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Abstract: Steam is commonly used for heating in industrial production and transmitted through the
steam network. Along with the decarbonization of energy generation and utilization, electric boiler
and combined heat and power (CHP) became the alternatives for steam generation. Thus, the steam
network is becoming tightly coupled with the power system, which brings new challenges in the
simulation and operation of the combined electric and steam system (CESS). A novel simulation
approach for CESS that can balance both the simulation accuracy and speed is proposed. Piecewise
linearization of the saturated steam property is used for model simplification, which accelerates
the simulation speed while ensuring the accuracy. Meanwhile, the heat loss of the steam network
takes both condensate loss and heat dissipation into account, which further improves the accuracy
of heat loss calculation. In view of model solving, two computation frameworks are provided for
back-pressure and extraction condensing the CHP units, respectively. The accuracy and efficiency
of the steam heating network model is verified through both the tree and ring steam network. In
addition, a CESS case with both CHP and electric boilers is presented, and the results indicate such a
system can reasonably improve the system stability and renewable energy consumption capability.

Keywords: combined electric and steam system; combined electric and heat system; simulation;
steady-state model; condensate loss

1. Introduction

With the increasing penetration of renewable energy in recent years, the energy supply
mode of power systems is transferring from the traditional centralized power generation to
distributed generation [1]. In order to further address the volatility and unpredictability
of renewable energy such as wind power and photovoltaics, the concept of an integrated
energy system (IES) is proposed. The IES uses multi-carrier energy (e.g., electricity, heat,
hydrogen, etc.) to form an integrated energy system that can make maximum use of
the primary energy sources. The collaborative planning and operational scheduling of
multiple energy systems, such as storing excess electricity in other energy forms, can
effectively improve the overall energy utilization efficiency and facilitate the consumption
of renewable energy. Benefiting from the aforementioned merits, IES is expected to be
the future energy system that can effectively support the decarbonization policy and help
promote renewable energy utilization [2,3].

Among all types of IES, the demand for a combined electric and heat system (CEHS)
is continuously growing. The development of combined heat and power (CHP) units and
electric heating equipment promotes the mutual coupling and interaction between the
power system and the heating system [4]. With the development and promotion of the
fifth-generation district heating (§GDH), the heating system is now playing the most crucial
role in IES [5]. Making use of the energy storage characteristics of the heating network to
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store excess electricity can help smooth the power system fluctuation, which is conducive to
the utilization of renewable energy [6]. At present, the scale of district heating and CHP is
gradually expanding all over the world. A number of countries and regions have legislated
to promote the implementation of CHP, especially in district heating systems [7,8]. CHP
systems have also been promoted quickly in China. By 2020, CHP accounted for 81.2% of
the country’s total heating steam supply and 29.5% of hot water heating in China [9].

The district heating system can be classified into the water heating system and steam
heating system according to the heat medium. The water heating system is mainly used
for central heating in urban residential and public buildings while the steam heating
system is mainly adopted in industrial production due to the large energy density and
quick transmission speed of steam. In recent years, the demand for steam heating has
continuously grown due to the development of industries such as furniture manufacturing,
garment manufacturing, and rubber manufacturing in a number of countries. For example,
in southern China, light industry clusters have been emerging and developing in many
cities or regions in the past decade. In these industrial clusters, it is promising to promote
and develop combined electric and steam systems based on thermal power plants [10].

Similar to the classification of the heating system, the CEHS can be classified as a
combined electric and hot water system (CEWS) and a combined electric and steam system
(CESS). At present, the research on CEHS mainly focuses on CEWS and little research has
been conducted on CESS. However, compared with the water heating network, the steam
heating network differs in the calculation of the temperature, pressure, density, and heat
dissipation loss. This is mainly because steam is a compressible fluid whose density and
other thermal parameters can undergo significant changes along the pipeline while there is
no density change problem for the water heating system. Moreover, the phase change of
steam during transmission also brings new challenges to the modeling of steam heating
systems. Simulation of the steam network with low precision may lead to the pressure and
temperature of the steam not meeting the requirements of the end users, or may cause too
much heat dissipation waste due to conservative dispatch. Therefore, in order to promote
the development of CESS, especially in the industrial scenario, it is necessity to establish
a fast and accurate coupling simulation approach for CESS to fully realize the coupled
utilization and regulation control of thermal and electric energy, and promote the energy
utilization efficiency of the whole system.

Currently, little research has been conducted on the modeling of CESS. Most of the
existing literature focuses on the simulation of the single steam heating system rather than
CESS, and the balance between the accuracy and simplicity of the model has not been
addressed comprehensively. The authors of [11] established a steady-state model for the
steam network in iron and steel plants with multiple sources. The thermal and hydraulic
calculations were based on complicated formulas for calculating the steam properties
provided by IAPWS-IF97, which largely raises the complexity in the calculation process
and increases the computation time. The authors of [12] established a numerical hydraulic
model for the Los Azufres steam pipeline network, in which the steam pressure drop along
the pipeline was accurately calculated. However, an overall heat transfer coefficient for the
whole system was applied to calculate the heat loss, which largely reduced the calculation
accuracy of the model. The aforementioned two models did not consider the liquid water
generated in the process of steam transmission, which limits the accuracy and applications
of the proposed methodologies. The authors of [13] proposed a high-precision approach for
calculating the generated condensed water in consideration of the specific thermodynamic
process; however, the hydraulic calculations were not addressed in this paper. The authors
of [14] established a steady-state model considering condensate loss during transmission,
the mathematical equations of which are differential equations. Therefore, this model
is more applicable to a single pipeline rather than networks with a complex structure.
The authors of [15] fully considered the generation of condensate and heat dissipation
along the pipe when modeling and simplified the model using the properties of saturated
steam. However, the simplified model equation contains the non-integral power of the
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steam pressure, which has limitations regarding further transplantation of the model in the
optimization, planning, and coupling with other energy networks. At present, only a few
existing studies have focused on the dynamic modeling of steam heating networks, and the
model accuracy and generalizability still need further improvement. The authors of [16]
carried out dynamic modeling for a single steam transmission pipeline and explored its
energy storage characteristics; however, it is difficult to extend this model from a single
pipeline to the whole network. The authors of [17] considered steam as a single-phase
compressible fluid and established the transient simulation model of the steam network.
As the model is a lumped parameter model, it cannot calculate the heat transfer delay along
the pipeline and is only suitable for a tree network. In summary, the existing research on
steam network simulation still failed to establish a model that can simultaneously satisfy
the following three requirements: (1) to simplify the calculation of the steam parameters; (2)
to accurately consider the condensate loss and heat dissipation loss; and (3) to be suitable
for complex networks.

