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With the increasing number of electric vehicles (EVs), a large amount of charging
load will affect the safety and economic operation of the distribution network
(DN). In this paper, an optimization dispatching strategy for integrated electricity
and natural gas systems (IEGS) with fast charging stations (FCSs) is proposed to
address the impact of fast charging loads. Firstly, the FCS load model is
established based on the simulation of vehicle traveling and vehicle charging.
Secondly, a natural gas supply model is established, which includes constraints
such as the adjustment range, direction, and total number of supply flow
adjustments. Then, an optimization dispatching strategy for IEGS based on
energy storage and gas storage is proposed. Finally, the effectiveness of the
proposed strategy is verified. The simulation results show that when the proposed
strategy is applied, the voltage of FCS node will be stabilized within a good range.
And the energy purchase cost will be reduced by more than 50%. The proposed
method improves the carrying capacity of DN for FCSs.
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1 Introduction

With the development of energy system, modern energy system infrastructure has
evolved into the coupled system with electricity and natural gas, which typically includes
multiple large-scale and geographically diverse energy regions. The similarity in the
consumption of electricity and natural gas leads to that the key task of the coupled
system is the coordinating optimization (Qi et al., 2019). Due to the increasing penetration
of gas turbines, the power system and natural gas system are becoming increasingly
bidirectional coupled (Conejo et al., 2020). In order to address the challenges of
optimization dispatching of natural gas and power integrated systems, scholars have
conducted research on the optimization dispatching model of integrated electricity and
natural gas systems.

Scholars have recognized the significant regulatory potential that arises from the
synergy between power and natural gas systems. However, the modeling and solving
techniques for constrained optimization problem needed to be improved (Zhou et al., 2023).
To address this, various researchers have proposed different models and methods.
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1.1 Optimization models and energy flow

Zhang et al. (2021) proposed a two-layer quadratic curve
optimal energy flow model. The optimal flow model of conical
AC power was established in the upper level model. And the power
generation cost of natural gas generator units was calculated based
on the marginal price of natural gas. Jia et al. (2020) proposed a
probabilistic energy flow convex optimization method for the
integrated energy system. The piecewise linear approximation
method was used to linearize the nonlinear objective function.
Thereby the probabilistic energy flow calculation model was
transformed into a linear programming model. The gas turbines
were applied to improve power generation and consumption
balance in short-term dispatching to achieve closer coordination
between power system and natural gas system (Mirzaei et al., 2020).
Zeng et al. (2019) proposed an integrated electricity and natural gas
systems (IEGS) model that takes into account electricity to natural
gas facilities and gas storage facilities. In addition, sequential Monte

Carlo (SMC) method was used to evaluate the reliability of IEGS.
Nasiri et al. (2023) proposed a two-layer dispatching model based on
the multiple energy service providers (MESP). MESP minimizes the
cost of purchasing electricity and natural gas by operating energy
storage systems and demand response plans (DRPs). A Lagrangian
relaxation multi-step strategy was proposed to realized collaborative
optimization of IEGS (Faridpak et al., 2020).

1.2 Performance evaluation and resilience

Qi et al. (2017) proposed a flexible model to evaluate the
performance of (IEGS) in extreme weather conditions, namely
the energy assistance between the power system and the natural
gas network. Shao et al. (2017) proposed a comprehensive planning
algorithm for IEGS to enhance the resilience of the power system
under extreme conditions. And a variable uncertainty set has been
developed to describe the interaction between power system

FIGURE 1
Charging load calculation process.
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expansion status and extreme events. Correa-Posada and Sánchez-
Martın (2014) proposed an optimal power flow calculation model,
which considers the N-1 criteria for IEGS. And a fault analysis
method for natural gas systems was established to realized rapid
fault analysis based on the linear sensitivity factor method. Meng
et al. (2019) proposed a sequential energy flow analysis method for
IEGS based on multiple balance nodes. Ni et al. (2016) proposed a
multi energy optimal power flow solution method for IEGS. Based
on the concept of energy hubs, the coupling relationship between
different energy systems was considered.

