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Aiming at the problem of wind curtailment caused by the lack of system flexibility,
an optimal scheduling strategy for improving the flexibility of the electricity-gas-
heat interconnection system by the coordinated operation of the gas network
management and storage characteristics and the heat storage characteristics of
the heat network is proposed. Firstly, the influence of gas network storage and
heat network storage on improving flexibility is analyzed respectively. Then, an
electricity-gas-heat interconnected system scheduling model considering the
dynamic characteristics of gas network management and t the delay
characteristics of heat storage in heat network, which greatly improves the
imbalance between supply and demand of flexibility in space and time brought
by the anti-peak regulation characteristics of wind power to the system. Finally,
the IEEE-24 nodes power system, Belgium’s 20-node natural gas network and 6-
node thermal network are used, for example, analysis. The results show that the
proposed scheduling scheme improves the flexibility of the system while its
operating cost and wind curtailment cost are the lowest, which promotes the
consumption of wind power.
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1 Introduction

The scheduling operation of traditional power, natural gas and thermal systems is
completed independently in each system, and different forms of energy cannot be converted
to each other. However, with the popularization of coupling equipment such as power to gas
(P2G), gas turbines, and combined heat and power (CHP) units, the electricity, gas, and heat
systems are gradually interconnected to form an integrated energy system (IES) in which
three types of energy can be converted to each other (Li et al., 2019; Li et al., 2021). According
to the complementary characteristics of various energy types such as electricity, heat, and gas,
and the principle of energy cascade utilization, unified planning and coordinated
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optimization of multiple energy sources are performed to improve
energy utilization (Li et al., 2021). In recent years, due to the
increasing installed capacity of wind power and load demand, the
problem of unbalanced supply and demand of power system
flexibility has become more and more obvious (Wei et al., 2017a;
Chai et al., 2020; Yang et al., 2020; Yang et al., 2023; Cao et al., 2023).
The North American Electric Reliability Council (NERC) defines’
power system flexibility “as” the ability of supply-side and demand-
side resources to respond to system changes and uncertainties’
(Adams et al., 2010). It is an important index to evaluate the
power system’s absorption of renewable resources such as wind
power. Because the supply and demand flexibility of natural gas
system and thermal system has sufficient margin in most of the time,
and its transmission network can be used as “virtual energy storage”
to store and release energy, the potential flexibility in gas-heat
network can provide help for the flexibility of power system,
which can effectively solve the problem of supply and demand
tension of power system flexibility.

The transmission of natural gas in the gas network pipeline is
not instantaneous, and there is a time difference between its
injection and output. The “virtual energy storage” function can
be realized by using its “tube storage” characteristics. (Chen et al.,
2019). The dynamic effect of gas network management and storage
and the existence of P2G create space for mutual coordination
among energy sources and improve the flexibility of power system.
In (Yang et al., 2023), considering the dynamic characteristics of
natural gas “management and storage” and the coordinated
operation of P2G and gas turbine, a dynamic electricity-gas
interconnection system scheduling model was constructed. In
(Liu et al., 2011), considering the transient characteristics of
natural gas transmission system, it is modeled as a set of partial
differential equations and algebraic equations. From the perspective
of independent system operators, the coordinated scheduling of
power and natural gas systems is described as a bi-level
programming problem. In (Keyaerts et al., 2011; Ai et al., 2018;
Zhang et al., 2021), the gas network inventory is modeled, and the
dynamic effect in the natural gas network is used to improve the
flexibility of the power system. In (Fang et al., 2018) expounded the
buffer principle of pipeline storage, and combined the transient
characteristics of natural gas with the steady-state power flow to
form the dynamic optimal energy flow of the integrated electricity-
gas system. In (Zhai et al., 2021) shows that when the source of
natural gas is disturbed or even stopped, the pipeline still has the
ability to maintain the normal operation of the natural gas network
for a short time. It can be seen that the gas network management
inventory can be used as a flexible resource to participate in the
optimal scheduling of the whole system, which not only makes the
natural gas system considered more elaborate, but also improves the
flexibility of the whole system scheduling.

The transmission of heat in the heat network is not
instantaneous. The heat network can store the heat for a short
time by using the delay characteristics. This “virtual energy storage”
effect is referred to as heat storage in the heat network. The delayed
heat storage characteristics of the thermal system can increase the
renewable energy access space and improve the flexibility of the
system by cooperating with the thermoelectric unit. In (Li et al.,
2016) first proposed a thermal network heat storage energy storage
model of the electric-heat interconnection system under steady-state

energy flow, using Variables Flow and Variables Temperature (VF-
VT) control method with CHP heat production to adjust the
temperature of the pipe network to control the energy
transmission of the heating network and improve the flexibility
of the system. Based on the operation characteristics of CHP (Lv
et al., 2014), used the CHP to configure the CHP to store heat in the
feasible region of power generation and heating, so as to improve the
flexibility of the CHP’s electric heating up and down, and give full
play to the benefit of the CHP’s configuration of heat storage device
to absorb wind power. In (Wang et al., 2020), the dynamic
characteristics of the heating network are used as scheduling
resources to participate in the optimal operation of the electric-
heat IES, so as to realize the scheduling and utilization of the virtual
energy storage in the heating network. In (Liu et al., 2021b), the
resistance of water flow in the pipeline is taken into account on the
basis of considering the transmission dynamics of the heating
network, so that the temperature change in the water supply
pipeline is more precise, and the accuracy of the unit output
satisfying the heating energy flow is improved. In (Zhang et al.,
2021), considering the fluctuation of load forecasting, and using the
device with phase change energy storage characteristics in the
electrothermal integrated energy system to cope with the load
fluctuation, an electric-thermal linkage peak load shifting control
strategy is proposed to minimize the net load fluctuation on the
power side and the thermal side.

Therefore, aiming at the problem of insufficient flexibility
caused by the anti-peaking characteristics of renewable energy,
this paper takes into account the dual virtual energy storage
effect of gas network storage and heat network storage, and uses
coupling equipment such as P2G, gas turbine and CHP to realize the
mutual conversion between the three kinds of energy, which
effectively improves the flexibility of the system. Based on the
above principles, an optimal scheduling model of electric-gas-
heat system considering dual virtual energy storage of gas
network management and heat network storage is constructed,
and the effectiveness of the proposed method is proved by an
example system.

The main contributions of this paper are as follows:

(1) From the perspective of electrical and thermal interconnection,
a day-ahead optimal scheduling method for electrical heat is
proposed to solve the problem of insufficient system flexibility
to a certain extent;

(2) The dynamic model of natural gas network and the dynamic
model of heat network are established, and the influence of their
coordination on the dispatching of power system is analyzed;

(3) An electricity-gas-heat integrated energy system considering the
dual virtual energy storage characteristics of gas-heat network is
constructed, which further improves the overall wind power
consumption capacity and unit reserve capacity of the system.

The rest of the paper is organized as follows:
Section 2 analyzes the influence of dual virtual energy storage of

gas network storage and heat network storage on improving the
flexibility of the system. Section 3 introduces the IES day-ahead
optimal scheduling model considering gas-heat dynamic
characteristics in detail. Section 4 constructs an electric-gas-heat
integrated energy system model considering the dual virtual energy

Frontiers in Energy Research frontiersin.org02

Yang et al. 10.3389/fenrg.2023.1331428

https://www.frontiersin.org/journals/energy-research
https://www.frontiersin.org
https://doi.org/10.3389/fenrg.2023.1331428


storage characteristics of gas-heat network. The effectiveness and
economy of the source-storage-transmission coordinated
optimization method are verified by simulation results. Finally,
Section 5 concludes the paper.

