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ABSTRACT

The rising frequency of extreme disaster events seriously threatens the safe and secure operation of the regional
integrated electricity-natural gas system (RIENGS). With the growing level of coupling between electric and
natural gas systems, it is critical to enhance the load restoration capability of both systems. This paper proposes
a coordinated optimization strategy for resilience-enhanced RIENGS load restoration and repair scheduling and
transforms it into a mixed integer second-order cone programming (MISOCP) model. The proposed model
considers the distribution network reconfiguration and the coordinated repair strategy between the two systems,
minimizing the total system load loss cost and repair time. In addition, a bi-directional gas flow model is used to
describe the natural gas system, which can provide the RIENGS with more flexibility for load restoration during
natural gas system failure. Finally, the effectiveness of the proposed approach is verified by conducting case studies
on the test systems RIENGS E13-G7 and RIENGS E123-G20.
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Sets and Vectors

alb Indices of damaged components and depots

Index of nodes/branches in the distribution network
Index for crews

Index of distribution pole

Index for the cluster

Index for time

Sets of poles in a branch in the distribution network
Sets of buses

Sets of nodes

Sets of branches
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D’ Set of damaged components and depots
mlmn Index of nodes and passive pipelines in the gas system
Variables
S0 Binary variable for damaged component clustering
Py, Active power output from DG
Onais Reactive power output from DG
P, Active load shedding
O Reactive load shedding
Pui, O, Active/reactive power flow of branch ki
P, 0. Active/reactive power flow of branch ij
V2 Squared voltage magnitude at bus i
I, Squared current magnitude of line ij
K;, Binary variable indicating the status of branch ij
Vis Binary variable indicating the status of node i
)24¥ Binary variable indicating the status of DG at node i
Fowm: Natural gas output from the gas well
Fo. Natural gas load shedding
F,,, Flow of gas from node m to node n
Pl Nodal gas pressure of node m
Pe Failure rate of the lines in the power system
De Failure rate of the pipelines in the natural gas system
P, Failure probability of the pole k
Rate, Earthquake damage rate of the pipelines in natural gas system
C, Influence coefficient of pipe diameter
C, Influence coefficient of site soil
Y Seismic intensity
L, Length of natural gas pipeline
A s Binary variables representing the gas flow direction
Biid Biis Auxiliary binary variables
6

Binary variable indicating whether crew c visited damaged component a
Binary variable indicating whether crew ¢ moves from components a to b

ac
6
a,b,c

AT, Arrival time of crew ¢ at damaged component «

T, Binary variable indicating the time step at which the component is repaired
@, Nodal potential for subtler elimination constraint

Qs Binary variable for the repair status of the component
Parameters

o /wf Electricity /gas load shedding cost

o Fixed cost factor

At Repair time step interval

R/ X, Power line impedance

Py /O Active and reactive power loads at node i

| 2t Maximum/minimum squared voltage magnitude
12y Maximum/minimum squared current magnitude
Pre/Pre. Maximum/minimum active power output of DG
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e/ Ope;  Maximum/minimum reactive power output of DG
F Gimmax The upper limit for gas well output
F owmmin The lower limit for gas well output
DPlomas! Pl Maximum/minimum pressure of node m
C,. Weymouth equation coefficient
B, Coefficients for DG gas consumption
C. Coefficient for compressor power consumption
Fae Crew c¢’s repair time of component a
e Crew c’s travel time between components a and b