1.3 Innovative methods

Qin et al. (2019) proposed a hybrid multi-objective optimization
and game theory approach (HMOGTA) to realized optimized
operation of an integrated energy system consisting of an electric
and natural gas (E&G) utility network, multiple distributed energy
stations (DESs), andmultiple energy users (EU). Unifiedmodels and
data-driven methods: However, due to the different characteristics

of control mechanisms, network topology, and dynamic processes
between power system and gas system, it is difficult to realized the
collaborative optimization of IEGS. In order to solve this problem, a
unified transient energy flow model was proposed based on the
singular perturbation theory and dynamic model of IEGS (Huang
et al., 2022). Wang et al. (2021) proposed a data-driven opportunity
constrained method for calculating the optimal power flow of IEGS.
Tabebordbar et al. (2023) proposed an optimization framework to
control the optimal scale of cogeneration and P2G technology in
IEGS. Gao et al. (2023) designed a rolling scheduling framework for
IEGS. Based on the framework a partial differential equation
mathematical model was proposed. The dynamics of natural gas
pipelines and the operational characteristics of P2G facilities can be
expressed accurately to maintain the authenticity of IEGS in the
rolling scheduling process. Wang et al. (2020) proposed a two-stage
low-carbon operational planning model based on bilateral trading
mechanism and active demand side management (DSM), aiming to
reduce carbon emissions. The carbon emission flow (CEF) model is
used to track emissions and calculate carbon intensity, considering
energy storage systems.

FIGURE 2
Optimizing dispatch strategy solving process.
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1.4 IEGS with FCSs

Wu et al. (2022) proposed a novel carbon-oriented expansion
planning model of IEGS with FCSs to determine the optimal
alternatives, locations, and sizes for ecofriendly candidate assets,
including roof-top PV panels and fuel cell (FC) units in each FCS, as
well as renewable energy units and carbon capture and storage
(CCS) systems in IEGS. Salvatti et al. (2024) an optimized power
management strategy for FCS with integrated battery energy storage
systems (BESS) was proposed. The proposed strategy aimed to
monitor the variation in AC voltage at the point of common
coupling (PCC) and the state of charge (SOC) of the BESS, with
the objective of establishing a deterministic formulation to find the
optimal instantaneous BESS power level. Shi et al. (2022) proposed a
novel sensitivity analysis-based FCS planning approach, which
considers the voltage sensitivity of each sub-network in the
distribution network and charging service availability for EV
drivers in the transportation network.

The above literature mainly studies the issue of FCS
integration into IEGS from a planning perspective. But the
operation guidance for IEGS is not provided. Li et al. (2021)
proposed a bi-level optimal scheduling model for community
integrated energy system (CIES) with an charging station in
multi-stakeholder scenarios, where an integrated demand
response program comprising a dynamic pricing mechanism
was designed. Weng et al. (2020) proposed a joint planning
model of active distribution network and transportation
network including electricity, gas, heat, and traffic loads. Zhang
et al. (2024) proposed a two-stage robust operation method of
electricity-gas-heat integrated MEMGs considering heterogeneous

uncertainties was proposed to coordinate multiple energy carriers.
Jiang et al. (2023) has conducted research on the coordinated
scheduling of IEGS from the perspective of carbon emissions. And
the committed carbon emission operation region (CCEOR) was
proposed. Zheng et al. (2021) peoposed a data-driven integrated
electricity-gas system stochastic co-optimisation model to co-
optimise these two energy systems for day-ahead market clearance.
For the public transport in IEGS, Zhu et al. (2023) proposed
coordination planning of IEGS and charging station considering
carbon emission reduction in this article that responds effectively
to emerging concerns with energy and transportation integration
inefficiencies and is less environmentally friendly.

1.5 Contributions

Although the above research has conducted a systematic study
on IEGS, it has ignored the load characteristics of DN. More and
more electric vehicles (EVs) will be connected to distribution
network (DN), especially the connection of fast charging stations
(FCSs), which will have a negative impact on the operation of DN. In
response to the shortcomings of the above research, the main
contributions of this paper are as follows:

(1) Based on DTALite simulation, the travel status of vehicles is
simulated. The process of EV travel and charging is simulated
through hourly and timely rolling to achieve multi time scale
charging load modeling. The charging price follows the
principle of hourly rolling based on TOU. The changes of
travel path will be simulated due to charging. And the
charging load model is established.