For the research of CEHS, most scholars place an emphasis on CEWS rather than CESS.
Abundant research has already been conducted on the simulation, optimal operation, and
planning of CEWS. In [18], the hydraulic equations of the hot-water heating network were
compared with the power flow calculation of the power system, and a simulation model
of CEWS was proposed. The authors of [19] established a CEWS model for a micro-grid,
which can optimize the operation and management of cogeneration equipment while
satisfying both the electric and heat load. The authors of [20] modeled CEWS based on
the distribution side to estimate the energy flow of the distribution network. The authors
of [21] proposed an integrated model framework to analyze a highly coupled CEWS,
which is especially applicable to large-scale and multi-national systems. Based on the
aforementioned modeling of CEWS, many scholars have carried out research on system
optimization and planning. The authors of [22] provided a two-stage scheduling approach
on how to coordinate flexibility and efficiency in the operation of CEWS. Considering the
wind power uncertainty, [23] discussed both the day-ahead and intra-day optimization
scheduling methods for CEWS in consideration of the heat storage capacity of the hot
water system. The authors of [24] explored whether the accuracy of the simulation model
will have a substantial impact on the operation cost for a CCHP system. The authors
of [25] constructed an optimal planning method for CEWS based on the energy hub
theory in which both the energy costs and environmental influence were considered. In
general, researchers have already carried out diverse in-depth research considering various
scenarios for CEWS. However, as an important type of CEHS, the CESS has hardly been
considered in the research of CEHS. Along with the increasing demand for steam heating in
industry production, it is important to fill the current gap in the modeling and simulation
of CESS.

In summary, the research gap of CESS mainly lies in two aspects: (1) Current studies
focus on CEWS more while little research has been conducted on CESS. (2) Existing models
of the steam heating network cannot achieve an appropriate balance between model
simplicity and accuracy. According to the current research gap of CESS and its wide
application in the industrial field, this paper establishes a novel steady-state simulation
model for CESS, aiming to supplement the current research. The general framework of the
proposed approach is presented in Figure 1 and the contents of the subsequent sections are
summarized as follows.
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Figure 1. Overview of the proposed simulation approach for CESS.

(1) Modeling (Section 2): the simulation model of CESS is established through joint
modeling of the power grid subsystem, the steam heating subsystem, and the thermoelectric
coupling equipment, respectively. A novel model of the steam heating subsystem is
proposed with careful consideration of the condensate loss, where a piecewise linear
fitting method is adopted for model simplification. Meanwhile, a correction coefficient is
introduced to correct the heat loss changes caused by weather and other external factors.

(2) Simulation computation (Section 3): the necessary conditions for solving the CESS
model are determined, and two computation frameworks for CESS with two different types
of CHP units are proposed.

(3) Model verification and application (Section 4): the proposed model of the steam
heating subsystem is verified through nine-node tree/ring networks, and comparisons
with the traditional model are made in terms of the model accuracy and computation speed.
Subsequently, a CESS case with both CHP and electric boilers is presented, and the results
verify that such a system can reasonably improve the system stability and renewable energy
consumption capability.

2. Simulation Model of CESS

As presented in Figure 1, a typical CESS consists of three parts: (1) power subsystem;
(2) steam heating subsystem; and (3) thermoelectric coupling equipment. The cooperation
between the power subsystem and the steam heating subsystem is realized through the
thermoelectric coupling equipment. In order to construct the mathematical model of the
CESS, models of the three key components are established first, and the three different
components are then integrated to form the CESS model.

2.1. Simulation Model of the Power Subsystem

The steady-state mathematical model of the power system describes the system’s
operational states and the power flow distribution. At present, research on the steady-state
model of the power system and its computational methodology is already mature and
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commonly acknowledged and has been widely applied in the planning and dispatching
of the actual power grid. For the power subsystem of IES, which may contain CHP units,
photovoltaics, wind power, and other cogenerated equipment, the current model is still
applicable. As a result, this paper adopts the traditional steady-state AC power flow
equations as the mathematical model of the power subsystem. Equation (1) shows the
traditional power flow equations in polar coordinates:

Ng
Py +jQm = Un Y_ Un(Gun — jBun) (08 i + j sin b)) , Vm,n € E 1)

n=1

where E is the set of all nodes in the power subsystem. Nf is the number of the nodes in
the power subsystem. P, and Q, are the active power and reactive power injected into
node m. Uy, and é;, are the voltage amplitude and phase angle of node m. d,,, denotes
the difference between 6, and J,,, namely 6, = 0y — 6y j refers to the imaginary unit,
which is a traditional practice in power systems to substitute the original mathematical
symbol of the imaginary unit i, as i usually refers to the electric current in the power system.
Gmn and By, are the real part and imaginary part of the mutual admittance between node
m and node n (or the self-admittance of node m when m = n). The definitions of mutual
admittance and self-admittance are detailed in [26].

Among the four state variables of node m (U, 0, P, and Qy), two of them should be
given in view of the feasibility of the power flow solution. According to the given variable
types, the nodes/buses can be classified into PV buses (P,, and Uy, is given), PQ buses (P,
and Qy, is given), and the slack bus (U, and 6, is given, usually only one slack bus for one
system) [27].

2.2. Simulation Model of the Steam Heating Subsystem
2.2.1. Model Assumptions

Reasonable simplification and reformation are of great significance in the mathematical
modeling process of a real physical system. Appropriate assumptions can help reach a
balance between the simulation accuracy and computation complexity of a model [28]. To
model the steam heating subsystem, the following assumptions are made:

(1) Curved pipelines are turned into straight pipelines of an equal length. Most of
the actual steam pipelines are laid in bends. In order to simplify the calculation of the
model, straight pipelines of the same length are used instead of curved pipelines. Segment
linearization is adopted for pipes with a large curvature.

(2) The steam in the pipe is assumed as a one-dimensional steady-state flow [29].
Since the parameters of the steam at the same cross-section of the pipe have no significant
differences, it is assumed that the steam parameters are uniformly distributed on the same
cross-section. Changes only occur in the direction along the pipeline.