1 Introduction

With the accelerating depletion of traditional fossil energy reserves, facilitating the development
of renewable energy sources and improving energy utilization have become common global aims [1].
Due to its environmentally friendly features and abundant reserves, natural gas has received worldwide
attention. As a result, the installed capacity of gas-fired power generation has been on the rise in recent
years. As energy conversion components between the grid and the natural gas network, gas turbines
have been subject to large-scale grid integration that has led to a tighter coupling between the grid
and the natural gas network [2]. Energy efficiency can be greatly improved when natural gas energy
is merged mainly with the electric power system, which is the regional integrated electricity-natural
gas system (RIENGS) [3]. However, the occurrence of extreme disasters is more and more frequent,
which threatens the safe and reliable operation of the remote sensing system. The coupled nature of
integrated energy systems allows the transmission of faults among subsystems. Any interruption of
energy supply in these subsystems may impact the operational status of their associated counterparts.
When responding to disasters, load restoration strategies can effectively reduce system load loss, while
repair scheduling strategies can restore damaged components and bring the system back to normal
operation. Therefore, it is essential to explore the load restoration and repair strategies of RIENGS
under extreme disasters to enhance the overall system resilience [4].

The grid lines, pipelines, and coupling components of RIENGS can fail during extreme disasters.
At this point, critical loads in the system can lose power supply due to damage, resulting in significant
economic losses and severe social consequences. Traditional methods to prevent such calamities
usually focus on reinforcing the components and adding controllable switches to improve resistance to
failures and general system resilience. Reference [5] proposed a scheme that can enhance the resilience
of the distribution network by reinforcing towers, lines, and other components, as well as vegetation
management. The proper regulation of contact switches can also enhance the load restoration
capability of the system. Reference [0] investigated the distribution of network load restoration using
a network reconfiguration strategy and considered the operating state and operating cost of contact
switches. Reference [7] developed a coordinated load restoration model for network reconfiguration
and distributed generation (DG) sources. The system load shedding could be effectively reduced in
their model, and the resilience of the distribution network was improved. Reference [8] proposed
an islanding strategy for multi-fault scenarios, where the system can be formed into an intentional
islanding pattern by controlling DG sources to provide power support for critical loads. Reference [9]
introduced an optimization model for distribution network load restoration and minimized the load
shedding and switching operations of the system. The studies mentioned above are relatively mature
in terms of investigating the distribution grid load restoration after disasters, whereas the exploration
of integrated energy systems still needs to be enriched.
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In recent years, the dependency between electric and natural gas systems has strengthened [10],
which makes it necessary to utilize the recovery strategies of integrated energy systems when the sub-
systems experience extreme disasters. Reference [1 1] evaluated the reliability of electric and natural gas
systems. Reference [12] introduced a heuristic two-stage strategy for system failure repair is proposed.
Reference [ 3] argued that the load recovery of the grid can be improved by agents providing the natural
gas system with information about failures in the electric system and enabling the natural gas system
to take action (e.g., natural gas system load shedding operation) in conjunction with the electric system
after taking into account the recovery benefits. These strategies can allow the system to maximize load
recovery after an extreme disaster. However, if the recovery of damaged components after a disaster is
not accomplished in a timely manner, the system can experience increased economic losses. Therefore,
the issue of dispatching repair crew is critical to reducing outage time and load shedding. To maximize
repair efficiency and restore the damaged components to normal operation as soon as possible, the
system should optimize the dispatch of repair personnel after a failure. Reference [14] summarized
the model of repair personnel dispatch and proposed a subloop elimination constraint. Reference
[15] introduced an optimal dispatch strategy for removable emergency resources and provided energy
distribution to achieve dynamic load restoration for distribution networks coupled with transportation
networks under extreme disasters. References [16,17] investigated the recovery and repair strategy of
the distribution system after a disaster and proposed a method for the collaborative optimization
of repair crew and distributed energy sources, which could effectively improve the resilience of the
distribution system. Reference [18] developed a repair scheduling optimization model for the joint
electric-gas system.