2 Analysis of the influence of dual
virtual energy storage of gas network
storage and heat network storage on
improving the flexibility of the system

With the widespread use of coupling equipment such as P2G,
gas turbines, and CHP, the connection between power systems,
natural gas systems, and thermal systems has become closer and
closer. They have been interconnected to form an integrated energy
system, so that the power grid, gas network, and heating network can
achieve flexible mutual assistance to solve the problem of insufficient
flexibility in the operation of a single system.

In the period when wind power generation cannot be fully
consumed by the power system, the gas network uses pipe storage
and P2G to convert the part of wind power that is not consumed by
the electric load into natural gas stored in the natural gas pipeline,
and the gas network pipe storage rises to improve the
downregulation flexibility of the power system. During the period
of large gas load demand, the stored natural gas is released, and CHP
and gas-fired units are used to generate heat to meet the demand of
the system’s electric heating gas. While the gas network storage and
gas source cost are reduced, the load loss caused by the insufficient

output limit of the thermal power unit is solved, and the flexibility of
the power system is improved.

During the period of large wind power generation and large heat
load demand, the CHP output is replaced by the heat release of the
heat supply network, so as to give the discharge space for wind
power to maximize the absorption of wind power to avoid wind
abandonment and reduce the flexibility of the gas source output to
improve the system. In the period of small wind power and small
heat load demand, CHP releases heat and discharges in advance,
reduces the output of high-cost gas units, and uses the heat storage
capacity of the heating network to store heat, so as to prepare for the
subsequent heat load peak and wind power discharge, and improve
the flexibility of the system.

It can be seen that the dual virtual energy storage of gas network
management and heat network storage can be used as a flexible
resource to store excess wind power. The coordinated operation of
the two further increases the utilization efficiency and storage energy
of the virtual energy storage of the two networks. The interaction of
the virtual energy storage of the two networks provides more energy
conversion space for the P2G and CHP coupling units to realize the
consumption of wind power. At the same time, the coordination of
the two virtual energy storage can increase the adjustable space of
the unit and improve the flexibility of the system. The principle of
gas-heat dual virtual energy storage to improve the flexibility of
electric-gas-heat system is shown in Figure 1.

3 A day-ahead optimal scheduling
model of IES considering gas-heat
dynamic characteristics

In this paper, an IES model considering the gas-heat dynamic
characteristics is constructed to realize the dual virtual energy
storage effect in the gas and heat networks. The gas network
management and storage characteristics are used to solve the
difference between the wind power trough and the gas load time
during P2G operation. The delay characteristics of the heat network
are used to solve the problem of wind curtailment caused by CHP
“heat-determined power” when the wind power peak-valley and
heat load peak-valley differences. The gas network storage and heat
network storage are used as the carrier of IES energy storage and
release to improve the system’s wind power consumption and meet
the load demand. CHP, P2G and gas turbine can realize
heterogeneous energy conversion and flexibility as three kinds of
energy network coupling equipment of electricity-gas-heat.

3.1 Objective function

The scheduling model proposed in this paper fully considers
various operating costs in the electricity-gas-heat system as shown in
Formula 1, including the unit operating cost in the power system, the
gas source purchase cost in the natural gas system, and the CHP
operating cost in the thermal system. At the same time, in order to
fully consider the upregulation flexibility and downregulation
flexibility of the system, the wind curtailment penalty cost and
various load shedding penalty costs are introduced, so that the

FIGURE 1
The principle of dual virtual energy storage to enhance flexibility.
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system can achieve optimal economy under the premise of meeting
the needs of electricity, gas and heat.

C � min∑
t∈T

∑
i∈Ωh

Ch
i,tP

h
i,t( ) + ∑

κ∈Ωg

Cg
κ,tQ

g
κ,t( )⎡⎢⎢⎢⎣ + ∑

φ∈ΩCHP

CCHP
φ,t QCHP

φ,t( )
+ ∑

τ∈Ωw

λWC
τ PWC

τ,t( ) + ∑
μ∈ΩGCut

δGCutμ QGCut
μ,t( ) + ∑

ξ∈ΩECut

δECutξ PECut
ξ,t( )⎤⎥⎥⎦

(1)

In the formula: T is the scheduling cycle; C is the operation cost of
the selected scheduling scheme;Ωh is the set of conventional unit nodes;
Ch
i,t is the cost coefficient of generating unit i at time t; Ph

i,t is the
operating power of conventional unit i at time t; Ωg is the set of gas
source nodes; Cg

κ,t is the price of natural gas at time t; Qg
κ,t is the

purchase volume of gas source l at time t; ΩCHP is the set of CHP
nodes; CCHP

φ,t is the cost coefficient of CHP unit φ at time t; QCHP
φ,t is the

gas consumption of CHP unit φ at time t;Ωw is the set of wind turbine
(wind curtailment) nodes; λWC

τ is the penalty coefficient of wind
abandonment; PWC

ξ,t t is the wind power curtailment of the wind
turbine node τ at time t; ΩGCut is the set of gas load nodes; δECutμ is
the penalty coefficient of gas cutting load; PWC

ξ,t is the load shedding
amount of natural gas load node μ at time t; ΩECut is the set of power
load shedding nodes; δECutξ is the penalty coefficient of power-off load;
PECut
ξ,t , tis the load shedding amount of the electric load node ξ at time t.

3.2 Power network constraints

In this paper, DC power flow constraints are adopted. The
constraints are as follows:

3.2.1 Generator output constraints
The output constraints and climbing constraints of thermal

power units are shown in Eqs 2, 3:

Pi
minIi,t ≤Ph

i,t ≤Pi
maxIi,t ∀Ii,t ∈ 0, 1[ ] (2)

−PDo
i ≤Ph

i,t − Ph
i,t−1 ≤P

Up
i ∀i ∈ Ωh (3)

In the formula: Pi
max and Pi

min are the upper and lower limits of
the power of generator set i, respectively; Ii,t is the start-stop state of
generator set i at time t; PUp

i and PDo
i are the maximum uphill and

downhill climbing power of unit i are respectively.

3.2.2 Power balance constraints
Power balance constraints are shown in Formula 4:

∑PLoad
t � ∑

a,b∈ΩpL

PLab,t − ∑
a,b∈ΩpL

PLba,t + ∑
i∈Ωh

Ph
i,t + ∑

υ∈Ωw

Pw
υ,t

+ ∑
φ∈ΩCHP

PCHP
φ,t + ∑

ε∈ΩGT

PGT
ε,t − ∑

k∈ΩP2G

PP2G
k,t + ∑

ξ∈ΨNP

PNP
ξ,t (4)

In the formula: a and b are the first and last nodes of the power
grid branch respectively;ΩqL for the grid branch set; PLab,t and PLba,t
are the inflow and outflow power of ab branch at time t; Pw

v,t is the
power of the wind turbine v at time t; PCHP

φ,t is the operating power of
CHP unit φ at time t;ΩGT is the set of gas turbine equipment nodes;
PGT ε,t is the operating power of CHP unit φ at time t; ΩP2G is the
set of P2G device nodes; PP2G

k,t is the operating power of P2G unit k at
time t; PLoad

t is the electrical load at time t.