(3) The steam in the pipe is considered as a single-phase compressible fluid. In the
process of steam transmission, condensed water is generated accompanied by a pressure
loss and temperature drop. To prevent the water hammer effect caused by condensed water,
steam traps are installed at intervals along the pipe to gather and drain the condensed
water. As a result, the steam in the pipe is considered as a single-phase compressible fluid
for modeling [30].

2.2.2. Pipeline Momentum Conservation Equations

The density, flow rate, pressure, and other parameters of steam change at different po-
sitions of the pipeline, so the dynamic process of the steam micro-element (a micro volume
of steam) is analyzed to establish the precise model. Since the hot steam is assumed as a
one-dimensional flow, changes only occur in the direction along the pipe. The x-coordinate
axis is established along the pipe, taking the steam flow direction as the increasing x di-
rection (unit: m). ¢ denotes the time (unit: s). A denotes the cross-sectional area of the
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pipeline (unit: m?). Then, the volume of the steam micro-element can be expressed as
A - dx. P = P(x,t) denotes the steam pressure at position x and time ¢ (unit: Pa).

According to the conservation of momentum, the momentum change in the steam
micro-element equals the total impulse of all external forces exerted on the micro-element.
The momentum conservation equation for unstable steam flow can be written as Equation

(2)-[15]

2

d 2
9(pu) (pu)+g—§+gpsin9+p%-u =0 2

ot dx 2
where p and u are the density (kg/m?) and flow velocity (m/s) of the steam micro-element.
g is the acceleration of gravity (m/s?). 6 is the angle between the pipeline and the horizon
(rad). A is the frictional resistance coefficient of the pipeline (dimensionless), which can be
calculated by the Colelbrook-White equation. d is the inner diameter of the pipe (m).

In the momentum Equation (2), the first term is the inertia term, the second term
is the convection term, and the fourth term is the gravity term. According to the model
assumptions, the steam flow is considered to be in a constant steady flow. In this case, the
three terms of inertia, gravity, and convection can be ignored, the specific reasons of which
are as follows:

(1) In steady-state modeling, the steam is considered as a constant steady flow, so the
steam parameters in the pipeline are independent of the time f and remain consistent at
any time. Therefore, the inertia term can be ignored.

(2) From the engineering point of view, the convection term is meaningful only when
the flow velocity is very high (close to the speed of sound) while the steam velocity in the
steam heating system is generally 10-70 m/s [31], which is much smaller than the speed of
sound. Thus, the convection term can be ignored.

(3) According to the physical parameters of the actual steam heating network, the
gravity term can be ignored when the elevation difference of the pipe network is not large.

After ignoring the inertia, convection, and gravity terms, the steady-state momen-
tum conservation equation of the steady-state steam flow can be obtained, as shown in
Equation (3):

P A
Gt g )
where Q denotes the mass flow rate of steam (kg/s) and it has the following relationship
with the other parameters, as shown in Equation (4):

Q= puA 4)

When Equation (4) is incorporated into Equation (3) and the steam flow velocity u
is eliminated, then the steady-state differential momentum equation of the steam can be
obtained, as shown in Equation (5):

AQ?
2dpA?

dP + dx =0 ®)

In Equation (5), the steam density p is a variable related to both pressure P and
temperature T, which greatly increases the complexity of the equation. When the steam is
saturated, the steam temperature T can be uniquely determined by the steam pressure P.
Therefore, the steam density p can be regarded as just a function of pressure P. Using the
relationship between p and P for saturated steam, the variable p in (5) can be eliminated.
For saturated steam, when the steam pressure P is known, the density p can be obtained by
looking up the corresponding table. However, for the convenience of code computation,
the fitting relationship between the density and pressure of saturated steam is introduced,
the selected form of which is piecewise linear fitting, as shown in Equation (6). Within each
pressure range, the relative error of the fitting equation is within £2%:

p=c1P+c (6)
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where c1 and ¢; are the fitting coefficients, and their values are shown in Table 1.

Table 1. Values of the fitting coefficients for saturated steam density calculation.

Pressure Range (MPa) c1 (X106 kg/(MPa-m?3)) ¢ (kg/m3)
0.10-0.32 5.2353 0.0816
0.32-0.70 5.0221 0.1517
0.70-1.00 4.9283 0.2173
1.00-2.00 4.9008 0.2465
2.00-2.60 4.9262 0.1992

Equation (6) is incorporated into Equation (5) and a differential equation without p
is obtained. Because the variation of the flow rate Q along the pipeline is usually small
enough to be ignored, the equation can be considered as a differential equation about P
and x only. The obtained differential equation is integrated and an algebraic equation is
obtained, as shown in Equation (7):

o 1.2337d° - [c1 (P2 — P2, ) + c2(Piyy — Pout )]

AL =0 @

where L is the length of the pipe (m). P;, and P, are the steam pressure at the entrance
and exit of the pipeline, respectively (Pa).

Finally, regarding the influence of the local resistance loss in the pipeline, the flow
efficiency factor ¢ is introduced (dimensionless). When the pipeline is newly built, there is
no local resistance caused by elbows and varying diameters, so the value of ¢ is 1.00. When
the pipeline is in good operating conditions, the value of ¢ is 0.95. When the pipeline is
in normal operating conditions, the value of e is 0.92. When the pipeline is in a very poor
operating state, the value of e is 0.85. The steady-state momentum conservation equation of
the pipeline after considering the local resistance loss is shown in Equation (8):

o 1.2337d° - [c1 (P2 — P2,;) + c2(Pin — Pout)]
A-L-e

=0 ®)

Thus, the pipeline momentum conservation equations for the whole steam heating
network can be expressed as:

L 1233747 [cl (Pl%“. - Pozut,i) + ¢ (Piyi — Pout,i)} ,
Qi_ A:-L:-e; =0,1eW ©)
1 1 1

where W is the collection of all pipelines in the steam heating network. Q; is the steam
mass flow rate in the pipeline i, which can be substituted by the average value of the flow
rate at the entrance and exit of the pipeline, as shown in Equation (10):

Qi = %(Qm,i + Qouti) i €W (10)

where Q;,; and Q,,;; are the steam flow rate at the entrance and exit of the pipeline i,
respectively.

