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HIGHLIGHTS

e A framework is proposed to describe the generic natural disaster modelling process.
o The disaster scenario database is constructed to provide data for resilience research.
e Reusable impact-increment database is built to accelerate resilience assessment.

e Component-level indices are proposed for targeted resilience enhancement.

ARTICLE INFO ABSTRACT
Keywords: A planning-oriented resilience assessment and enhancement approach is proposed that can efficiently deal with
Resilience Assessment multi-type natural disasters. A unified disaster modelling framework is proposed to extract key information from

Resilience Enhancement

Integrated Electricity-Gas System
Multi-type Natural Disasters
Reusable Impact-Increment Database

various potential disaster scenarios, thus forming a disaster scenario database. The impact-increment-based
enumeration method is applied, and a reusable impact-increment database is established to speed up the
assessment process. The reusable database is also utilized to calculate component-level resilience indices and
economic indices, so as to make enhancement strategies against potential disasters within planning time scale.
Resilience assessment on an integrated electricity-gas system in Taiwan’s coastal seismic statistical zone shows
that the proposed method can significantly improve the computational efficiency as compared to existing
methods. Numerical results indicate that the resilient planning considering the diversity of natural disaster types
comprehensively improves the system resilience, which means it is not only concerned with the system per-
formance under a single type of disaster. In addition, the most suitable resilience enhancement scheme with
insufficient funds shall be developed according to the economic indices, instead of the component-level resilience
indices that cannot balance the resilience enhancement effect with the implementation cost.

this reason, the concept of resilience has been used to assess the ability of
the existing or planned system to withstand disasters and quickly return
to normal operating conditions [4-6].

Many studies have been carried out on resilience indices. It is well
known that the resilience includes four factors: robustness, redundancy,
resourcefulness, and rapidity [7,8]. Among them, redundancy and
resourcefulness describe the means of improving resilience, while the
corresponding effect is measured by robustness and rapidity [9]. The
resilience triangle [9] and the resilience trapezoid [10] describe the
resilience index in terms of robustness and rapidity, which can reflect
the common influence of the four factors. Furthermore, the planning-

1. Introduction

Affected by climate changes, extreme events, such as natural di-
sasters have become more and more frequent, which threatens the
normal operation of the integrated electricity-gas system (IEGS). In
2011, the Great East Japan Earthquake caused blackouts and multiple
gas pipeline rupture accidents [1,2]. In 2013, Super Typhoon Usagi
landed in Guangdong Province, causing one 500 kV line and six 220 kV
lines to be out of service [3]. IEGS is prone to high-order faults under
natural disasters, which often lead to electricity and gas shortages. For
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Nomenclature

Abbreviations

IEGS integrated electricity-gas system
EPS electrical power system

NGS natural gas system

MCS monte carlo simulation

SE state enumeration

IISE impact-increment-based state enumeration
RO robust optimization

OPF optimal power flow

DSD disaster scenario database

DPM disaster probability model

DAM disaster attack model

CE combinatorial enumeration

BSR background source region

TSR tectonic source region

PGA peak ground acceleration

PGV peak ground velocity

PGD peak ground displacement

Cov coefficient of variance

Indices and sets

index of component in [EGS

index of disaster type

index of transformer

index of overhead transmission line

index of gas pipeline

index of power transmission tower

index of power transmission line segment

index of gas pipeline segment

fault state denoted by the set of failure components
the set of j-order fault states

the k-order subset of s

the set of potential disaster scenarios

the set of potential Type-I disaster scenarios

the set of ry,; under all potential disaster scenarios

the set of failed components

the set of non-failed components

the set of towers belonging to overhead transmission line @
the set of line segments belonging to overhead
transmission line o

the set of pipeline segments belonging to gas pipeline p

Parameters and constants

the low calorific value of natural gas

number of components in IEGS

the cardinality of fault state s

the maximum enumeration fault order

the cardinality of TD

the cardinality of D,

the annual frequency of Type-I disaster

number of disaster types considered

upper limit of earthquake magnitude

lower limit of earthquake magnitude

span of the earthquake magnitude segment

number of latent source regions in the seismic statistical
area

number of the enumerated points in the ith latent source
region

activity weight of the ith latent source region

the earthquake damage rate

length of pipeline segment

length of the coastline

the segment intervals of S

do, dH, dv the segment intervals of the feasible regions of , AH, and

Vd,w
Vd,is
Ah
At
Tuse
Tucs

Variables
E [Qshed]
P shed
Qshed
Pn

I

Al

d;

wi

P;