3.2.3 Line power constraints
Line power flow constraints are shown in Eqs 5, 6:

PLab,t � θa,t − θb,t
Xab

∀a, b ∈ Ω pL (5)
−PL

max ≤PLab,t ≤PL
max ∀a, b ∈ Ω pL (6)

In the formula: Pmax
L the upper limit of the transmission power of

the line; Xab is the node reactance; θa,t, θb,t is the node voltage of a
and b at time t.

3.3 Natural gas network constraints

3.3.1 Gas source constraints
The gas source output constraint is shown in Eq. 7.

Qκ,min ≤Q
g
κ,t ≤Qκ,max (7)

In the formula: Ql,max and Ql,min are the upper and lower limits
of the output of the gas source respectively.

3.3.2 Natural gas energy flow constraints
The flow balance diagram of each node in the natural gas

network is shown in Figure 2.
The mathematical equilibrium equation of energy flow in

natural gas network is shown by Eq. 8.

∑
n∈Ω qL

Fout
mn,t − ∑

m∈Ω qL

Fin
mn,t + ∑

κ∈Ω g

Qg
κ,t + ∑

k∈Ω P2G

QP2G
k,t + ∑

μ∈ΩGCut

QGCut
μ,t

− ∑
ε∈ΩGT

QGT
ε,t − ∑

φ∈Ω CHP

QCHP
φ,t � ∑QLoad

t (8)

In the formula: Fin
mn,t and Fout

mn,t are m, n nodes in the pipeline t
time in and out of the flow; ΩqL is a collection of natural gas
pipelines; QGT ε, tis the gas consumption of gas turbine unit i at
time t;QP2G

k,t is the gas production of P2G unit k at time t;QLoad
t is the

gas load at time t; QCHP
φ,t is the gas consumption of unit φ at time t.

Due to the compressor consumption of natural gas is very small, so
negligible (Wang et al., 2018).

3.3.3 Pipeline flow constraints
The flow rate of natural gas in the pipeline is related to the

parameters of natural gas itself, environmental factors and pipeline
related parameters. The properties of natural gas itself include gas
pressure p, gas density ρ, gas flow rate v, gas flow rate F, environment-
related parameters include standard gas density ρ0 and temperature T;
the properties of gas pipeline include friction coefficient fr, pipeline
diameter D, gas constant R and compression coefficient Z. The
material balance equation and gasmomentum equation are as follows:

∂ ρv( )
∂x

+ ∂ρ
∂t

� 0 (9)
∂p
∂x

+ ρfrv v| |
2D

� 0 (10)
p � ρRTZ (11)
F � πD2

4
ρv

ρ0
(12)

In the formula: t and x are the time dimension and the spatial
dimension respectively.
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Through the finite implicit difference method (Liu et al., 2021a),
the partial differential equation is transformed into an algebraic
form of Weymouth equation, as shown in Eq. 13.

Fmn,t Fmn,t

∣∣∣∣ ∣∣∣∣ � CM p2
m,t − p2

n,t( )
CM � π2D5

mn

16LmnfrRTZρ
2

∀m, n ∈ Ω qL

⎧⎪⎪⎪⎪⎪⎪⎪⎨⎪⎪⎪⎪⎪⎪⎪⎩
(13)

The flow calculation formula is shown in Formula 14.

Fmn,t � Fin
mn,t + Fout

mn,t( )/2,∀m, n ∈ Ω qL (14)

In the formula: pm,t and pn,t are the pressure of nodesm and n at
time t respectively; among them, the gas source node pressure is
constant; Lmn and Dmn are the length and diameter of the pipeline
between themn nodes of the pipeline; Fmn,t is the average flow rate of
mn pipeline at time t. In order to conveniently express the
relationship between the two state variables of natural gas flow
and pressure, the intermediate variable is represented by CM.

3.3.4 Second-order cone relaxation model
Due to the existence of the square term and the absolute value

term in Formula 13, this paper uses the second-order cone relaxation
model in (Yang et al., 2023) to solve the nonlinear problem in the
model. As shown in Eqs 15–17.

Fmn,t

CMpn,t

�������
�������
2
≤CMpm,t (15)

Fmn,t ≥CM · pm,t − pn,t( ) (16)
θp � ∑

mn∈ΩqL

ψ pm,t − pn,t( ) (17)

In the formula (Keyaerts et al., 2012; Ansari et al., 2021): Ψ is
the penalty coefficient of the node pressure difference; θp is the
penalty cost of node pressure difference. The second-order cone
relaxation method in (Yang et al., 2023) is used to deal with the
Weymouth equation without considering the pipeline flow loss
and compressor flow loss, and the influence of the pressure error of
the gas network pipeline node on the system scheduling result
under the minimum operating cost target can be ignored.

3.3.5 Compressor constraints
With the flow of natural gas in the pipeline, the gas pressure will

gradually decrease. In order to maintain the pressure required for
gas flow in the pipeline, it is necessary to install compressors on

some gas network nodes to increase the pressure required for gas
flow. The principle of the compressor is shown in Figure 3.

Compressor constraints are as follows:

Gmn,t � ηpFp
mn,t,∀m, n ∈ ΩqL (18)

pp
m ≤pp

n ≤ κp
p
m,∀m, n∈ ΩqL (19)

In the Formula 18, Gmn,t is the gas consumption of mn branch of
compressor at time t; ηp is the consumption coefficient of the compressor.
In this paper, the compressor loss is not taken into account, and ηp is 0
(Ansari et al., 2021). Fp

mn,t is the flow of the mn branch where the
compressor is located. The Formula 19 represents the compressor boost
constraint, pp

m and pp
n are the head and end pressure of the compressor,

and l is the compression coefficient of 1.10–1.15.

3.4 Thermal network constraints

The thermal system is an energy system that provides heat
supply to users. It is mainly composed of three parts: heat source
(CHP unit), thermal network and residential users (heat load).
Among them, the heating network in the thermal system is
composed of two network waterways: the water supply network
starting from the heat source and the return water network starting
from the user side. The spatial structure of the two waterways is
exactly the same. The heat in the hot water network is transmitted in
the form of liquid or water vapor through the heat carrier, and the
heat is transmitted to the heat load side through the thermal network
pipeline for users (Li et al., 2016). The structure of the thermal
system is shown in Figure 4.

As a medium of heat transmission, heat supply network is an
important part of the thermal system. The heat supply network is

FIGURE 2
Natural gas network flow diagram.

FIGURE 3
Compressor schematic diagram.
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divided into primary pipe network and secondary pipe network
from the transmission level, and inlet pipe network and return
water pipe network from the spatial structure. Among them, the
primary pipe network, the secondary pipe network, the inlet pipe
network and the return water pipe network take the heat
exchange station as the connection point, and the spatial
structure of the pipe network is exactly the same. The heat
source heats the water to a certain temperature and then
transmits it to the primary pipe network. After the hot water
flows through the heat exchange station, the water temperature is
converted into the temperature required by the user, and then it
flows into the secondary pipe network and is transmitted to the
thermal user. After the hot water is used by the user, the water
temperature decreases, and the partially cooled water flows back
to the heat source through the heat exchange station through the
return water pipe to achieve recycling. The secondary pipe
network in the thermal system is small in scale and short in
transmission distance, so only the primary pipe network is
considered and the secondary pipe network is ignored in the
analysis of the thermal system.