2.2.3. Nodal Mass Flow Conservation Equations

Based on Kirchhoff’s first law (or continuity theorem), the total steam mass flow
injected into a node is equal to the total mass flow withdrawn from it. Therefore, the nodal
mass flow conservation equations can be written as Equation (11):

Z Qout,j - ZQin,k + Qn,i =0, icV /j € Win,i ’ ke Wout,i (11)
j k
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where Q,, ; is the injected steam flow rate at node i. Wy, ; is the collection of all pipes flowing
into node i and W,,; ; is the collection of all pipes flowing out of it. For the N-node steam
heating network, a total of N nodal mass flow conservation equations can be obtained.

2.2.4. Pipeline Mass Flow Conservation Equations

Since the temperature difference between the transmitted steam and the ambient
environment is normally higher than 100 °C, heat loss during the steam transmission
process cannot be ignored. The heat dissipation leads to a steam temperature drop and
even makes part of the steam condense into liquid water. In the model assumptions, it is
assumed that the condensed water in the pipeline can be discharged by the steam traps
along the way. It is supposed that the total mass flow of condensed water produced in
pipeline i is Q. ; (kg/s). The pipeline mass flow model is illustrated in Figure 2.

pipeline i

Qin,i Qout N

Figure 2. The pipeline mass flow model.

The pipeline mass flow conservation equations can be established from the conserva-
tion of mass, as shown in Equation (12):

Qin,i = Qout,i + Qc,i ,IEW (12)

where Q;,; and Q,,;; are the mass flow rate at the beginning and end of the pipeline i

(kg/s).

2.2.5. Pipeline Energy Conservation Equations

According to the conservation of energy, the change in the steam enthalpy along
the pipeline should be consistent with the total heat dissipation loss. Thus, the energy
conservation equations of the steam pipelines can be established, as shown in Equation
(13):

Qin,ihin,i = Qout,ihout,i + Qc,ihc,i +H;,ieW (13)

where h;, ; and h,,,; ; are the specific enthalpy (k] /kg) of the steam at the beginning and end
of the pipeline i, respectively. h; is the specific enthalpy (k]J/kg) of the condensed water
generated in the pipeline i. H; is the total dissipation loss power (kW) during the steam
transmission process in the pipeline i.

The specific enthalpy of saturated steam or saturated water can be obtained by looking
up the table according to the known pressure P; however, this method is not suitable for
code computation. For the convenience of model solving, a fitting formula is adopted to
calculate the specific enthalpy. For the specific enthalpy of the steam at the beginning and
end of the pipeline, the calculation formula is shown in Equation (14):

69722.19

h = 14
ag + a1 P05 + ayP~1 4+ a3P~15 + a4 P2 4 a5P~25 + qgP—3 (14)

where the unit of pressure P needs to be converted into MPa. ap—ag are constant coefficients,
the values of which are shown in [32]. The applicable range of Equation (14) is 0.40 MPa <
P < 2.50 MPa and the relative error is within +8.7 x 107°.
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The specific enthalpy of condensed water is calculated by Equation (15):

L 3704.12P%6 — 15)
- i
“' 1-222271P)2 + 7.55636P,04 — 1.476876P;06

where the unit of P; still needs to be converted into MPa. The applicable range of Equation
(15) is 0.40 MPa < P < 2.50 MPa, and the relative error is within +2.4 x 10~°.

The heat dissipation loss is proportional to the length of the pipe and the temperature
difference between the inside surface and the ambient environment of the pipe. The
calculation formula commonly adopted in the existing literature is shown in Equation (16):

H;y = KL(T; —Ta), i € W (16)

where K; is the comprehensive heat transfer coefficient of pipe i (KW /(m:K)), which is the
heat dissipation of one meter of the pipeline per second when the temperature difference
between the inside and the outside is 1 °C. L; is the length of the pipeline i (m). T; is the
average steam temperature in the pipe i (K) and T, is the ambient temperature outside the
pipe (K).
The fitting formula between the temperature and pressure of saturated steam is shown
in Equation (17):
T = 202.7651P%2148 _ 22 907 (17)

where T; can be taken as the average value of steam temperature at the beginning and end
of pipeline i, as shown in Equation (18):

T; = 101.38255 (P,»n,iomg + ng}f‘g) —22.907 (18)

For the calculation of K; in Equation (16), the calculation method varies according to
the laying mode of the pipeline. There are mainly three modes: overhead laying, direct
buried laying, and pipe trench laying. The detailed calculation methods are given in [15].

However, Equation (16) is derived from pure theory and has a certain deviation from
engineering practice. According to [33], due to the exposure of the tube drag, the weather
has a great influence on the heat loss. As the pipeline is in direct contact with the pipe frame,
part of the pipeline is exposed, meaning the pipe bracket is in a non-insulated state, which
is equivalent to 1~2% of the pipeline being exposed. On sunny days, the heat dissipation
loss will increase by 10-20%; on rainy days, the dissipation of the entire pipe network
can even increase by 3-6 times. Therefore, the heat dissipation loss of the pipe network
varies greatly with the weather conditions. This paper introduces a correction coefficient C;
on the basis of Equation (16) to correct the influence of weather and other factors on the
heat dissipation loss, so that the calculated value is more consistent with reality. After the
introduction of C;, the calculation formula of heat loss power H is shown in Equation (19):

H;y=CGKL(Ti—T,), i€ W (19)

On sunny days, the value of C; is suggested to be 1.3, taking various additional losses
into account. When it is cloudy, C; varies according to the weather conditions, and the
value selection should be carried out reasonably based on the practical conditions and
empirical data of each system.

Equation (19) is substituted into Equation (13) to obtain the final expression of the
pipeline energy conservation equations, as shown in Equation (20):

Qin,ihin,i = Qout,ihout,i + Qc,z'hc,i + CtKiLi(Ti - Ta) ’ iceW (20)

2.2.6. Summary of the Control Equations for the Steam Heating Network

Based on the previous analysis, for a steam heating network with N nodes and M
branches, a total of (3M + N) control equations can be obtained, including M pipeline
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momentum conservation equations, N nodal mass flow conservation equations, M pipeline
mass flow conservation equations, and M pipeline energy conservation equations. The con-
trol equations of an N-node M-branch steam heating network are shown in Equation (21):

ini " out,i

1 )\,--Llwe,' = O 4 l € W
Y. Qout,j — %Qin,k +Qui=0,1€V,je Wi, k€ Wy
j

Qin,i = Qout,i + Qc,i ,ieEW
Qin,ihin,i = Qout,ihout,i + Qc,ihc,i + CtKiLi(Ti - Ta) ,1eW

2 1.2337d;5-[c (P2, ;= P2, ) +c2 (Pini—Pout,i )]

(21)

2.3. Simulation Models of Thermoelectric Coupling Equipment

The thermoelectric coupling equipment plays an irreplaceable role of connecting the
power system and the heating system in the CEHS. Typical thermoelectric coupling devices
include CHP units, electric boilers, heat pumps, etc. The steady-state models of the CHP
units and the electric boiler are introduced in this section.