F

Din

Rsys
Tsysi

pm
)2
X0, Yo

4

AHy
vr

v(t)
AH(t)
Tmax (£)
Vrmax (t)
ac

T
Va(t)
vy (t)
r(t)

r(t)

vr respectively

the clockwise angle between the coastline and the due
north direction

design wind speed of the transmission tower

design wind speed of the transmission line segment
length of the transmission line segment

interval of the time segment during typhoon

the calculation time of RD using IISE-R3 method

the calculation time of RD using MCS-R method

the expected load shedding of IEGS

the electric load shedding

the gas load shedding

the failure probability of component n

the initial load loss of IEGS caused by fault state s

the impact-increment of fault state s

the ith potential disaster scenario in TD

the scenario weight of d;

the occurrence probability of scenario d;

the failure probability group of IEGS components under
disaster scenario d;

the failure probability of component n under disaster
scenario d;

planning-oriented system resilience index

system resilience index under disaster scenario d;

the planning-oriented resilience index of component n
the resilience index of co mponent n under disaster
scenario d;

the planning-oriented economic index of component n
the strengthening cost for component n

earthquake magnitude

horizontal and vertical coordinates of the epicentre
earthquake intensity

midpoint of the jth earthquake magnitude segment
the probability of each basic disaster parameter
epicentre distance

long axis radius of the outer boundary of intensity-I zone
the failure probability of transmission tower h

the failure probability of transmission line segment h
the failure probability of pipeline segment g

the failure probability of transformer ¢

the failure probability of overhead transmission line »
the failure probability of gas pipeline p

horizontal and vertical coordinates of the typhoon landing
site

the clockwise angle between typhoon motion direction and
due north direction

the original central pressure difference

the typhoon moving speed

the real-time wind speed at time ¢t

the central pressure difference at time t

the maximum wind speed radius at time ¢

the maximum wind speed at time t

distance from the typhoon centre at time ¢

the typhoon duration time (h)

the real-time wind speed of tower h

the real-time wind speed of line segment A

the failure probability of transmission tower h at time t
during typhoon

the failure probability of transmission line segment h™ at
time t during typhoon
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oriented resilience index [11] only considers the robustness and is
defined as the weighted average of the load shedding expectations under
all potential typhoon scenarios. This simplification is feasible for the
transmission system, which mainly focuses on the ability to withstand
disasters.

IEGS is an important form of the trans-regional integrated energy
system, which connects electrical power system (EPS) and natural gas
system (NGS) through coupling facilities. In recent years, research on
the resilience of IEGS has been paid increasing attention. Ref. [12] draws
the intensity distribution map according to the earthquake intensity
attenuation characteristic to assess the resilience of IEGS crossing
different intensity regions. Ref. [11] builds a cumulative component
failure probability model to describe the typhoon impact. Ref. [13] uses
the buried gas pipelines to improve the EPS resilience from the
perspective of the coordinated planning of EPS and NGS. In reality, IEGS
is subject to various types of disasters, while existing studies usually
perform resilience assessment in terms of single-type disaster. A resilient
IEGS should be planned with sufficient resilience under any possible
disaster, which places a demand on resilience assessment considering
multi-type disasters.

The methods for resilience assessment can be divided into Monte
Carlo Simulation (MCS) -based and analytical methods, such as state
enumeration (SE). The fault states of MCS are sampled according to the
component failure probability, which is changed under different disaster
scenarios. SE generally enumerates only low-order fault states to ensure
efficiency, leading to a certain underestimation. As an improvement of
SE, the impact-increment-based state enumeration (IISE) method in-
creases the weight of low-order fault states, thereby significantly
reducing the error caused by ignoring high-order fault states [14,36]. In
addition, the impact-increments obtained by IISE can be reused when
the disaster scenario changes, which is a huge advantage over MCS.

Existing research on resilience enhancement mainly includes Robust
Optimization (RO) -based and scenarios-based methods [15]. The RO-
based method generally builds a tri-level defender-attacker-defender
model to optimize the resilience performance in the worst case [16,17],
leading to a pessimistic resilience enhancement scheme. The scenarios-
based method analyses the impact of each disaster scenario generated
according to historical data [11,18], thus finding the system weaknesses
for targeted reinforcement. However, this method is quite time-
consuming.

To sum up, the diversity of natural disaster types is rarely considered
in previous resilience studies and may lead to one-sided results. This
concern is even more pronounced in some areas with more than one type
of major disasters, such as Indonesia and Taiwan [19,20]. When it comes
to the index calculation, MCS has to resample fault states considering
multi-type disasters, while the accuracy of SE is often not up to
requirement. To this end, this paper proposes a resilience assessment
and enhancement approach for IEGS planning considering multi-type
natural disasters. The main contributions are as follows:

1) A unified natural disaster modelling framework has been devel-
oped to extract the key information of potential disasters as one intuitive
format, which allows us to generate the disaster scenario database
covering multi-type disasters for planning investigations.

2) The IISE method has been extended to develop a resilience
assessment method considering a large number of potential disaster
scenarios. This is achieved by repeatedly invoking the impact-increment
database during the assessment and leads to significant computational
efficiency improvement.

3) Both the component-level resilience indices and economic indices
are proposed to help planners identify the most suitable resilience
enhancement scheme.