Although the above studies have proposed many effective post-disaster repair strategies, they did
not fully consider the coordinated and optimal operation of RIENGS. Based on this requirement and
existing research, to fully coordinate the local energy sources in the electric and natural gas systems,
this paper develops a load restoration and repair scheduling optimization model with the RIENGS
as the target system. In this model, the power system repair crew and the natural gas system repair
crew coordinate the repair tasks. The distribution network reconfiguration strategy is used throughout
the process to ensure that the system is quickly restored to a safe and stable operating state while
working according to a radial topology. A detailed mathematical model is developed based on the
operational characteristics of RIENGS that need to be studied. After the system suffers an extreme
disaster, the RIENGS faulty network reconfiguration model is established first, and subsequently, the
RIENGS maintenance scheduling model is established so that the system coordinates the network
reconfiguration strategy with the maintenance strategy for recovery. Finally, a solver is used to solve
the optimization model to derive the optimization strategy.

In addition, this paper uses a bi-directional gas flow model in natural gas pipeline modeling,
which allows for more accurate gas flow direction and gas network load recovery results in cases of
gas network failure. The rest of this paper is organized as follows: Section 2 clusters and groups the
damaged components. The RIENGS load restoration and repair scheduling optimization model is
introduced in Section 3. In Section 4, an arithmetic case analysis is performed for the RIENGS E13-
G7 and RIENGS E123-G20 systems to verify the validity and practicality of the proposed model. The
conclusion is provided in Section 5.

2 Clustering of Damaged Components

Once the system has experienced an extreme disaster, the repair crew needs to repair the damaged
components in the distribution network and the natural gas network. At the same time, the system
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reconfigures the network while repairing the damaged components to meet the radial topology
operation requirements of the distribution network. Reference [14] claimed that the dispatching
problem of the repair crew can be regarded as a vehicle path problem, i.e., a certain repair crew
starts at a repair station, repairs the damaged components one by one according to the developed
repair path, and returns to the repair station to which it belongs after all repair tasks have been
completed. To reduce the computational complexity of the repair problem, a clustering method that
assigns damaged components to depots is used in this paper. Before the repair crew is dispatched,
the damaged components are clustered, and their repair tasks are assigned to each repair station.
Subsequently, each repair station will send repair crew to repair the clustered components [19].

The value of the binary variable is 1 if the damaged component is assigned to repair station 6,
otherwise it is 0. The damaged component clustering can be modeled as follows:

min Z Z disrtance (a,0) - S,, (1)
Ya A\
> Sw=1VYaeD )
Vo
In Eq. (1), the objective function is to minimize the total distance from the damaged part to the

warehouse. Eq. (2) guarantees that each component is aggregated into only one warehouse. A cluster
of damaged components is shown in Fig. 1.

...... Depot2

-

Figure 1: [llustration of the clustering method

3 Load Restoration and Repair Crew Dispatch Model for RIENGS

3.1 Objective Function

The purpose of RIENGS recovery and repair after a failure is to quickly repair damaged
components after an energy supply interruption, to ensure a stable energy supply and reduce economic
losses. Therefore, the objective function is to minimize the overall load reduction cost and the total
repair time of damaged components. As a means to introduce the load loss cost factor to emphasize
the difference of loads in the RIENGS, the objective function is shown in Eq. (3).

min D> e Py At DS W W Atta D D 1 T, 3)

teT ieN teT meG teT 0eDP aeD

where the first item represents the distribution network load reduction cost, the second item denotes
the natural gas grid load reduction cost, the third item represents the loss cost corresponding to the
total repair time of all damaged components, and « is a fixed cost factor, so adding the third term to
the objective function can make the repair crew fix all damaged components as soon as possible.
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3.2 Power System Operational Constraints

In this paper, the DistFlow power flow model is utilized to model the power flow under fault
conditions of the distribution network [20], and the binary state variables of lines are added to the
Distflow power flow constraint to characterize the fault and normal operation state of lines. The
following constraints are obtained:

1) Distribution network operation constraints:

Pogis+ Puse+ D (P — Rull) = Poy+ D Py ¥i€ N, Vij € LVi )
kieL ijeL

QDGII+Qsdtr+Z thr th 1‘”) QD[I+ZQ1/HVZ€NVU€LVt (5)
kieL ijel

2) Voltage drop equation constraint:

Vi =V =2(PyRy+ Q3. X;) = ZiI;, = =M - (1 = K;;,) Vi€ N,Vij € LVt (6)

Vf, — Vf, -2 (PWR,-/- + Qij,t/Yi/) Z215, <M. (1 K; ,) Vie N,Vije LVt (7
3) Node voltage and branch current constraints:

szmm ! K]’ — Il;t — szmax K'f,l’ Vl] € L’ Vt (8)

Vo S V2 =vu V;

imin — it lmax’\v/ie N’VZ (9)
4) Load curtailment constraint:

V2 <V <y, V2 VieN,Vi (10)

imin — it i,max?

5) DG running constraint:

Ppe. - pgi < Pogi < P2 - pgi., Vi € DGVt (11)
22; P8 < Opgiy < ;g, -pg., Vi € DG,V (12)

6) The second-order cone form of the branch current constraint is as follows:

2P;,
20;. <L +V

ij,t it?

Vi e N,Vij e L,Vt (13)

3.3 Natural Gas System Operational Constraints

The natural gas network consists of a natural gas source, a gas pipeline, a gas load, and a
compressor. The compressor compresses the gas and delivers it through the pipeline to generate the
natural gas load. The natural gas network operates with the following constraints:

1) Nodal gas flow balance:
FGW.m,t - (FE,m,r - Fsd,m,z) = Zan.ta Vm S Ga an S Ba V[ (14)

mneB
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2) Gas well capacity constraint:
FGW,m,min S FGW,m,t S FGW,m,maxavm S GW: Vz (15)

3) Natural gas node pressure constraints:

p mmm _plmt <plmmaxyvm E G VZ (16)

4) Pipeline flow equation:
F‘mn‘t = (Cmn 'pim,f)z - (Cmn 'pin‘t)2vm E Ga an E Ba VZ (17)

Under normal operating conditions of the natural gas system, the pipeline gas flow direction is
fixed for a short period [19,21]. However, when a natural gas system fails, the direction of the gas
flow may change, hence this paper considers the bidirectional flow model of the gas as shown in
Eqgs. (18)—(23), to ensure that the gas flows from the high-pressure node to the low-pressure node. By
introducing the Boolean variable A,,, ,, the direction of gas flow in a natural gas system is indicated [22].
When Xy = 0, pit = Pl piy., = pi,,, and F,,,, > 0. Conversely, A,,,, = 1, piy, . = pi,,, piy,, = pi,., and

F,,.. < 0. And the Weymouth equation shown in Eq. (17) can be converted to Eq. (23).

(o = 1) - piy= < pit = pls < (1 = Apry) - PE™ (18)

(s = 1) - piy™ < pi = Py < (1= M) - P> (19)
M = DI < Pl = Py < Dy - P (20)
Ma * P < Pl = Pls < A - DI 21
Mo = 2 < Frpy < (1= M) - P2 (22)

(Fun)” = (G- pilh,)" = (Con - L) (23)
The second-order cone relaxation for Eq. (23) yields:

& | = Gt (4)

The Egs. (18)—(22) guarantee that natural gas flows from the high-pressure node to the low-
pressure node.

The above constraints can ensure that the gas in the natural gas pipeline model can flow from
the high-pressure node to the low-pressure node, so that the gas flow direction of the pipeline will be
more flexible and the model can adapt the model to the situation of the pipeline flow direction change
under fault conditions [22].