(2) An optimization dispatching strategy considering energy
storage and gas storage is proposed for IEGS. A natural
gas supply model is established, which includes constraints
such as the adjustment amplitude, direction, and total
number of supply flow adjustments. Simulation results
showed that the proposed strategy can improve the
reliability and economy of IEGS. The negative impact of
FCSs on the operation of DN is reduced.

2 System model

2.1 EVs model

In this paper, the model of EVs can be divided into three parts
for modeling, namely the initial power model, the travel power
model, and the charging power model.

(1) The initial power model

The initial power model represents the remaining battery
capacity of EVs when the EVs departs. The initial power model
is shown in Equation 1.

SEV � SiniEV (1)
where SiniEV is the initial battery remaining power of EV; SEV is the
battery remaining power of EV.

FIGURE 3
The process of generating travel data.
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TABLE 1 Road network data.

Road ID From node To node Length/km Road ID From node To node Length/km

1 1 2 1.82 56 18 17 1.08

2 2 1 1.82 57 18 14 1.70

3 2 3 2.02 58 14 18 1.70

4 3 2 2.02 59 18 21 1.67

5 3 4 1.95 60 21 18 1.67

6 4 3 1.95 61 21 22 1.33

7 4 5 2.71 62 22 21 1.33

8 5 4 2.71 63 22 23 1.44

9 5 6 2.01 64 23 22 1.44

10 6 5 2.01 65 23 16 1.87

11 1 12 3.15 66 16 23 1.87

12 12 1 3.15 67 24 11 3.85

13 2 7 1.03 68 11 24 3.85

14 7 2 1.03 69 25 6 6.55

15 3 8 0.94 70 6 25 6.55

16 8 3 0.94 71 24 25 1.56

17 4 9 1.74 72 25 24 1.56

18 9 4 1.74 73 24 23 1.95

19 7 8 1.91 74 23 24 1.95

20 8 7 1.91 75 29 28 3.97

21 8 9 1.78 76 28 29 3.97

22 9 8 1.78 77 28 22 1.99

23 9 10 1.34 78 22 28 1.99

24 10 9 1.34 79 21 20 2.67

25 10 5 2.70 80 20 21 2.67

26 5 10 2.70 81 28 27 0.65

27 11 6 3.54 82 27 28 0.65

28 6 11 3.54 83 27 21 1.83

29 10 11 2.07 84 21 27 1.83

30 11 10 2.07 85 27 26 1.34

31 7 13 2.07 86 26 27 1.34

32 13 7 2.07 87 26 20 2.27

33 12 13 1.15 88 20 26 2.27

34 13 12 1.15 89 19 30 2.54

35 13 14 1.59 90 30 19 2.54

36 14 13 1.59 91 30 31 3.34

37 14 8 1.72 92 31 30 3.34

38 8 14 1.72 93 31 27 1.01

(Continued on following page)
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(2) The travel power model

SEV
′ � SiniEV − LroadδEV (2)

In Equation 2, SEV′ is the battery remaining power of EV after
completing the trip; Lroad is the travel mileage; δEV is the unit
mileage power consumption of EVs.

(3) The charging power model

SEV
″ � SEV

′ + ppileΔt (3)

In Equation 3, SEV″ is the battery remaining power of EV after
completing charging; ppile is the charging power of the charging pile;
Δt is the charging time of EV.

2.2 Fast charging station load model

In this paper, EVs will choose nearby fast charging stations for
charging. Therefore, the charging load is related to the number of
vehicles going to FCS for charging. The charging loadmodel is shown in
Equations 4–5.

PFCS � ∑nFCS
iFCS�1

μiFCSppile (4)

μiFCS �
1 Charging pile used
0 Charging station used

{ (5)

where PFCS is the charging load of FCS; μiFCS is a binary variable
representing the occupancy of charging pile; iFCS is the ID of the fast
charging pile; nFCS is the number of charging piles within FCS.

TABLE 1 (Continued) Road network data.

Road ID From node To node Length/km Road ID From node To node Length/km

39 14 15 2.30 94 27 31 1.01

40 15 14 2.30 95 31 32 1.90

41 15 9 1.61 96 32 31 1.90

42 9 15 1.61 97 32 28 2.39

43 15 16 2.98 98 28 32 2.39

44 16 15 2.98 99 32 33 2.28

FIGURE 4
IEGS architecture.