In addition to the basic structure of the thermal system, the
hydraulic model is used to represent the flow and temperature
relationship of the head and end of each water supply and return
pipe network, the flow and temperature relationship of the
connection node and the temperature constraint of the mixed
node in the system. The node temperature of the heating
network can be divided into two categories: water supply
temperature and return water temperature. In this paper, it is
assumed that the mass flow rate in the heating pipe network is
constant, and the primary heating network quality adjustment
method is adopted, that is, the mass flow rate of hot water in the
heating network is not changed, and the water temperature is only
adjusted. This adjustment method is adopted in the thermal network
in most areas of northern China (Li et al., 2016).

3.4.1 Heat source (CHP) node constraints
The heat output of the CHP unit at the heat source node can be

expressed as:

ΦCHP
φ � Cpm

CHP
φ × Ts

φ − Tr
φ( ) (20)

In Eqs 20, ΦCHP
φ is the heat energy produced by CHP; CP is the

specific heat capacity of water; mCHP
φ is the flow through the heat

source pipeline; Ts
φ is the node mixing temperature of the heat

source water supply pipeline, and the node mixing temperature of
the Tr

φ heat source return water pipeline.

3.4.2 Heat load (heat exchange station) constraints
The relationship between the thermal power of the load node

and the node temperature can be expressed as:

Φq � Cpm
load
q × Ts

q − Tr
q( ) (21)

In Eq. 21, Φq is the heat load demand of the user node; mload
q is

the mass flow rate of hot water in the pipeline; Ts
q is the water supply

temperature in the load node of the thermal network; Tr
q is the

return water temperature in the load node of the thermal network.
In operation, the heating network of the thermal system needs to

meet the upper and lower limits of the temperature of supply and
return water at the node of the heat exchange station, as shown in
Formula 22.

Ts
q,min ≤Ts

q ≤Ts
q,max

Tr
q,min ≤Tr

q ≤T
r
q,max

{ (22)

3.4.3 Thermal network constraints
The nodes connecting more than two pipelines in the thermal

network are called intersection nodes. Different thermal pipelines
flowing through the nodes converge here. The temperature of the
mixed nodes is determined by the flow and temperature of the
intersection pipelines. The total heat energy of the intersection node
determines the temperature, and the temperature of the node can be
calculated by the weighted average of the temperature and flow of all the
injected pipes. The flow diagram of heating network is shown in Figure 5.

The temperature of the junction node in the heating network is
shown by Formula 23, 24.

∑
x∈Ωpipe−

Touts
x,t m

s
x,t( ) � Ts

d,t ∑
x∈Ωpipe−

ms
x,t (23)

∑
x∈Ωpipe+

Toutr
x,t m

r
x,t( ) � Tr

d,t ∑
x∈Ωpipe+

mr
x,t (24)

In the formula: Ωpipe- and Ωpipe+ are the heat pipes with node d
as the end node and the head node in the heat network. Ts

d,t and T
r
d,t

are the temperature of the water supply pipe and the return pipe at
the connection node d, respectively. Touts

x,t ,T
outr
x,t are the temperature

of the end outlet of the water supply pipeline and the return water
pipeline at time t.ms

d,t andm
r
d,t are the mass flow of hot water in the

water supply pipe s and the return water pipe r respectively. The
expressions Eqs 25, 26 indicate that the temperature at the inlet port
of the heat network pipeline connected from the node is equal to the
temperature of the node (Li et al., 2019).

Tins
x,t � Ts

d,t, x ∈ Ωpipe− (25)

FIGURE 4
The schematic diagram of thermal system composition.
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Toutr
x,t � Tr

d,t, x ∈ Ωpipe+ (26)

In the formula: Tins
x,t is the inlet temperature of the pipe x in the

water supply network in the t period; Toutr
x is the outlet temperature

of pipeline x in the backwater network during t period.

3.5 Coupling device constraints

3.5.1 Gas turbine constraints
In this paper, the gas turbine unit model uses gas source purchase

and P2G gas production as fuel to convert natural gas in the gas
network into electrical energy without pollution (Wei et al., 2017b).
The relationship between the gas turbine ε output PGT ε, t and its gas
consumption QGT

ε,t at time t is expressed as follows:
The calculation formula of gas turbine output is shown in

Formula 27:

PGT
ε,t � μGTQGT

ε,t (27)

In the formula: μGT is the conversion efficiency coefficient; its
power and climbing constraints, the same type (2), (3).

3.5.2 Power-to-gas equipment constraints
The power-to-gas equipment can cooperate with the gas

network storage to convert the excess electricity into natural gas
and store it in the gas network, reducing the system abandoned wind

and improving the flexibility of the system downregulation. The
specific principle of electricity-to-gas is divided into two parts:
electrolysis and methanation, as shown in Figure 6.

The energy conversion efficiency of P2G is 45%–60%, and the
value is 50%. This paper focuses on the impact of P2G wind power
on the flexibility of the system, ignores the reaction process of each
fine link, and adopts the total conversion reaction formula (Zhang
et al., 2018). The output calculation formula of P2G equipment is
shown in Formula 28 and 29.

QP2G
k,t � ϕPP2G

k,t ηP2G/HGV (28)
PP2G
k,min ≤PP2G

k,t ≤PP2G
k,max (29)

In the formula: φ is the energy conversion coefficient;HGV is the
high calorific value of natural gas; ηP2G is conversion efficiency;
PP2G
k,max and PP2G

k,min are the upper and lower limits of the operating
power of P2G unit k, respectively.

3.5.3 Cogeneration unit (CHP) constraints
Cogeneration units consume natural gas to generate heat and

electricity input to the heating network and the power grid, and have
a flexible operating area range, which is an important heating source
in the thermal system. The operating region of the CHP unit is very
flexible, which is composed of the operating boundary of the back
pressure and condensation modes. The electric and thermal
operating regions can be represented by a planar quadrilateral, as
shown in Figure 7.

FIGURE 5
Heating network flow diagram.

FIGURE 6
Electric-to-gas schematic diagram.
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The mathematical expressions of CHP feasible region are shown
in Eqs 30, 31.

PCHP
φ,t � ∑NK

k�1
αkφ,tP

k
φ

HCHP
φ,t � ∑NK

k�1
αkφ,tH

k
φ

⎧⎪⎪⎪⎪⎪⎨⎪⎪⎪⎪⎪⎩
(30)

∑NK
k�1

αkφ,t� 1, 0≤ αk
φ,t ≤ 1 (31)

In the formula: PCHP
φ and HCHP

φ are the power generation and
heat generation of the CHP unit respectively; Pk

φ and Hk
φ are the

values of electric power and thermal power corresponding to the k th
extreme point in the operation domain, where HCHP

φ,t and VCHP
φ are

the same; NK denotes the number of runnable points in the range of
CHP power operation domain; αkφ,t enotes the running point of CHP
in the running domain at time t.

Among them, the natural gas supply required for CHP operation
to generate heat and generate electricity is shown in the following
Formula 32:

QCHP
φ � ∑ PCHP

φ,t +HCHP
φ,t( )

ηCHPHGV
(32)

Among them, the efficiency of the ηCHP production unit.