3.4 Power-Gas Coupling Constraints

Compressors in the natural gas grid consume electricity, thus they can be thought of as grid loads.
Distributed gas turbines in the distribution network consume natural gas, which can be used as a
natural gas load.
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The coupling components include a distributed gas turbine and an electrically driven compressor
with the following energy conversion constraints:

Fomi = B; - Ppgis, Vi € DG, Vt (25)
The energy conversion of the electric drive compressor is expressed as follows:

P.,...=C.-F.,Nze€ Zact,Vt (26)
Thus, Eq. (4) translates to:

Pogis + Puiss = Pemis + D (Puss — Rull) = Poi + D Py Vi€ N.Vij € LVt 27)

kieL ijel
Then, Eq. (14) translates to:
FGW,m,t - (FEmt - F\'d,m,t) - FDG,m,t - Z an,t; Vm € Ga an € B: V[ (28)

mneB

3.5 Topology Reconfiguration Constraints

The radial structure of the distribution network should be guaranteed during operation, and the
reconstruction constraints are as follows:

Bis + B = K Vij € L, Vi (29)
> By =i Vij € LVi€ NVt 0
JEN

Zyi,t_zk}f,t: I,Vt (32)
ieN ijeL

Eqgs. (29)—(32) are radial constraints that convert the network of the distribution network into a
directed graph by assigning binary variables (8;, and §;,) to each branch. Constraint (29) indicates that
each branch has only one direction of power flow, i.e., §; and B, cannot be the same at any given time.
Eqgs. (29)—(31) ensure that the distribution network can maintain a radial topology after restoration,
and Eq. (32) ensures network connectivity.

3.6 Repair Crew Dispatch Constraints

Taking the grouped repair station and the faulty component as the entire set, represented by DN,
the repair crew scheduling has the following constraints:

1) Repair crew dispatch constraints:

ij,c = ‘sz?,b,c’ ace DG’ ce Cg (33)
beD?

Y, X!, €{0,1} (34)

> Y =1l,ae DN’ (35)

ceCt
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> X, =lceC (36)
ueDe

> X, -D X, =0abeD (37)
beDb beDb

Eq. (33) indicates the correspondence between Y, and X!, ; Eq. (34) shows that both Y, and
X!, are binary variables; Eq. (35) reveals that each damaged component can only be repaired by one
repair crew; Eq. (36) expresses that the repair crew should depart from the repair station. Eq. (37)
indicates that when the repair group has repaired the damaged component «, it should immediately

attend to the damaged component b.

Assuming that the journey of the repair crew is from a to b, the relationship between the time of
arrival to b and the repair time and travel time is as follows:

2) Damaged component repair constraints:

ATa,c + ra,c + tra,b,c - ATb,(? S (1 - A/,(Z[,’C) . M (38)

0<AT,. <M-Y,, (39)
> Il =laeD (40)
teT

D (AT, +r - Y,) <D 1T, (41)
ceCt €T

DT, =D (AT+r-Y.)+1—¢ (42)
teT ce?

Eq. (40) indicates that the component must be repaired within the repair time; Eqs. (41) and (42)
show the repair time constraint of the damaged component, where ¢ is a very small number.

3) Subtour elimination constraints:

Each repair crew group should look for a single repair path: start from the warehouse, repair the
damaged components, and return to the warchouse. However, due to the repair model, sub-circuits
appear in the repair route, that is, connections between damaged components that are not connected
to the warehouse to form a loop [14].

In order to eliminate the above sub-circuits of the repair path, this paper introduces a dummy
variable ¢,, which means the order in which the repair group reaches the damaged component a. Then,
the constraint of the elimination subloop is:

(Pa—<ﬁb+anz,,,c§n—l,Va#beD(’ (43)

ceC?

4) Damaged component state constraints:

Gus =D Tu (44)
k=1

K’j,r =YL l] elL (45)
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P& = o1 € DG (46)
Zimng = Bt mn € B (47)
PZmns = 4B,

Eq. (44) represents the relationship between the state of damaged components and their repair
variables; Eq. (45) represents the relationship between the state of distribution network branches and
the state of damaged component repair; Eq. (46) represents the relationship between the state of
distributed energy and the state of damaged component repair; Eq. (47) represents the relationship
between the state of natural gas pipelines and the state of damaged component repair.