Frontiers in Energy Research frontiersin.org06

Gai et al. 10.3389/fenrg.2024.1393425

https://www.frontiersin.org/journals/energy-research
https://www.frontiersin.org
https://doi.org/10.3389/fenrg.2024.1393425


2.3 Natural gas supply system model

The Weymouth equation is an equation used to calculate the
flow characteristics of fluids in pipelines under flow pressure and
temperature conditions. This equation considers the influence of
fluid compressibility on flow measurement, especially under

high pressure and high flow conditions. The Weymouth
equation can help engineers predict and calculate fluid flow
in pipelines more accurately. In natural gas supply systems, the
Weymouth equation is usually used to describe the pipeline
retention state of the natural gas network which is described in
Equation 6.

FIGURE 5
Road network structure.

TABLE 2 FCS setting.

FCS ID DN node Road network ID Charging pile power (kW) Charging pile number

1 11 5 60 8

2 25 24 60 8

TABLE 3 The proportion of travel distribution.

Travel type Probability/% Travel type Probability/% Travel type Probability/%

R→R 11.80 O→R 26.58 W→R 8.89

R→O 25.93 O→O 11.27 W→O 2.62

R→W 10.18 O→W 1.53 W→W 1.30

R: residential areas; O: other areas; W: work area.
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Gmn,ave,t

∣∣∣∣ ∣∣∣∣Gmn,ave,t � C2
mn π2

m,t − π2
n,t( ) (6)

where Gmn,ave,t is the average flow of natural gas in pipeline mn at
time t; πm,t and πn,t are the gas pressures at node m and node n of

the natural gas pipeline respectively; Cmn is the Weymouth
constant, which is related to physical properties such as
pipeline temperature, pipeline length, pipeline diameter, and
pipeline friction.

FIGURE 6
TOU of distribution network.

TABLE 4 The parameters of gas storage.

Gas storage ID GN node Minimum gas storage value/kcf Maximum gas storage value/kcf

1 2 10 60

2 3 10 60

TABLE 5 The scenario setting.

Scenario ID Gas turbine Energy storage Gas storge Coupling relationship between DN and GN

1 √ √ √ √

2 — — — —

3 — √ — —

4 √ — — √

5 — √ √ —

6 √ √ — √

7 √ — √ √
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The flow balance constraints of the natural gas network are
as follows:

∑
n∈RP n( )

Ge
mn,t − Gh

mn,t( ) + ∑
s∈Rs n( )

Gout
s,t − Gin

s,t( ) + ∑
c∈RC n( )

GC
c,t

� ∑
l∈RGL n( )

GL
l,t + ∑

g∈Rg n( )
GGT

g,t (7)

In Equation 7,RP(n) is the set of natural gas pipelines connected to
node n; Rs(n) is the set of natural gas storge connected to node n;
RC(n) is the set of natural valve stations connected to node n;
RGL(n) is the set of natural gas load connected to node n; Rg(n) is
the set of gas turbine connected to node n;Ge

mn,t andG
h
mn,t are the gas

flow at the end and beginning of the natural gas pipelinemn at time t
respectively; Gout

s,t and Gin
s,t are the release and intake volume of the

natural gas storage at time t;GC
c,t is the natural gas flow of the natural

valve station at time t; GL
l,t is the gas flow of the natural gas load

connected to node n at time t; GGT
g,t is the gas flow of the gas turbine

connected to the node n at time t.
Meanwhile, a linear storage model is applied to describe the

dynamic characteristics of natural gas pipelines.

Rmn,t � Lmnπmn,ave,t (8)
Rmn,t � Rmn,t−1 + Gh

mn,t − Ge
mn,t (9)

πmn,ave,t � πm,t + πn,t

2
(10)

Gmn,ave,t � Ge
mn,t + Gh

mn,t

2
(11)

where Rmn,t is the natural gas reserve of the pipeline mn at time t;
πmn,ave,t is the average pressure of natural gas pipelinemn; Lmn is the
length of the pipeline.

The pressure constraints at natural gas pipeline nodes, pipeline
operation constraints, and gas supply constraints at natural gas valve
stations are defined in Equations 12–14:

πt,min ≤ πt ≤ πt,max (12)
Rmn,t,min ≤Rmn,t ≤Rmn,t,max (13)
GC

c,t,min ≤GC
c,t ≤GC

c,t,max (14)

where πt,max and πt,min are the upper and lower limits of the node gas
pressure respectively; Rmn,t,max and Rmn,t,min are the upper and lower
limits of the pipeline retention respectively; GC

c,t,max and GC
c,t,min are

the upper and lower limits of natural valve station gas supply volume.