2.3.1. Simulation Model of CHP Units

CHP units can simultaneously supply electricity and heat by burning coal or natural
gas. According to the different usage of the original steam generated by coal or natural gas,
CHP units can be divided into back-pressure units and extraction condensing units. The
condensing units can be further divided into single-extraction units and double-extraction
units according to the heating mechanisms. Regarding the different mechanisms of different
types of CHP units, their models are also different.

1.  Back-pressure unit

The schematic diagram of the back-pressure unit is shown in Figure 3. Since there is
no condenser, all steam generated by the boiler expands in the steam turbine to generate
electricity. Then, the waste heat is collected for heating. The thermal efficiency is relatively
high due to full utilization of the waste heat [34].

coal steam steam turbine / ——— electric power
—> boiler g
alternator

heat power

Figure 3. Mechanism of the back-pressure unit.

Since all the exhaust steam of the back-pressure units is used for heating, it can be
considered that the generated electric power Pcpp is basically linear with the thermal power
®cpp, as shown in Equation (22):

Pcup = Kcup®chp (22)

where Pcpp and ®cpp are the electric power and thermal power produced by the CHP unit.

Kcpp is the heat-to-power ratio, namely the ratio of the thermal power to the electric power.

Equation (22) can be transformed into the form of a constant heat-to-power ratio, as
shown in Equation (23):

Pcrp

Pcup

= Kcup (23)

The electrothermal characteristic diagram of the back-pressure unit is depicted in
Figure 4.
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Figure 4. Electrothermal characteristic diagram of the back-pressure unit.

2. Extraction condensing unit

For the extraction condensing unit, part of the steam entering the steam turbine is
extracted for the heat supply while the remaining part continues to expand in the turbine
to perform work for power generation. The working mechanism is shown in Figure 5.

coal . steam | steam turbine / —— electric power
boiler alternator

L—— P extraction steam

Figure 5. Mechanism of the extraction condensing unit.

As the volume and pressure of the steam extracted for heating are adjustable, the
output electric power and thermal power of the extraction condensing unit have more
room for adjustment. For the extraction condensing unit, part of the steam is extracted
for heating and the remaining part continues to generate electric power, so there is also
a certain coupling relationship between its output electricity power and thermal power.
The electrothermal characteristic diagram of the extraction condensing unit is shown in
Figure 6.

P

CHP

(@, F)
(®,,5)

(®,,P7) (®,,P)

>
>

0]

CHP

Figure 6. Electrothermal characteristic diagram of the extraction condensing unit.

From Figure 6, the coupling relationship between the electric power Pcyp and the
thermal power ®cpp of the extraction condensing unit can be written as Equation (24):

Pcyp

It Lt

4
, where) a; =1,0<a; <1 (24)
i=1

2
L

Dcpp =
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where (P;, ®;) corresponds to the four boundary points in Figure 6. For the extraction
condensing unit, the heat-to-power ratio is variable within a certain range.

2.3.2. Simulation Model of the Electric Boiler

The electric boiler is also one of the key coupling devices in CEHS, which often serves
as a supplementary heat source for peak-shaving. It usually operates during nighttime in
winter when the heat load is high but the electric load is low. By utilizing surplus electricity
for heat production, the electric boiler is able to cut the peak of the heat load and fill the
valley of the electricity load, thereby improving the operating efficiency and stability of the
entire system. This creates more possibilities for the access of renewable energy sources
such as photovoltaics and wind power.

A fixed peak-shaving ratio model is adopted as the simulation model of the electric
boiler. The peak-shaving ratio refers to the ratio of the peak-shaving heat load borne by
the electric boiler to the total heat load at the same node, and its expression is shown in
Equation (25):

Kgp = (25)

where Kgg is the peak-shaving ratio. ®gp is the peak-shaving heat power provided by the
electric boiler. @y, is the total heat load of the node where the electric boiler is installed.

3. Simulation Computation of CESS
3.1. Computation of the Steam Heating Subsystem
3.1.1. Solution Conditions

To solve the simulation model of the steam heating subsystem established in Section 2,
the following known conditions under stable operation are given.

(1) For any node in the system, one of the two variables, node pressure and node
injection flow, should be given and the other is unknown.

(2) The pressure of at least one node in the entire system is known, and the node is
generally at the heat source. When the output steam flow of the heat source does not reach
the maximum limit, it usually works at the mode of constant output steam pressure and
variable output flow. When the heat source runs at full capacity, the output flow is constant,
and the output steam pressure is variable.

(3) Usually, at heat users and intermediate nodes, the injected steam flow is known
and the steam pressure is unknown.

(4) The topological structure of the steam pipe network and all the pipeline parameters
are given.

(5) The ambient temperature of the steam pipeline is given.

3.1.2. Establishment of the Equations and Solution

For a steam heating network with N nodes and M branches, there are a total of
(BM + N) network control equations, as shown in Table 2.

Table 2. Control equations of an N-node and M-branch steam heating network.

Control Equations Quantity

Pipeline momentum conservation equations
Nodal mass flow conservation equations
Pipeline mass flow conservation equations
Pipeline energy conservation equations

ZRRR
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The mathematical expressions of the (3M + N) control equations are shown in Equation (26):

o 1.2337di5.[c1(P;,i;f%;;éfrq(Pin,i—Pout,i)] _0.ieW

i
ZQout,j - %Qin,k + Qn,i =0, iceV ’ ] € Win,i ’ ke Wout,i
]

Qin,i = Qout,i + Qc,i ’ ieW
Qin,ihin,i = Qout,ihout,i + Qc,ihc,i + CtKiLi(Ti - Ta) ’ ieWw

(26)

In the network, the quantities to be determined are Qj,, Qout, and Q. of the M pipelines,
and the node pressure P or node injection flow Q; of the N nodes. Thus, there are a total of
(3M + N) unknowns, as shown in Table 3.

Table 3. Unknowns of an N-node and M-branch steam heating network.