3.7 Earthquake Disaster Model

The occurrence of earthquake disaster can cause damage to the lines in the power system and
the pipelines in the natural gas system. The failure rate models model for RIENGS under earthquake
disaster is as follows:

1) Failure rate model for the lines in the power system:

po=1-]]1 =Py (48)

2) Failure rate model for the pipelines in the natural gas system:

The earthquake damage rate of the pipelines in natural gas system is shown in Eq. (49).

Rate, = C,C,10°*(m~) (49)

The failure rate of the pipelines in the natural gas system under earthquake disaster can be
expressed as follows:

pg — 1 _ e(*Raleng) (50)

The model proposed in this paper is transformed into a MISOCP model. An efficient solution
can be achieved by using the existing solver CPLEX. RIENGS Load Recovery and Restoration
Scheduling Methodology under Extreme Disaster Conditions The flowchart of the method is shown
in Fig. 2. After the system encounters a fault, the optimal recovery strategy of the system is obtained by
coordinating the fault recovery strategy and fault repair strategy and solving the optimization model.

4 Work Validation

In this paper, two RIENGSs are used as examples for analysis, and the system parameters are
shown in reference [23]. We set one hour to represent the repair time step. The time it takes for the
service crew to move between damaged components is proportional to their respective distances. The
model is solved using the YALMIP toolbox CPLEX12.6 solver in Matlab simulation environment.

4.1 A 13-Node-Power System with a 7-Node Gas System

The improved topology of the system is shown in Fig. 3. Among them, G/ denotes a distributed
photovoltaic power source; G2 and G3 represent distributed gas turbines. The compressor is electrically
driven and powered by the power system node 4. The power system contains contact switches 7'/ and
T2. There are three repair stations in the entire system, each with a repair group, and the power system
repair crew and natural gas system repair crew cannot repair each other. Assuming that the repair time



EE, 2024, vol.121, no.4 1101

of the distribution line and natural gas pipeline is 1 h, and the repair time of DG and compressor is
2 h. The location coordinates of the repair station are shown in Fig. 3, and the coordinates of other
system components are described in reference [23].

Failure Recovery Process for Integrated
Regional Electricity-Gas Energy Systems

Extreme disasters

AL

System failure

¢

Load restoration H repair strategy

Y

Solving the optimization model

& Obtain the optimal recovery policy /

Figure 2: Flowchart of RIENGS load recovery and restoration scheduling methodology
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Figure 3: Topology for 13-node power system with 7-node gas system

1) Case 1. Optimization Result: In Case 1, the system suffers damage from an extreme event. In the
distribution network, branches L3, L6, LS8, L11, L12 and the gas turbines G2, G3 fail. In the natural
gas network, pipelines P2, P3, P5 fail. Assuming that the time of failure is 12 h, the load curves are
shown in Fig. 4.

According to the damage situation of the system, the dispatch center develops the optimal repair
path while adjusting the contact switch action during the recovery process. This is to ensure that the
whole system has been operating with the optimal topology, and its repair path is shown in Table 1.
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Figure 4: Load curve

Table 1: Repair path for each repair crew group

Repair crew group no.  Optimal repair path

1 Depot 1-L8— LI12— L3—Depot 1
2 Depot 2— G2— G3— L6— L11— Depot 2
3 Depot 3— P5— P3— P2— Depot 3

The load shedding of the RIENGS during the repair process is shown in Fig. 5. From ¢t =1 h to
t = 3 h, RIENGS loses most of its load due to the high number of damaged components while the
repair crew are on the way to perform repair. In the distribution system, the load loss is minimized by
closing the contact switch 72 to ensure the supply of important loads. In the distribution network, at
t =4 h, repair crew No. 2 repair G2 in the distribution network, and the effective output of G2 makes
the load reduction in the distribution system begin at this time. At ¢t = 6 h, repair group No. 1 repairs
branch L12 and restores power to the critical load at node 13. At t = 8 h, repair group No. 2 repairs
gas turbine G3, and the load shedding in the distribution network is further reduced. Meanwhile, in

the natural gas system, pipeline P3 is repaired at ¢ = 8 h, at which point the natural gas load is fully
restored to normal.