3.6 Natural gas dynamic model constraints

The traditional natural gas steady-state model believes that the
inflow and outflow of natural gas are equal at all times, which is
contrary to the delay and buffer of the actual flow of natural gas in
the pipeline. Making full use of this dynamic characteristic can not
only refine the gas network model, but also participate in the system
scheduling as a flexible resource to improve the flexibility of the
system. The natural gas dynamic model is shown in Figure 8.

The expression of pipeline inventory considering the dynamic
effect of natural gas (Correa-Posada and Sánchez-Martín, 2015; Liu
et al., 2022) is as follows:

LP
mn,t �

πLmnD2
mnp

a.v
mn,t

4RTZρ
,∀m, n ∈ ΩqL (33)

LP
mn,t � LP

mn,t−1 + Fin
mn,t − Fout

mn,t, ∀m, n ∈ ΩqL (34)

pa.v
mn,t �

pm,t + pn,t( )
2

, ∀m, n ∈ Ω qL (35)

Eq. 33 is the calculation formula of pipe storage LPmn,t in mn
section, which is related to the relevant parameters of gas network
pipeline and the average pressure pa.v

mn,t at both ends of pipeline.
The Formula 34 is the relationship between the tube storage LPmn,t

at time t and the tube storage LPmn,t−1 at the previous time, where
Fin
mn,t and Fout

mn,t represent the tube storage injection gas volume
and output gas volume at time t respectively. The initial pipe
storage of the natural gas network is set to 1.3 × 107 m3 (Xu et al.,
2021). The average pressure is calculated as shown in Eq. 35.

3.7 Thermal network dynamic model
constraints

3.7.1 Dynamic hydraulic model of heating network
In the heating network water pipeline, the temperature

change of the inlet is slowly transmitted to the outlet, and the
time consumed is about the transportation time of the unit mass
flow through the pipeline (Li et al., 2016). The heat has transfer
delay and temperature loss in the dynamic transmission process
of the heating network (Jiang et al., 2020; Jiang et al., 2021; Xu
et al., 2021), and the principle of transfer delay is shown in
Figure 9.

Without considering the temperature loss and pipeline delay,
the temperature at the end of the heating network pipeline at time t
is equal to the temperature at the beginning of the pipeline at the
same time. As shown in Formula 36.

Ti,x,t � To,x,t (36)
In Eq. 37, if the pipeline delay time τ caused by the heat transfer

delay is considered, the pipeline delay time calculation formula is τ:

τx� round
πρD2

xLx

4mpipe
x

[ ] (37)

If the pipeline delay time τ caused by the heat transfer delay is
considered, the pipeline delay time calculation formula is τx:

In Eq. 38, considering the time delay of pipeline transmission,
the outlet temperature should be corrected as follows:

Tdelay
o,x,t � Ti,x,t−τx (38)

3.7.2 Dynamic thermal model of heating network
In the hot water pipe network, the flow process of hot water from

the inlet to the outlet will produce heat loss. In Eq. 39, the
temperature at the outlet of the pipe is:

To,x,t � Tdelay
o,x,t − Ta,t( )e −λLx

CPm
pipe
x,t (39)

In the formula: λ is the thermal conductivity of the heat network
pipeline, Ta,t is the external temperature. When the length of the
thermal network pipe network is short, the heat loss generated
during the flow process can be ignored.

FIGURE 7
CHP running domain diagram.
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4 Case study

The structure of the example in this paper is shown in
Supplementary Figure SA1, including a 24-node power system,
20-node natural gas network and 6-node thermal network. Power
grid data (Correa-Posada and Sánchez-Martín, 2015), natural gas
network data (DeWolf and Smeers, 2000), heating network data are
shown in the Supplementary Table. The day-ahead electricity, gas
load and wind power forecast data are shown in Figure 10, and the
heat load data are shown in Figure 11. The second-order cone
relaxation method used in this paper to deal with the Weymouth
nonlinear equation avoids the generation of a large number of

0–1 variables, so that the overall solution model has good
computational efficiency, and the system operation time is 47.74 s.

4.1 Analysis of scheduling results

In this paper, the optimal scheduling model of electric heating
system considering the dual virtual energy storage effect of gas
network storage and heat network storage is adopted. The
scheduling results of electric, gas and heat systems are shown in
Figures 12–14.

In the figure, the pipeline storage of the natural gas network
increases from 01:00–08:00 and 22:00–23:00. Because this period is
the stage of wind power generation with low gas load and electricity
load, during this period, P2G equipment will convert wind power
not absorbed by the grid into natural gas and store it in the natural
gas pipeline. The pipeline storage of natural gas pipeline will increase
to improve the flexibility of the system to be used when the gas load
increases later, and at the same time, the demand for gas source
output will be reduced to reduce the gas purchase cost. From 09:00 to
21:00 and 24:00, the pipeline storage of the natural gas network
decreases. As the wind power output decreases and the demand for

FIGURE 8
Natural gas dynamic model.

FIGURE 9
Heating network pipeline energy transfer delay.

FIGURE 10
Load profile of electricity, gas and wind farms.

FIGURE 11
Heat load demand curve.
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electric load and gas load increases during this period, it is necessary
to increase the output of gas and thermal power units to meet the
power load demand of the system and supplement the lack of
upward adjustment flexibility of the power system. As a result,
the gas load demand is greater, requiring the natural gas network to
release the previously stored natural gas, while the gas source output
is increased to meet the gas load demand of the system, and the two
work together to cope with the load cutting risk caused by the
insufficient flexibility of the system.

In the figure, heat is released by the thermal network during the
hours of 01:00–08:00 and 18:00 to 24:00. Because the heat load
demand is large during this period, it is necessary for the heat supply
network to release the stored heat during this period, and consume
natural gas through CHP (heat source) and a small number of gas
units to generate a large amount of heat to meet the heat load

demand at this time. From 09:00 to 17:00, heat storage is carried out
in the thermal network. Because the heat load demand is the lowest
and the wind power output is the lowest during this period, in order
to reduce the pressure of heat load and electricity load increase at
night, the remaining heat source output is stored in the thermal
network to improve the flexibility of the power system.

4.2 Analysis of dynamic characteristics of
dual virtual energy storage of gas network
storage and heat network storage

In order to study the influence of gas network storage
characteristics and heat network storage characteristics on the
flexibility of IES, this paper sets up four schemes for comparative
analysis, which are as follows:

Scheme 1: Do not consider the dynamic characteristics of gas
network storage, the dynamic characteristics of heat network
storage.
Scheme 2: Without considering the dynamic characteristics of
gas network storage, considering the dynamic characteristics of
heat network storage.
Scheme 3: Consider the dynamic characteristics of gas network
storage, do not consider the dynamic characteristics of heat
network storage.
Scheme 4: Considering both the dynamic characteristics of gas
network management and the dynamic characteristics of heat
storage in heating network.

In this section, the dynamic characteristics of gas network
management and storage and the dynamic characteristics of heat
network storage are analyzed separately, and the operation
characteristics of network “virtual energy storage” characteristics
in the IES constructed in this paper under the conditions of Scheme
2 and Scheme 3 are explored respectively. The changes of storage

FIGURE 12
Power system scheduling results.

FIGURE 13
Natural gas system scheduling results.

FIGURE 14
Thermal system scheduling results.
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energy in thermal network and natural gas network are shown in
Figure 15.