Unknowns Quantity
Qin M
Qout M
Qc M
PorQ; N

All the (3M + N) unknowns can be solved uniquely through the (3M + N) simultaneous
equations. Observing Equation (26), it is apparent that the network control equations are
a set of nonlinear equations. In engineering practice, the topology of the steam heating
network is generally simple, and the number of nodes or pipes is relatively small, so
the Newton Raphson method is an efficient way to solve the nonlinear equations. The
flowchart for solving the simulation model of the steam heating subsystem is shown in
Figure 7.

Data initialization

Set initial values of Q,, O,,.. O,
and unknown P and O,

Calculate the imbalance vector
and Jacobian matrix

Calculate the correction values
and update the iteration values

Whether reach the
maximum iteration times

Output ‘Solution failed”

Whether satisfy the
error accuracy requiremen
Y

Output results

Figure 7. Flowchart for the simulation solution of the steam heating subsystem.

3.2. Computation of CESS

The characteristics of the coupling devices will determine the correlation degree
between the power subsystem and the steam heating subsystem, so the best computation
method will differ according to the type of thermoelectric coupling equipment. The
following context provides two computation frameworks of the CESS with two typical
types of CHP units.
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3.2.1. Back-Pressure Units Only

For the back-pressure unit, its electric power is proportional to the heating power; that
is, the heat-to-power ratio is fixed. Considering the generally simpler topology and fewer
heat sources of the steam heating subsystem and the larger scale and stronger adjustability
of the power subsystem, the operation mode of ‘power determined by heat’ is usually
adopted. Under this mode, the output heat power of the back-pressure unit is firstly
determined according to the heat load, and then the output electric power is obtained
through the fixed heat-to-power ratio.

Under the ‘power determined by heat” operation mode, the decoupling between the
steam heating subsystem and the power subsystem can be completely realized. When
the heat load of the steam heating subsystem is known, the computation of the steam
network can be carried out first and the output heat power of each heat source (including
the CHP unit) can be obtained. Then, the output electric power of the back-pressure unit
can be calculated by the fixed heat-to-power ratio, which is a known condition for the
power subsystem. After, the power flow calculation is performed on the power subsystem.
It is precisely because of the decoupling between the heating subsystem and the power
subsystem that the simulation computation of the whole CESS can be simplified. The
computation framework is shown in Figure 8.

Data initia}ization of the *
steam heating subsystem / Data initialization of the /

¢ power subsystem

| Set initial iteration values |

Calculate the electric power
of the CHP units

\ 4

¢ Calculate the correction values
and update the iteration values [«
of the power subsystem

Calculate the correction value
and update the iteration values
of the steam heating subsystem

Whether Satisfy the
eITor accuracy requirements

Whether satisfy the
error accuracy requirements

Output results

Calculate the thermal power
of the CHP units

Figure 8. Computation framework of CESS with a back-pressure unit only.

3.2.2. Containing Extraction Condensing Units

Since the heat-to-power ratio of the extraction condensing unit is not a constant and
can be adjusted within a certain range, when the combined system contains the extraction
condensing unit, it is impossible to directly determine the output electric power of the
unit by means of “power determined by heat”. It can be seen from Figure 4 that the
electrothermal characteristic of the back-pressure unit is a straight line. When the thermal
power is known, its electric power can be uniquely determined. Differently in Figure 6, the
electrothermal characteristic of the extraction condensing unit is a two-dimensional area, so
the power supply is unable to be uniquely determined when the thermal power is known.
In this case, the optimal power flow problem is involved in the computation process. The
computation framework of CESS with an extraction condensing unit is shown in Figure 9.
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| Determine the electric power

output constraints of the CHP units
Data initialization of the
steam heating subsystem ¢
+ / Data initialization of the /
power subsystem
| Set initial Iteration values | ¢

v

Set the objective function and
Calculate the correction values constraints of optimal power flow
and update the iteration values
of the steam heating subsystem ¢

Solve the optimal power flow
of the power subsystem

Output results

Whether satisfy the
error accuracy requiremen

Calculate the thermal power
of the CHP units
T

Figure 9. Computation framework of CESS with extraction condensing units.

4. Case Verification and Analysis

In this section, the proposed model of the steam heating subsystem is firstly verified
on both tree and ring networks. Meanwhile, comparisons are carried out with the com-
monly used model in terms of the computation accuracy and speed. Then, the proposed
CESS simulation approach is applied to a CESS case with back-pressure units and elec-
tric boilers, aiming to analyze the advantages of electric boilers for promoting renewable
energy consumption.

4.1. Case Verification of the Steam Heating Subsystem

The case verification of the steam heating subsystem is carried out on a nine-node
double-heat-source tree network and a nine-node double-heat-source ring network, respectively.

4.1.1. Nine-Node Double-Heat-Source Tree Network

For the tree network verification, the case is built based on the data of District 1 of the
Tianjin Airport Industry Park (data is available in [15]). The case is a nine-node double-heat-
source simplified tree network, considering the other districts of the park as equivalent
heat loads to the corresponding node. The equivalent network is shown in Figure 10, where
node 1 and node 8 are connected to the main boiler room and the auxiliary boiler room,
respectively, and no closed loop exists in this network. The main boiler room at node 1
serves as the main heat source, with a capacity of 300 t/h, and the auxiliary boiler room at
node 8 serves as the peak-shaving boiler. See Appendix A for the detailed parameters.

Auxiliary boiler room

904.1kPa
57.4t/h

[

927.9kPa

‘ e

Main boiler room
73.06t/h 18.54t/h

Figure 10. Nine-node double-heat-source tree steam heating network.

®
4

®
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The heat load data at 10 A.M. on 15 January 2010 is adopted. The pressure of node 1
and node 8, where the main boiler room and the auxiliary boiler room are located, is given
as constants. The correction coefficient C; is determined as 1.3. After four iterations of
computation, the error converges to the preset precision. The calculated result is shown in
Figure 11.

Auxiliary boiler room

36.56t/h

904.02kPa B Solution results of pipeline flow rate or nodal pressure
57.41t/h
20.97t/h
916.61kPa
X . 113.77t/h
904.24KPa 94.38t/h ° 94.68t/h ° 94.84t/h o 113.58t/h ° 113.72t/h ° . ﬂ
911.36kPa 913.69kPa 923.11kPa 924.23kPa
Main Boiler room

Figure 11. Simulation results of the nine-node double-heat-source tree steam heating network.