2.4 Natural gas storage device model

The constraints of natural gas storage devices are defined in
Equations 15–20:

Rs,t � Rs,t−1 − wout
s,t

Gout
s,t

ηs,out
+ win

s,tG
in
s,tηs,in (15)

Gout
s,t. min ≤Gout

s,t ≤Gout
s,t,max (16)

Gin
s,t. min ≤Gin

s,t ≤Gin
s,t,max (17)

FIGURE 7
TOU of gas network.
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FIGURE 8
Charging load curve.

FIGURE 9
FCS 1 node voltage.
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FIGURE 10
FCS 4 node voltage.

FIGURE 11
Electricity purchase cost for distribution network.
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FIGURE 12
Gas purchase cost for gas network.

FIGURE 13
Energy purchase cost for IEGS.
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FIGURE 14
Timeshare active power loss.

FIGURE 15
Total active power loss.
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wout
s,t � 0 Not releasing gas

1 Releasing gas
{ (18)

win
s,t � 0 Not inflating gas

1 Inflating gas
{ (19)

0≤win
s,t + wout

s,t ≤ 1 (20)

where Rs,t is the storage capacity of the natural gas storage device at
time t; ηs,in and ηs,out are the inflation efficiency and release efficiency
of the gas storage device respectively; wout

s,t and win
s,t are binary

variables that represent the inflation and deflation status of the
gas storage device; Gout

s,t,max and Gout
s,t. min are the maximum and

minimum release capacities of the gas storage device respectively;
Gin
s,t,max and Gin

s,t. min are the maximum and minimum inflation
capacities of the gas storage device respectively.

3 Optimal dispatching strategy

3.1 Objection function

In this paper, a collaborative optimization dispatching strategy is
proposed for IEGS with FCSs to realize safe and economical
operation of the system.

Objection function:
The objection function is divided into two parts: the operating

costs of the power system and the natural gas network. And the
specific expression is as follows:

min∑T
t�1
∑Nc

c�1
λc,tG

C
c,t +∑T

t�1
λP,tP

Grid
t (21)

In Equation 21, λc,t is the gas supply price of the natural valve station
at time t; λP,t is the TOU of DN; PGrid

t is the purchase electricity of
DN; T is the number of time periods.

3.2 Constraints

Distribution network constraints are defined in Equations 22–27.

U 2
min ≤Vi,t ≤U 2

max (22)
0≤ lij,t ≤ lij,max (23)

Pij,t + ∑NG

iG�1
κjPt,iG � rijlij,t + pj,t + ∑

j: j→k

Pjk,t + ∑NFCS

iFCS�1
υjPt,iFCS (24)

Qij,t � xijlij,t + qj,t + ∑
j: j→k

Qjk,t (25)

Vi,t + lij,t r2ij + x2
ij( ) � 2 rijPij,t + xijQij,t( ) + Vj,t (26)

2Pij,t

2Qij,t

Vi,t − lij,t

�����������
�����������
2

≤Vi,t + lij,t (27)

whereR is the set of DN nodes; Pij,t is the active power of branch ij;
Qij,t is the reactive power of branch ij;Vi,t is the square of the voltage
amplitude; lij,t is the square of the current amplitude;Umin andUmax

are the minimum and maximum values of node voltage amplitude
respectively; rij is the resistance value of branch ij; xij is the
reactance value of branch ij; iG is the ID of gas turbine; NG is

the number of gas turbine; Pt,iG is the active power output of gas
turbine; κj is a binary variable that indicates whether the gas turbine
is installed at node j; pj,t is the active load of node j; qj,t is the
reactive load of node j; υj is a binary variable that indicates whether
FCS is installed at node j.