Firstly, the energy change of the thermal network under the
action of the heat storage characteristics of the thermal network
delay transmission is analyzed, that is, the heat charge and discharge
change of the thermal network in Scheme 2 is shown in Figure 15A.
It can be seen from the figure that the thermal network releases heat
during the period of 1: 00–9: 00. This is because the wind power in
this period belongs to the peak period as a whole. At this time, P2G
converts part of the wind power into natural gas and injects it into
the natural gas network. This is because P2G can only convert wind
power that meets the transient natural gas load demand without
considering the storage effect of the gas network. In order to reduce
the cost of wind curtailment in the system, the thermal network
presents an exothermic trend, which makes CHP reduce the thermal
output and reduce the generated electric power, so as to absorb more
wind power and reduce the amount of wind curtailment in the
system to improve the flexibility of the system. During the period of
10: 00–17: 00, the thermal network began to enter the heat storage
stage, which corresponded to the trough stage of wind power.

In this period, the wind power is small. In order to meet the
demand of electric load, CHP increases the output electric power
while the output heat power also increases. However, the heat load in
this period belongs to the excess heat production of CHP in the
trough period. In order to absorb the excess heat generated by CHP,
the thermal network is used for heat storage to improve the
flexibility of the system. However, the lack of gas network storage
will lead to the decrease of the amount of natural gas provided to

CHP, which will affect the heat storage efficiency. The 18: 00–24:
00 period is also the peak period of wind power and heat load. Like
the 10: 00–17: 00 period, the heat storage and energy storage
characteristics of the delayed transmission of the thermal
network are used to release heat and consume more wind power.

Then, the energy change of the natural gas network under the
separate action of the pipe storage effect of the dynamic
characteristics of the natural gas network is analyzed, that is, the
change of the pipe storage of the natural gas network in Scheme 3 is
shown in Figure 15B. The natural gas network stores energy during
the period of 1: 00–8:00. At this time, the wind power is at its peak,
and P2G converts the remaining part that is not used by the electric
load into natural gas injected into the natural gas network to increase
the pipe storage and improve the flexibility of the system. However,
because the dynamic characteristics of the heating network are not
taken into account, the CHP needs to generate higher heat during
the peak period of the heat load and still generates electric power
into the power grid. Therefore, the failure to continue to consume
wind power after the P2G reaches the rated capacity will cause a lot
of wind power waste. During the 9:00–18:00 period, the wind power
is reduced, and the gas network storage is in a release state to provide
gas turbines and CHPs to meet the electric load demand to improve
the system’s upregulation flexibility. However, CHP can only
generate a small amount of electricity associated with heat, so
that the gas turbines with high operating costs account for the
main output, resulting in increased operating costs. The 19:00–24:
00 period is the same as the larger stage of wind power. P2G
operation converts redundant wind power into natural gas
injection into the natural gas network and restores the initial
pipe stock at the end of the scheduling cycle.

4.3 Analysis of dual virtual energy storage
characteristics of gas network storage and
heat network storage

4.3.1 Scheme 2 compared with Scheme 4
This section studies the impact of dual virtual energy storage

formed by the combination of gas network dynamic
characteristics and heat network dynamic characteristics on
IES scheduling. Firstly, the influence of the system with or
without the gas network storage characteristics under the heat
storage characteristics of the heat network is analyzed, and the
Scheme 4 is compared with the Scheme 2. Figure 16 is the heat
storage comparison diagram of the heat network of Scheme 2 and
Scheme 4.

It can be seen from Figure 16 that the charging and releasing
capacity of the heat supply network is improved after taking into
account the storage effect of the gas network. The improved
charging and releasing capacity of the heat supply network
makes the decoupling effect of CHP during operation more
obvious. During 1:00–9:00, the wind power heating network
releases heat, but there is still a heat storage working period in
Scheme 2, which is because the heat release cannot be carried out
due to the overall constraints of the system, leading to the heat
storage state of the heat network at that time. In Scheme 4, P2G can
absorb more wind power after adding the storage characteristics of
gas management, so that the heat release efficiency of the thermal

FIGURE 15
Network storage energy changes. (A) Gas network. (B) Heat
network.
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network in the stage of wind power generation can be improved, and
the flexibility of the heat network can be improved.

In the 10: 00–17: 00 period, in order to solve the large power load
during the low wind power period, the CHP emits electric power and
produces heat at the same time, so that the thermal network is in the
heat storage stage. It can be seen from the figure that Scheme
4 improves the heat storage capacity of the thermal network after
adding the gas network storage. This is because the power generation
cost of CHP is less than that of the gas turbine, and more natural gas
can be supplied after adding the pipe storage characteristics, which
saves the cost of CHP operation. The 18: 00–24: 00 period and the 1:
00–8: 00 period are the same as the heat release stage of large wind
power generation and small electric load, which will not be repeated
here. It should be noted that the heat release of Scheme 2 is greater
than that of Scheme 4 at the end of the scheduling period. This is
because the gas network management needs to consume more
natural gas than the initial storage to restore the initial value,
and further heat release cannot be performed.

Figure 17 compares the output of the generator set of Scheme
2 and Scheme 4. It can be seen clearly that the output of the
generator set of Scheme 4 is significantly smaller than that of
Scheme 2 during the peak power consumption period of 8:
00–13: 00. This is because the gas network storage can release
additional natural gas so that CHP has greater operating power
to meet the power load during this period. This shows that
considering the characteristics of gas network management and
heat storage characteristics of heat network, the power generation
rate of CHP during the peak period of power load can be increased,
so that CHP with lower power generation cost can give priority to
power generation to meet the power demand, so that the system cost
is reduced and the overall economy is improved.

Next, the influence of the dynamic heat storage characteristics of
the system with or without the heat network under the
characteristics of the gas network management is analyzed, and
the comparison between Scheme 3 and Scheme 4 is carried out.
Figure 18 is the comparison diagram of gas network management
and storage between Scheme 3 and Scheme 4.

4.3.2 Scheme 3 compared with Scheme 4
In Figure 18, it can be seen that the overall gas network

management storage of Scheme 4 is larger than that of Scheme 3.

Firstly, in the 1: 00–8: 00 period of wind power generation, Scheme
3 does not take into account the dynamic heat storage characteristics
of the heat network. CHP can only follow the heat load change
operation in strict accordance with the way of heat power
determination, which makes the electric power generated by
CHP make the wind power can’t be fully utilized, resulting in a
large number of abandoned wind phenomena. Scheme 4 considers
the dynamic heat storage characteristics of the heating network. At
this time, the CHP heat production of the wind power peak heating
network is reduced in the exothermic state, so that the wind power is
consumed as much as possible by the power grid. The P2G operation
converts the wind power into natural gas and enters the natural gas
pipeline network, resulting in an increase in pipe storage. During
this period, the thermal network and the natural gas network form a
dual energy storage, which increases the upper limit of the gas
network management and storage operation of Scheme 4, and
enables more natural gas to be stored in the network to be used
during the peak demand of power supply load.

At 9: 00–15: 00, the gas network inventory showed a downward
trend, which was caused by the decrease of wind power and the
increase of electric load demand. At this time, the thermal network
in Scheme 4 is in a state of heat storage, but the gas network
management stock in Scheme 3 is still smaller than that in Scheme 4.
This is because Scheme 4 uses more CHP than Scheme 3, and CHP
The amount of natural gas required to emit the same amount of

FIGURE 16
Heat storage comparison of heat network.

FIGURE 17
Comparison of thermal power unit output.