SynerGEE gas is a relatively accurate commercial simulation software of the thermal
system [15]. Using the simulation results of SynerGEE gas as a benchmark, flow verification
of the proposed steam network model is carried out. Figure 12 compares the calculation
results of the pipeline flow obtained by the proposed model and SynerGEE gas. The
absolute error is within 1.6 t/h and the relative error is within 1.5%, indicating that the
accuracy of the proposed model is high and can fully meet the simulation requirements.

pipeline mass flow (#/h) absolute error (¢#/h)
125 10.00
100 o 8.00
75 6.00
50 4.00
25 2.00

0 |_‘IJ‘_I-—O.OO
5 EE N

-25 . . . . . . . . —2.0
Pipe 1 Pipe2 Pipe3 Pipe4 Pipe5 Pipe 6 Pipe 7 Pipe 8 0

Oresults of SynerGEE gas [ calculation results Eabsolute error

Figure 12. Results of the pipeline flow calculation.

Moreover, it is found that the total condensate volume of the 8 pipelines is 1.3885 t/h
while the data provided by SynerGEE gas is 1.310 t/h. The relative error is 6% within the
acceptable range. It is also obtained that the network will produce a total of 0.2779 kg
condensed water per meter per hour on sunny days. This is consistent with the statistical
data showing that an average of 0.30 kg condensed water is generally produced per
meter per hour, under the condition that the pipe insulation layer is effective, the external
environment temperature reaches 10 °C, and the steam pressure in the pipe reaches 0.6 [35].

4.1.2. Performance Comparison of Steam Heating Network Models

In order to better verify the superiority of the proposed steam heating network model,
comparisons are made with a common existing model of the steam network in [11]. Based
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on the nine-node double-heat-source tree network, the calculation results of the two models
are shown in Table 4.

Table 4. Comparison of the solution results of the steam heating network model.

Model in This Paper Model in [11]
Results of — —

SynerGEE Gas Plpel(ltr;}ele)Flow Relative Error Plpel(ltI/IE)FIOW Relative Error
114.6 113.589 0.91% 112.4 1.91%
114.6 113.527 0.96% 112.4 1.91%
114.6 113.427 1.05% 112.4 1.91%
96.09 94.7126 1.43% 93.90 2.28%
96.09 94.5772 1.57% 93.90 2.28%
95.52 94.3206 1.26% 93.90 1.70%
20.91 20.9516 0.20% 20.84 0.33%
57.47 57.4043 0.11% 57.40 0.12%

Maximum - 1.57% - 2.28%
relative error

Iteration times 4 - 10 -

Solution time 1.32 - 333,281.63 -

According to the simulation results of SynerGEE gas, the maximum relative error of
the proposed model is 1.57%, which is slightly smaller than that of the model in [11]. Both
models can meet the accuracy requirements for simulation while the model in this paper
has a slightly higher accuracy. Moreover, the proposed model has a significant advantage
in computation speed, as the iteration times and solution time are much lower than those
of the model in [11]. This is because the proposed model uses piecewise linear fitting to
calculate the steam parameters, instead of using the accurate but complicated formulas
provided by IAPWS-IF97, which largely accelerates the computation process.

4.1.3. Nine-Node Double-Heat-Source Ring Network

The proposed steam network model is applicable to both the tree and ring network. In
this section, a ring network case is studied based on the proposed methodology. Figure 13
presents a nine-node double-heat-source network with a single closed loop. The heat load
of each node is marked out. The two heat sources are connected to node 1 and node 7,
respectively. When operating, heat source 2 always supplies steam at a flow rate of 150 t/h
while heat source 1 controls its pressure to be constant at 870 kPa. See Appendix A for the
other parameters of the network.

40t/h
90t/h

150t/h

Heat source 2

870kPa

Heat source 1

45t/h

60t/h

Figure 13. Nine-node double-heat-source ring network.
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The model can converge to the required accuracy after four iterations and the calcu-
lation results are shown in Figure 14. The pipeline flow rate, node pressure, and supply
parameters of each heat source are marked.

B Solution results of pipeline

826.46kPa flow rate or nodal pressure

856.21kPa

40.11t/h 886.83kPa

149.89t/h

59.77t/h Heat source 2

91.58t/h

91.51t/h

867.19kPa 78.80t/h

Heat source 1 865.17kPa 866.61kPa

31.48t/h
33.68t/h

Figure 14. Simulation results of the nine-node double-heat-source ring network.

4.2. Case Analysis of CESS

In this section, a CESS case is selected for simulation analysis, and the coupling
influence of electric boilers on the renewable energy consumption is examined.

4.2.1. Network Structure and Parameters

The CESS to be analyzed in this section is shown in Figure 15. The nodes of the power
subsystem are marked in blue while the nodes of the steam heating subsystem are marked
in orange. The power subsystem is based on the IEEE14 power system, which contains five
generators, with node 1 being the slack bus. The steam heating subsystem is an 11-node
double-loop network, whose structure is designed based on the power subsystem. This
is because the positions of the heat users and electric users in the industrial scenario are
usually consistent. A steam boiler with a capacity of 50 t/h is connected to node 1. The two
subsystems are connected through the CHP units at their respective node 2. With reference
to the product parameters of Qingdao Jieneng Steam Turbine Group Co., Ltd. (Qingdao,
China), the CHP units are selected as a set of four back-pressure units, each with a capacity
of 9 MW, and the total maximum steam output is 90 t/h. When the CHP units cannot
satisfy all the heat load when supplying maximum heat power, the steam boiler at node
1 will work as a supplementary heat source and provide the remaining heat power. See
Appendix A for the detailed parameters of the coupling system.

4.2.2. Simulation Computation

Since the network only contains back-pressure units, decoupling can be completely
realized between the two subsystems. Under the “power determined by heat” mode,
computation of the steam subsystem is carried out before the power subsystem. Although
the computation process is decoupled, the two subsystems still function on each other
through thermoelectric coupling devices. Changes in the heat load will finally influence the
power injected into the slack bus. Analysis is carried out through the following example.

Figure 16 shows the change in the injected active power of the slack bus when the
steam heating load gradually increases from 200 to 400 t/h. Change in the line can be
divided into two stages.
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Figure 15. Case of the CESS.
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Figure 16. Relationship between the injected active power of the slack bus and the steam heating
load.

