent diameter of runner 0.0072m
Cross-sectional area of single runner 0.001339m2

Plate thickness 0.0008m2

Number of runner plates 20
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indoor temperature slide; at this time, the power ratio slowly
declines. When the outlet temperature drops to a certain
extent, the heat transfer cannot maintain the indoor tem-
perature. At this time, the indoor temperature can be cal-
culated by the heat transfer. (e comparison results between
the fully mixed water tank and the temperature stratified
water tank are shown in Figure 11. It can be concluded that
the temperature stratified water tank is obviously helpful to

the maintenance of indoor temperature in the heating
system.

As shown in Table 4, by observing the indoor temper-
ature of the central heating system with fully mixed water
tank and temperature stratified water tank, it can be con-
cluded that the application effect of temperature stratified
water tank heat storage is better. As the heat storage system
takes part in the peak regulation of thermal power plants and
as the heat storage system combines with wind power,
photoelectric power, and nuclear power to replace con-
ventional energy to realize district heating alone, the heat
storage system is getting bigger and bigger. (e volume of a
single heat storage tank can even reach hundreds of thou-
sands of cubic meters. In this case, the thermal storage mode
of temperature stratified water tank is bound to achieve
greater economic benefits.

4. Conclusions

In this paper, the model of the heat storage tank of the
central heating system is established, the overall structure of
the heat storage tank is designed, and a new heat storage tank
structure is obtained to improve the efficiency of the heating
system. (e partition arrangement and partition height of
temperature layered thermal storage tank are simulated and
calculated, and the recommended arrangement and height
are obtained. On the basis of the previous simulation results,
the power and indoor temperature of central heating are
calculated. Finally, by comparing the power and temperature

Table 3: Temperature in a city on January 20, 2021.

Time 7 8 9 10 11 12 13 14 15 16 17 18 19 20
Temperature (°C) −22 −21 −19 −17 −14 −12 −11 −9 −9 −9 −9 −10 −11 −11

1 2 3 4 5 6 7 8 9 10 11 12 13 14

20

30

40

50

60

70

80

90

100

110

Th
e p

ow
er

 ra
tio

 (%
)

Time (h)

Complete mixing tank primary side
Complete mixing tank secondary side
Thermally stratified tank primary side
Thermally stratified tank secondary side

Figure 10: Power ratio of primary and secondary side pumps.

Table 4: Indoor temperature.

Completely mixed (°C) 18 18 18 18 18 18 13.4 13.9 7.55 2.92 0.107 −4.25 −7.37 −8.54
Separator (°C) 18 18 18 18 18 18 18 18 18 17.9 4.24 −1.57 −5.59 −6.63
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Figure 11: Indoor temperature change.
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of heating system under two different storage modes of hot
water tank, the following results are obtained:

(1) A heat storage water tank structure which can better
realize the layered operation of the heat storage water
tank is obtained. On the 4m× 2.5m× 3m water
tank, 6 baffles are placed so that the ascending
channel is 0.22m, the descending channel is 1.04m,
and the baffle height is 2.7m.

(2) (e layout and height of the partition in the tem-
perature layered thermal storage tank are simulated,
which improves the average outlet temperature.

(3) (rough a specific project, the 14-hour power ratio
and indoor temperature of the two kinds of thermal
storage tanks are compared and calculated without
changing other conditions, which proves the econ-
omy of the temperature stratified water tank.
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