3 ‘ 1800
— = 1600f
g2 S 1400}
S &
% 2¢ & 1200¢
= =}
=) B 1000+
B 15 5 1000
= < 800F
E 1t T 600
5 @2 400f
S 200
0 1 23 4567 8 9101112 0 1 23 45 6 7 8 9101112
Restoration step(h) Restoration step(h)

Figure 5: Result of load shedding during repair

The contact switch also plays a key role in the entire load restoration and repair process of the
post-disaster system, keeping the system operating in a radially constrained manner and minimizing



EE, 2024, vol.121, no.4 1103

load shedding along with the repair strategy. At ¢ = 3 h, repair group No. 1 finishes repairing L8 and
restores power to the load at node 9, contact switch 77 is closed, allowing the load at node 6 to be
restored through the contact switch. In addition, the coordinated repair of the RIENGS in the repair
process is reflected in the fact that, at # = 4 h, the gas system restores the gas supply at node 2. At
the same time, G2 in the distribution system is repaired and put into operation by repair group No.
2. This coordinated repair strategy can improve the repair efficiency. Finally, as a result of the repair
work, at # = 10 h, the operation of branch L/ in the distribution network is fully restored. Although
the distribution network branch L6 is still in the disconnection fault, the proper closure of the contact
switch makes the whole RIENGS restore all loads, and the load loss is 0.

In summary, when the system suffers a disaster, the optimal repair path and network reconfigu-
ration strategy are coordinated and optimized to allow the system to operate in an optimal topology
and reduce load loss. The above results demonstrate the effectiveness of the RIENGS load restoration
and repair strategy proposed in this paper in the reduction of load shedding.

2) Case 2. Optimization Result: The time spent by the repair crew on the road between damaged
components affects the efficiency of the whole repair task and thus the recovery efficiency of the
entire system, and the location of the repair station influences the way the damaged components are
clustered. Thus, even under the same cluster grouping, different repair orders affect the whole repair
process. Therefore, this study section sets the following scenarios for analysis:

Case 2-1: The failure situation in the system is the same as in Case 1 while changing the locations
of the three repair stations in the system but using the same clustering results.

Case 2-2: The failure situation in the system is the same as in Case 1 while changing the locations
of the three repair stations in the system, and the clustering results are different from Case 1 and Case
2-1.

The locations of the repair stations in Case 2-1 and Case 2-2 and their clustering results are shown
in Figs. 6 and 7.

P
o
[ Y

Figure 6: Location diagram of the repair station in Case 2-1

A comparison of the load reduction costs between Case 1, Case 2-1, and Case 2-2 are shown
in Table 2. In Case 2-1, the repair station is closer to the damaged component, reducing the time
consumed by repair personnel on the repair road, so the load recovery is more efficient and system
load reduction costs are lower in Case 2-1 than Case 1.
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Figure 7: Location diagram of the repair station in Case 2-2

Table 2: Load reduction costs in different cases

Distribution grid load shedding costs ($10°) Natural gas load shedding costs ($10)

Case 1 3.42 2.50
Case 2-1 3.39 2.42
Case 2-2 3.84 2.50

Comparing Case 2-1 and Case 2-2, it can be found that different warehouse locations lead to
different clustering results, which affect the overall repair efficiency. For example, in Case 1, G2 and
G3 are grouped in the same repair cluster and are repaired separately by a group of repair crew, while in
Case 2-2, G2 and G3 are in different clusters, reducing the recovery time for these turbines. Therefore,
the distribution system load reduction cost in Case 2-2 is the lowest. In summary, the repair routes
are sensitive to the geographic location of repair stations, and if they are scheduled near critical loads,
they may have faster repair capabilities when disaster strikes. In addition, the correct grouping of repair
tasks can also complete the entire system more quickly. In conclusion, the appropriate placement of
repair stations in regional RIENGS can improve the overall repair efficiency when a disaster strikes.