Natural gas network constraints:
The gas supply system model is defined in this paper. The

constraint conditions for the natural gas network are (3)–(8).
At the same time, the adjustment constraints for natural gas

valve stations include natural gas supply flow constraints, supply
volume adjustment constraints, supply volume adjustment
frequency constraints, and supply flow limit constraints. The
adjustment constraints for natural gas valve stations are defined
in Equations 28–34.

w+
t + w−

t( )ΔGC
c,t ≤ GC

c,t − GC
c,t−1

∣∣∣∣ ∣∣∣∣≤ w+
t + w−

t( )ΔGC
c,t (28)

0≤w+
t + w−

t+1 ≤ 1 (29)
0≤w−

t + w+
t+1 ≤ 1 (30)

0≤w+
t + w+

t+1 ≤ 1 (31)
0≤w−

t + w−
t+1 ≤ 1 (32)

0≤w+
t + w−

t ≤ 1 (33)

0≤∑T
t

w+
t + w−

t ≤NC
max (34)

where ΔGC
c,t is the amount of natural gas valve station climbing and

landslide; w+
t is a binary variable, when w+

t � 1, the natural gas valve
station will increase the gas supply; when w+

t � 0, the natural gas
valve station will not increase the gas supply; w−

t is a binary variable,
whenw−

t � 1, the natural gas valve station will reduce the gas supply;
when w−

t � 0, the natural gas valve station will not reduce the gas
supply; NC

max is the maximum number of times a natural gas valve
station can adjust its gas supply.

4 Algorithm design

4.1 Charging load calculation method

In terms of charging load simulation calculation, based on
simulating vehicle travel, it is assumed that EVs will go to the
nearest charging station to complete charging. Therefore, the
simulation process of vehicle travel and vehicle charging is shown
in the Figure 1. AndDTALite is applied for simulation of vehicle travel.

4.2 Optimization dispatching strategy
calculation method

In terms of optimizing the calculation method of dispatching
strategy, the calculation process is shown in Figure 2. In Figure 2, the
calculation process is divided into hour time part and real time part. In
hour time part, the vehicles travel plan for each hour within a day will
be counted. In real time part, the travel of vehicles will be simulated.
And the FCSs selection of EVs will be simulated every 15min. And the
process of generating travel data is shown in Figure 3.

The steps of the algorithm are as follows:
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Step 1: Calculate the charging load based on the proposed
charging load calculation method. The charging plan for EVs
will not be changed. And EVs will go to the fixed FCSs
for charging.

Step 2: (1) Input distribution network related data: load data,
distribution network topology data.

(2) Input gas network related data: gas load data, gas network
topology data.

Step 3: Optimize calculations: The optimization objective is to
minimize the operation cost of IEGS. The constraints include DN
operation constraints, GN operation constraints, FCSs constraints,
and gas turbine constraints.

Objection function: (21)
Constraints: (6)–(11), (22)–(34)

Step 4: Output the dispatching results of IEGS. The dispatching
results of IEGS include the operating status of DN and the operation
costs of IEGS.

5 Case study

In terms of the setting of IEGS, we select the IEEE 33 node
system as the DN part. Gas turbines are equipped at nodes 4 and
16 to realize coupling with the natural gas network. At the same
time, a road network size of about 10*10 km2 is selected. The roads
are all two-way roads. The road network data is shown in Table 1.
There are 5 FCSs in the road network, which are located in three
different DNs. Among them, two FCSs are located in DN of IEGS.
The data settings for IEGS are shown in Figures 4, 5 and Table 2. In
this paper, the travel data is generated based in NHTS. The SOC of
EVs follows a uniform distribution between 10% and 90%.When the
SOC of EVs is below 20%, EVs will go to the FCSs for charging. The
proportion of travel distribution is shown in Table 3. In this paper,
all the simulations are conducted in the MATLAB 2020a, Gurobi
and DTALite in a 64-bit Windows environment with YALMIP
toolbox, on a PC with Core i5-8265u CPU @1.60 GHz
and 8 GB RAM.

In the calculation process, TOU is applied for DN and the gas
network. The distribution of TOU is shown in the Figures 6, 7. The
distribution of charging load is shown in the Figure 8.

The parameters of gas storge is shown in Table 4.
At the same time, in order to verify the effectiveness of the

dispatching strategy for IEGS, 7 scenarios are set for analysis, which
are shown in Table 5.