FIGURE 18
Air network management inventory comparison.
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electricity is much smaller than the amount of natural gas required
by the gas turbine and the price is cheaper. At 16: 00–24: 00, the gas
network inventory showed a gradual downward trend, and the
initial storage value was restored after a small range of growth
fluctuations. Similar to the period of 1: 00–8: 00, the gas network
management stock of Scheme 4 is still larger than the gas network
management stock of Scheme 3 as a whole, but it is limited by the
recovery of initial storage. It is impossible to have a large natural gas
storage difference like the pipe stock of the first wind power
generation period.

It can be seen that the heat storage characteristics of the heat
network combined with the characteristics of the gas network
management and storage can transform the operation-limited
CHP from a heat-determined operation mode to a more flexible
and economical operation mode, and improve the utilization
efficiency of the gas network management and storage. And
natural gas energy can be converted into electrical energy and
thermal energy, thereby enhancing the energy reserve capacity of
the system, so that the overall flexibility and energy reserve of the
system have been greatly improved.

From the comparison of gas source output in Figure 19, it can be
seen that the gas source output in Scheme 3 without considering the
dynamic heat storage characteristics of the heat network is larger
than that in Scheme 4 as a whole. Although both Scheme 3 and
Scheme 4 take into account the dynamic storage characteristics of
the gas network, there is still a large gap between the gas source
output of the two schemes, which shows that the dynamic heat
storage characteristics of the heat network affect the operation state
of the whole natural gas network in IES. In the period of 1: 00–8:
00 during the peak period of wind power, the gas source output of
Scheme 3 is larger than that of Scheme 4, while the increase of
pipeline storage of Scheme 4 is larger than that of Scheme 3. This is
because the heat released by the thermal network of Scheme 4 at this
time reduces the gas consumption of CHP, thus reducing the gas
source output and increasing the pipeline storage.

During the period of 9: 00–15: 00, due to the thermal network of
Scheme 4 is in the state of heat storage, CHP emits more thermal
power. At this time, Scheme 3 does not take into account the heat
storage characteristics of the heat network and the CHP output is
small when the thermal load is at the valley, which leads to the gas
turbine with large gas consumption to make up for the power
required at the peak of the electric load. Therefore, Scheme 2 will

have a large natural gas demand in this period. However, the gas
network inventory can only provide a part of natural gas due to
constraints such as endpoint pressure, so the gas source output in
Scheme 3 is still greater than that in Scheme 4. The working
principle of the gas source in the 16: 00–24: 00 period is the
same as that in the 1: 00–8: 00 period. Therefore, considering the
dynamic heat storage characteristics of the heating network, the gas
source output is effectively reduced, and the gas source reserve
capacity is increased to make the system have more energy sources
as a whole, thereby improving the system flexibility.

4.4 Analysis of the influence of dual virtual
energy storage characteristics of gas-heat
network on IES scheduling results

Through the demonstration and analysis in the previous section,
it can be seen that IES makes the system realize the flexibility mutual
benefit between the two kinds of network energy through the dual
virtual energy storage characteristics of the natural gas network and
the thermal network, and further exploits the flexibility potential of
the delayed transmission energy network. Next, the wind power
consumption capacity of the system under the four operation
schemes and the economy of each operation scheme are

FIGURE 19
Comparison of gas source output.

FIGURE 20
Comparison of wind power consumption.

FIGURE 21
Comparison of operation cost and wind curtailment cost of
different schemes.

Frontiers in Energy Research frontiersin.org13

Yang et al. 10.3389/fenrg.2023.1331428

https://www.frontiersin.org/journals/energy-research
https://www.frontiersin.org
https://doi.org/10.3389/fenrg.2023.1331428


analyzed. Finally, by adjusting the wind power penetration rate,
whether the dual network virtual energy storage scheduling scheme
proposed under the condition of multi-scenario wind power
penetration rate still has the advantages of flexibility and
economy compared with other schemes is tested.

Firstly, the results of wind power consumption under the four
schemes set in this paper are analyzed, as shown in Figure 20.

It can be seen from Figure 20 that the scheduling scheme
considering the dual virtual energy storage characteristics of gas
network dynamic pipe storage and heat network dynamic heat
storage proposed in this paper is that Scheme 4 has the largest
wind power consumption in the scheduling period, and Scheme
1 without considering the dynamic characteristics of the network
has the smallest wind power consumption in the scheduling period.
Scheme 2 and Scheme 3 are affected by network structure
constraints, coupling equipment constraints and objective
functions. The comparison of wind power consumption in the
scheduling period is different, but the wind power consumption
efficiency of the two schemes is greater than that of Scheme 1.

The scheduling cost comparison of the system under the four
schemes is analyzed below, as shown in Figure 21.

Figure 21 shows that different scheduling schemes not only
affect the system operation cost, but also affect the wind power
curtailment cost (wind power consumption). The scheme proposed
in this paper has the smallest operation cost and wind power
curtailment cost. The system operation cost is mainly related to
the cost of each unit and the gas source. Table 1 is the average
operation data comparison of each unit and the gas source in the
24 h scheduling cycle under the four operation schemes.

It can be seen from the data in the table that the average
operating power of the proposed thermal power unit considering
the dynamic energy storage characteristics of the network is reduced
compared with the average operating power of the thermal power
unit in Scheme 1, so that the standby capacity is increased. The
increase in the average operating power of the power to gas can
absorb more wind power, and it can be seen that the natural gas
generated by the power to gas can reduce the output of the gas source
to reduce the cost. This fully demonstrates the impact of virtual
energy storage in both natural gas and thermal networks on
improving system flexibility and reducing operating costs. In
general, after taking into account the virtual energy storage
characteristics of the network, the energy in the network can be
fully utilized. The network consumes excess wind power by
changing the energy storage state, and meets the load demand by
releasing the energy state and reducing the operation output of each
unit equipment to improve the flexibility of the unit.

In order to verify whether the dual virtual energy storage
characteristics of gas-heat network proposed in this chapter can
still have high wind power consumption rate and good economy
under different wind power penetration rates, the scheduling
Scheme 4 and Scheme 1 proposed in this chapter are selected for
comparison and verification. Five kinds of wind power penetration
scenarios are set up for analysis and comparison, so that the wind
power penetration rate increases gradually from 80% to 120% with a
step size of 20%, and the comparison between operation cost and
wind curtailment cost is shown in Figure 22.

It is shown in the figure that the scheduling scheme proposed in
this chapter considering the dual storage characteristics of gas-heat
network can have the lowest operating cost and wind abandonment
cost under different wind power penetration rates, which verifies
that the scheduling scheme proposed in this question can effectively
adapt to changes in wind power penetration rates and cope with the
instability factors that may be brought by environmental changes in
actual projects.

5 Conclusion

Based on the dynamic pipe-storage characteristics of natural gas
network and the dynamic delay characteristics of heating network,
this paper constructs an electric-gas-heat integrated energy system
considering the dual virtual energy storage characteristics of gas-
heat network, which further improves the overall wind power
consumption capacity and unit reserve capacity of the system,
thus improving the flexibility of the system. The conclusions
obtained through the example analysis are as follows:

TABLE 1 Comparison of the average output of the unit and the gas source under each scheme.