4.2 123-Node-Power System with a 20-Node Gas System

In order to further validate the effectiveness of the RIENGS load restoration and repair strategy
optimization model proposed in this paper, the IEEE-123 node system and 20-node natural gas system
developed by the reference [23] are used for validation, and their topologies are shown in Fig. 8.

1) Case 3. Optimization Result: In Fig. &, there are nine gas turbines with one PV DG in the power
system, there are four contact switches in the power system, and compressors C1, C2 and C3 exist in
the natural gas system, powered by power system nodes 88, 114 and 16, respectively. The repair time
of the distribution network branch and gas distribution network pipeline is 1 hour, the repair time of
the DG supply and gas turbine is 2 h, and the repair time of the electric drive compressor is 4 h. There
are two repair stations in the electric system and one repair station in the gas system.

In order to further analyze the effectiveness of the proposed load restoration and repair scheduling
optimization model, this case assumes the following fault scenario:
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Figure 8: Topology of 123-node power system with 20-node natural gas system

In the distribution system, faults occur in branches 21-23 (122), 57-60 (/58), and distributed gas
turbines g4 and g6. In the natural gas system, faults occur in pipes 11-12 (p8) and 8-15 (p12), and
the faults are shown in Fig. 7. The repair paths for each group of repair crews in Case 3 are shown in
Table 3.

Table 3 shows the repair crew’s optimal route in Case 3. From Table 3, it can be seen that repair
crew 1 prioritize the repair of the fault on line /22 over the priority repair of the distributed energy.
This is because the contact switch reconfigures the system topology after a fault, allowing the faulted
area to remain in normal operation through the contact switch. Therefore, the line has a higher repair
priority. The load shedding of the RIENGS during the repair process is shown in Fig. 9. In Case 3,
the overall load reduction cost is 12465 §, and the total repair time is 32 h.
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Table 3: Repair path in Case 3

Repair crew group no.  Optimal repair path

1 Depot 1—122— g6— Depot 1
2 Depot 2—g4— L58— Depot 2
3 Depot 3—pi12— p8— Depot 3
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Figure 9: Result of load shedding during repair

Based on the RIENGS load restoration and repair scheduling model proposed in this paper,
it is possible to quickly recover as much load as possible using network reconfiguration recovery,
and simultaneous decisions are made to prioritize the repair of the more critical failed components.
Through the coordinated optimization of the two recovery strategies, the load reduction cost of the
entire system can be significantly reduced, thus improving the resilience of the system to cope with
extreme scenarios.

5 Conclusions

For the post-disaster resilience enhancement strategy of the RIENGS under extreme disaster
conditions, this paper proposes a coordinated optimization model for load restoration and repair
scheduling. The optimal power supply from DG sources to the system is achieved by manipulating
the contact switches in the distribution system after a disaster, and the critical loads are restored on a
priority basis. At the same time, the damaged components are clustered before the optimal repair
schedule is developed, and the network reconstruction method is used to synchronize the system
topology during the repair process. The following conclusions are obtained: the proposed optimization
model can effectively shorten the customer outage time and improve the system restoration efficiency.
On this basis, the effects of the location of the repair station and different clustering repair cases on the
repair efficiency are studied, and the data show that the proposed optimization strategy can effectively
reduce the system load reduction cost.

Of note, this study was conducted in a centralized model that assumes that a single dispatch center
can control the distribution and natural gas systems; however, this ignores the information exchange
and management barriers between the electric and natural gas systems. In addition, this paper does not
consider the impact of traffic and road conditions on the system restoration process. Future work will
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focus on system resilience enhancement strategies that take into account conditions such as roadway
obstructions.
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