For scenario 1, DN and GN are coupled. The energy storage
and the gas storage are installed. For scenario 2, DN and GN are
not coupled. The energy storage and the gas storage are not
installed. For scenario 3, DN and GN are not coupled. The energy
storage is installed. The gas storage is not installed. For scenario
4, DN and GN are coupled. The energy storage and the gas
storage are not installed. For scenario 5, DN and GN are not
coupled. The energy storage and the gas storage are not installed.
For scenario 6, DN and GN are coupled. The energy storage is
installed. The gas storage is not installed. For scenario 7, DN and
GN are coupled. The energy storage is not installed. The gas
storage is installed.

5.1 Comparative analysis of DN voltage

The voltage distribution of FCSs nodes is shown in Figures 9, 10.
For FCS 1 node, when DN is coupled with the gas network and

equipped with energy and gas storage devices, the voltage of FCS 1 node
does not exceed the limit. At the same time, when DN is coupled with
the gas grid without energy storage and gas storage devices, the voltage
of FCS 1 node also does not exceed the limit. When the distribution
network is not coupled with the gas network, according to scenario
2 and scenario 3, it can be seen that even with energy storage installed, it
is difficult to meet the safe and stable operation requirements of DN.
And the voltage exceeds the lower limit. From scenarios 3 and 4, it can
be seen that equipping energy storage devices in DN can to some extent
alleviate the problem of voltage exceeding the lower limit caused by
charging loads, but this problem has not been solved.

For FCS 2 node, the voltage does not exceed the lower limit. The
voltage distribution in scenario 1 and scenario 4 is better than that in
scenario 2 and scenario 3. When DN is coupled with the gas
network, it can improve the operation of DN. With the support
of gas turbines, the operation pressure of DN is alleviated.

From the voltage distribution, it can be seen that equipping a certain
capacity of ES within DN cannot solve the voltage limit problem caused
by charging loads. When the gas turbines are applied to realize system
coupling between DN and GN, the voltage will be maintained within a
good range. Therefore, the coupled operation of DN and the GN can
better support the stable operation of DN.

5.2 Energy purchase cost analysis

The comparison of electricity purchase costs for DN is shown in
Figure 11. The comparison of gas purchase costs for gas networks is
shown in Figure 12. The comparison of energy purchase costs for
IEGS is shown in Figure 13.

In Figure 11, when DN and gas network are coupled through gas
turbines, the gas network can provide energy to DN to reducing the
amount of electricity purchased of DN. The purchase of electricity
has been reduced. When DN and gas network operate
independently, DN lacks energy support from gas network, so
more electricity needs to be purchased to meet the load demand.
The purchase of electricity has been increased.

For Figure 12, the gas network does not need to provide energy
support to DN in scenario 2 and scenario 5. It only needs to meet the
gas load demand of the gas network, so the cost of purchasing gas is
relatively low. When the energy coupling between the gas network
and the distribution network is realized through gas turbines, the gas
network can support the energy to DN, so the gas purchase cost of
the gas network will be increased.

For Figure 13, due to the independent operation of the
distribution network and gas network in scenario 2 and scenario
5, there is a lack of energy support between the two systems. The gas
network cannot provide energy support to DN based on TOU,
which increases the overall operating cost of IEGS.

When the gas turbines are applied to realize system coupling
between DN and GN, the electricity purchase cost of DN will be
reduced significantly. But the natural gas purchase cost of DNwill be
increased significantly. For the energy purchase cost of IEGS, when
the stable state of the systems is ignored, the energy purchase cost of
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IEGS will be decrease significantly owing to the support to
DN from GN.

5.3 Analysis of active power loss for DN

The comparative distribution of time-sharing active power loss
and total active power loss for DN is shown in Figures 14, 15.

In Figure 14, the active power loss of DN coupling with the gas
network is much smaller than the active power loss of the independent
operation of DN. In Figure 15, the total active power loss of DN
coupling with the gas network is much smaller than the active power
loss of the independent operation of DN. At the same time, when
energy storage and gas storage equipment are equipped in the
integrated energy system of electricity and gas coupling, it reduces
the active power loss of the distribution network to a certain extent.

6 Conclusion

In this paper, an optimized scheduling strategy is proposed for
IEGS connected to FCSs. Firstly, a dynamic charging load modeling
method is proposed. The travel and charging process of the EVs is
simulated. The precision of charging load modeling is improved.
Secondly, the energy support and mutual assistance between DN
and gas network are realized. And the economic operation of IEGS is
realized based on energy storage and gas storage devices.
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