Stage 1: In the beginning, when the heat load increases, the output heat power of
the CHP units increases as well. As the heat-to-power ratio of the back-pressure unit is
constant, its electric power also increases accordingly. When the electric load remains
unchanged, the injected active power of the slack bus will decrease continuously in order
to balance the generation and the load.

Stage 2: When the output of the CHP units reaches the upper limit, the output heat
and electric power will stay constant. Then, the injected active power of the slack bus will
also remain unchanged when the electric load remains the same. On this occasion, the
remaining heat power will be supplied by the steam boiler at node 1.

4.2.3. Impacts of Electric Boilers on Renewable Energy Consumption

Uncontrollability and randomness are the main factors restricting the consumption of
renewable energy. A large amount of renewable energy will cause an energy consumption
problem since the electric power network needs an instantaneous balance between the
generation and the load demand. In CEHS, electric boilers and CHP can dynamically adjust
the electric load and generation and transfer the surplus electricity to heat for a certain
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period. CEHS is especially feasible and applicable for areas with abundant wind resources
and a large heat load.

Generally, the wind power output is larger during the night than in the daytime, which
is the opposite trend to the electricity load. This will lead to an imbalance between electric
generation and consumption. On the contrary, for the heating network, the heat load is
relatively constant. For CEHS, if the electric boiler is put into operation at night, it can play
the role of cutting the peak of the heat load and filling the valley of the electric load. The
electric boiler consumes surplus electric energy for the steam heating supply, which works
as an additional load for the power subsystem and a supplementary heat source for the
heating subsystem. Based on the proposed simulation method, the peak-shaving function
and the benefits of electric boilers for renewable energy consumption are discussed in
this section.

The conditions at 12:00 A.M. and 12:00 P.M. are selected for calculation and comparison.
It is considered that the electric load at night drops to 50% of that in the daytime and the
heat load drops to 83%. The load of each node is reduced by an equal proportion. Under
such conditions, the total heat and power loads in the day and at night are shown in Table 5.

Table 5. Heat load and power load of the coupling system.

12:00 A.M. 12:00 P.M.
Power load 259 MW 129.5 MW
Steam heating load 384 t/h 318.7 t/h

It is considered that the electric boiler is not used during the day and is put into
operation at night, especially at node(s) with higher heat loads. The peak-shaving ratio
Kgp of the electric boiler is 0.4. For the convenience of the analysis, it is considered that the
output power of the electric generators (except the balance unit) remains unchanged all the
time, and the load fluctuations of the power subsystem are all borne by the balance unit. In
this way, the change in the injected active power of the slack bus can directly indicate the
change in the load of the power subsystem.

Based on the proposed simulation approach, the injected active power of the slack bus
in the day and at night can be calculated, respectively, and the peak-valley difference of the
slack bus. Table 6 shows the simulation results when different numbers of electric boilers
are put into operation.

Table 6. Comparison of the results when putting electric boilers into operation.

Injected Active Power

Position of Workin, Peak-Valley Percentage Change
Flectric Boilor(e g of the Slack Bus/MW Difference/MW of Peak-Valley
Day Night Difference
None 236.31 100.52 136.09 -
Node 4 236.31 116.78 119.83 —11.95%
Node 4 and Node 11 236.31 131.98 104.63 —23.12%
Node 3, Node 4, and Node 11 236.31 142.98 93.63 —31.20%

Observing the data in Table 6, it can be seen that when the number of electric boilers
operating at night increases, the injected active power of the slack bus at night also increases.
Therefore, the peak-valley difference of the slack bus decreases, which can reduce the
fluctuation of the active power supply of the balance unit. Especially when all the electric
boilers at node 3, 4, and 11 operate, the peak-valley difference can be reduced by up to
31.20%.

In summary, the introduction of the electric boiler is able to reduce the load volatility
of the power system. Since the load in the power system is partly increased by the electric
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boilers during a light load, it provides an effective solution to address the intermittency
and volatility of renewable energy, especially wind power consumption.

5. Conclusions

This paper proposed a novel simulation approach for CESS, which can balance the
simulation accuracy and speed. The major conclusions are summarized as follows.

(1) To address the complexity and inaccuracy in traditional steam network simulation,
the piecewise linear fitting method and the heat loss correction coefficient were adopted to
establish a high-precision and high-speed model of the steam heating subsystem. Results
showed that the relative error of the pipeline flow was within 1.5%, which is slightly better
than the traditional method. The computation speed was significantly improved, with the
simulation time shortened to 0.479%.

(2) With consideration of the mainstream CHP units, two computation methodologies
for back-pressure units and extraction condensing units were proposed, respectively. The
distinct operation characteristics of the two types of CHP can be accurately simulated.

(3) To explore the application scenario of the proposed simulation approach, the
renewable energy consumption capacity of a CESS with high penetration of wind energy
was simulated and evaluated. It was found that the CESS can reduce the volatility of the
grid load by up to 31.20% through the adoption of electric boilers.
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Appendix A

Table Al. Pipeline parameters of the nine-node double-heat-source tree steam heating network.

Pipeline Pipeline Length Diameter Heat Transfer
Label Number (m) (m) Coefficient
G113 1 540.6 0.8 0.531
Z111 2 162.64 0.8 0.395
G001 3 953.89 0.8 0.531
G114 4 609.97 0.8 0.75
7112 5 489.17 0.8 0.566
G002 6 1486.86 0.8 0.75
G003 7 728.03 0.8 0.742
J075 8 25.4 0.8 0.887
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Table A2. Pipeline parameters of the nine-node double-heat-source ring steam heating network.

Heat Transfer

Pipeline Number Length (m) Diameter (m) Coefficient
1 600 0.8 0.6
2 600 0.6 0.6
3 1000 0.4 0.6
4 600 0.7 0.6
5 1000 0.6 0.6
6 1000 0.8 0.6
7 500 0.6 0.6
8 500 0.6 0.6
9 800 0.6 0.6

Table A3. Pipeline parameters of the combined electric-steam network.

Pipeline Number Length (m) Diameter (m) Heat Transfer

Coefficient
1 522 1 0.75
2 313 0.6 0.668
3 476 0.6 0.668
4 968 0.6 0.668
5 397 0.5 0.668
6 368 0.5 0.668
7 376 0.5 0.668
8 294 0.5 0.668
9 312 0.5 0.668
10 1256 0.6 0.668
11 244 0.5 0.668
12 350 04 0.668
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