Scheme Thermal power unit
(GW/h)

Electricity to gas
(GW/h)

Gas turbine
(GW/h)

Gas source
(Mm3/h)

Wind turbine
(GW/h)

1 0.285 0.524 0.202 1.557 1.079

2 0.279 0.570 0.177 1.458 1.156

3 0.257 0.535 0.209 1.545 1.111

4 0.252 0.616 0.206 1.408 1.197

FIGURE 22
Comparison of operating costs and wind curtailment costs for
different permeability.
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(1) In IES, the dual virtual energy storage of gas network storage
and heat storage of heat network can improve the wind power
absorption capacity of the system at the peak of wind power, and
raise the valley value of the system net load curve to improve the
flexibility of the system. Under the premise of meeting the
system load demand, the conventional unit output is reduced,
and the standby capacity of the unit is increased to improve the
upregulation flexibility of the system.

(2) By comparing Scheme 4 with Scheme 2 and Scheme 3, it can be
seen that the IES scheduling strategy considering the dual virtual
energy storage characteristics can significantly improve the
charging and discharging efficiency of the gas-heat network.
The coordination of the two networks greatly improves the
limitations of the network storage characteristics when they act
alone, and fully mobilizes the flexibility of various resources of
electricity, gas and heat.

(3) It is verified that the scheduling schemes of different network
virtual energy storage characteristics affect the wind power
consumption capacity of IES and the average output of the
unit, thus affecting the overall operating cost of the system. In
addition, the scheme in this paper has the optimal system
scheduling cost and the highest wind power utilization rate
under different wind power penetration rates, so that IES has the
flexibility to deal with uncertain factors such as wind power
and load.

The next research will focus on the scheduling method
combining the dynamic partial differential model based on fluid
dynamics with a finer time scale and the multi-time scale day-ahead-
day rolling scheduling, and further explore the flexibility
relationship between the electricity-gas-heat interconnected
system and the operability of the double-layer virtual energy
storage to cope with load fluctuations and flexible supply and
demand adjustment.
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Nomenclature
a the first branch of the power grid

b the terminal node of the branch of the power grid

C total operating cost

Ch
i,t

the cost coefficient of generator set i at time t

CHP
φ,t the cost coefficient of CHP unit φ at time t

Cg
l,t natural gas price of gas source l at time t

CM intermediate variable

CP specific heat capacity of water

D pipe diameter

d heat network connection node

Dmn pipeline diameter between mn nodes of pipeline

Dx cross-sectional diameter of heat-supply network pipe x

F gas flow

Fin
mn,t the flow rate of m, n nodes in the pipeline at time t

Fout
mn,t the outflow of the pipeline where m, n nodes are located at time t

Fout
mn,t the average flow rate of mn pipeline at time t

Fp
mn,t the flow of the mn branch where the compressor is located

fr coefficient of friction

Gmn,t the gas consumption of mn branch t where the compressor is located

HCHP
φ,t CHP unit calorific value

HGV high calorific value of natural gas

Hk
φ

the corresponding thermal power value of the k extreme point in the
operating domain

Ii,t on-off state of generator set i at time t

Lmn pipeline length between mn nodes of pipeline

LPmn,t the storage of gas network pipeline at time t of mn section gas network
pipeline

LPmn,t−1 the storage of gas network pipeline at time t-1 of mn section gas network
pipeline

Lx the length of the heat pipe x

mCHP
φ the mass flow of the heat source pipeline

mload
q the mass flow of hot water in the pipeline

mr
x,t the mass flow rate of hot water in the return pipe s

ms
x,t the mass flow of hot water in water supply pipeline s

NK denotes the number of runnable points in the range of CHP power operation
region

p gas pressure

ma.v
mn,t average pressure at both ends of the pipe

mCHP
φ,t the operation power of CHP unit φ at time t

PDoi unit i maximum downhill climbing power

mECut
ξ,t

the load shedding amount of the electric load node ξ at time t

PGT
ε,t the operation power of CHP unit ε at time t

Ph
i,t

operating power of conventional unit i at time t

Pk
φ

the electric power value corresponding to the k th extreme point in the
operation domain is obtained

PLab,t the inflow power of ab branch at time t

PLoad,t electrical load at time t

pm,t the pressure of node m at time t

pn,t the pressure of node n at time t

Pi
max upper power limit of generator set i

PL
max upper limit of line transmission power

Pi
min lower power limit of generator set i

ppm compressor head pressure

ppn compressor end pressure

PP2G
k,max the upper limit of operating power of P2G unit k

PP2G
k,min the lower limit of operating power of P2G unit k

PP2G
k,t the operating power of P2G unit k at time t

PUp
i

unit i maximum uplink

Pw
v,t the power generation of fan v at time t

PWC
ξ,t abandoned wind power of wind turbine node τ at time t

QCHP
φ,t the gas consumption of CHP unit φ at time t

Qg
l,t purchase amount of gas source l at time t

Tins
x,t the inlet temperature of pipeline x in water supply network at time t

To,x,t the temperature at the outlet of the pipe x at time t

QCut
μ,t load shedding of natural gas load node μ at time t

QGT
ε,t gas turbine unit i gas consumption at time t

QLoad,t gas load at time t

QP2G
k,t the gas production of P2G unit k at time t

Ql,max upper limit of gas source l output

Ql,min lower limit of gas source l output

R gas constant

r return conduit

s feed piping

T dispatching cycle

T temperature

t time dimension

Toutr
x,t the temperature of the end outlet of the return water pipe at time t of pipe x

Touts
x,t piping x The temperature at the outlet of the end of the water supply pipe at

time t

Tr
d,t the temperature of the return pipe at the connection node d

Ta,t external temperature

Tdelay
o,x,t

the outlet temperature correction considering the time delay of pipeline
transmission

Toutr
x,t the outlet temperature of pipeline x in the backwater network during

period t
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Tr
q the return water temperature in the load node of the thermal network

Tr
φ the node mixing temperature of the heat source return pipe

Ts
d,t the water supply pipe temperature at the connection node d

Ts
q water supply temperature in load node of thermal network

Ts
φ node mixing temperature of heat source water supply pipeline

v gas flow rate

x spatial dimensions

Xab node reactance

Z coefficient of compressibility

αkφ,t the operating point of CHP in the running domain at time t

δECutξ
penalty coefficient of power-off load

δGCutμ
punishment coefficient of gas cutting load

ηCHP efficiency of cogeneration units

ηp compressor consumption coefficient

θa,t a node voltage at time t

θb,t b node voltage at time t

θp node pressure difference penalty cost

λ thermal conductivity of heating network pipeline

λWC
τ

wind abandonment penalty coefficient

μGT conversion efficiency coefficient of gas turbine

ρ gas density

ρ0 standard gas density

ρw water density in heating network

τ pipeline delay time

τx the delay time of pipeline x

ϕ P2G energy conversion coefficient

Φq thermal load demand of user nodes

Ψ node pressure difference penalty coefficient

ΩCHP CHP node set

ΩECut power load shedding node set

Ωg collection of gas source nodes

ΩGCut gas cutting load node set

ΩGT for the gas unit equipment node set

Ωh conventional unit node set

ΩP2G P2G Device Node Set

Ωpipe- the heating pipe with node d as the end node in the heating network

Ωpipe+ the heating pipeline with node d as the head node in the heating network

ΩpL power grid branch set

Ωw wind turbine (wind curtailment) node set

l coefficient of compressibility

VCHP
φ

the heat energy generated by CHP
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