Applied Energy 315 (2022) 118824
2. Basic theory
2.1. Resilience indices

As for planning of IEGS, robustness generally has a higher weighting
than other resilience factors. To simplify the calculation, a system-level
resilience index gy, is denoted to quantify the resilience of the IEGS,
which is expressed as

Fsys = E[Qxh:'d] (1)

Oshed = Psied + 4Gihea 2

where E[Qsneq] is the expected load shedding (MW); Pgpeq and Gipeq
are the shedding of electric load (MW) and natural gas load (Sms/h)
respectively; q is the low calorific value of natural gas, taken as
0.01045MWh/Sm>. The smaller the Tsys, the stronger the resilience of
IEGS.

The component-level index r;l proposed in Ref. [21] describes the
contribution of each component to the system-level resilience index.
This index can help accurately locate the weak points of IEGS, so as to
make effective resilience enhancement strategies. However, the original
index r,, is not well suited to the formulation of resilience enhancement
scheme, which is explained in Appendix A. In this paper, r,, is modified
to r, by

l
r, :rs'ys'_rs'ys‘ I :rs,\‘s_rx_vx‘ (3)

;
Pn=Dn

Pn=0
where 1 |p":0 and ry, |pn:p’ are the system-level resilience index after
the failure probability of component n is reduced to 0 and p,, respec-
tively; p, is the failure probability of component n after strengthening. It
can be seen from Eq. (3) that the component-level index is redefined as
the effect of the strengthening measure for component n in this paper.

2.2. IISE method

The centrepiece of obtaining the resilience indices is the calculation
of the expected load shedding, E[Qspeq]l. According to the SE method, E
[Qshedl is obtained by [14]

E[Qued =) KHm) [ =p) } I, )
Jj=1s€Q; nes nés
IISE method transforms Eq. (4) into Eq. (5)-(6).

E[Qued] = i > <Hpn> Al (5)

j=1 seQ; \ nés

ng—1

0" 0 (6)

k=1 ueQf

AL =1, +

In Eq. (5), the successive multiplication of component failure prob-
abilities can be regarded as the weight of impact-increment, which is
falling rapidly as the failure order j increases. In addition, high-order
impact-increment is close to 0, because the impact of fault states in
IEGS have a certain degree of additivity. Therefore, the proportion of
high-order parts in Eq. (5) is much smaller than that in Eq. (4).

Usually, only the low-order faults are enumerated to ensure
computational efficiency. In this case, Eq. (5) is rewritten as Eq. (7) by
introducing a maximum enumeration fault order, J. For IISE method, the
error caused by ignoring the high-order faults shall be much smaller
than SE method.

J

EQued = Y Y ([ [pnAL @

j=1 scQ; nes
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Load Shedding Optimization of NGS

Two-stage Gas Network OPF

Fig. 1. The optimal load shedding algorithm for IEGS.

2.3. Optimal load shedding algorithm for IEGS

To reflect the role of emergency dispatch under faults, an efficient
optimization algorithm is required to calculate the optimal load shed-
ding of IEGS, which is the basis of IISE method. See Fig. 1

The decoupled framework is used in the optimal load shedding al-
gorithm to improve computational efficiency. As Fig. 8 shows, the load
shedding optimization of EPS and NGS are carried out separately. This
paper connects EPS and NGS through gas power plant, which has been
widely used in IEGS [17]. Denote the NGS node connected to gas power
plant as GPP node. Then, arrow 1 indicates that the gas supply load in
GPP node is determined based on the output of gas power plant from the
EPS optimization result, while arrow 2 indicates that the output upper
limit of gas power plant is reduced according to the gas load shedding of
GPP node from the NGS optimization result. The EPS optimization
module and the NGS optimization module iterate alternately until the
gas supply load required by the gas power plants is no longer cut down in
NGS.

Another advantage of decoupled optimization framework is that the
large number of complex constraints of IEGS are split into two parts,
allowing more accurate models to be applied to the subsystems. EPS
optimization module is based on AC optimal power flow (OPF) model,
which can be calculated using Matpower toolbox. NGS optimization
module is based on two-stage gas network OPF model [22], which

Stage 1

Approximate solutions

Applied Energy 315 (2022) 118824

integrated the mixed integer linear simplified model of stage 1 and the
nonlinear continuous model of stage 2. As Fig. 2 shows, stage 1 obtains
the approximate solutions of real and integer variables respectively. The
former provides initial values for the interior point method in stage 2,
while the later serves as the fixed input value of stage 2. In other words,
stage 2 reasonably corrects the approximate solutions of stage 1. It is
worth mentioning that the models in stage 1 and stage 2 can be handled
by Cplex and Ipopt, both of which are mature solvers.

Although the decoupled optimization framework is not able to
optimize electric load shedding and gas load shedding at the same time,
the calculation results still own good application value. This is because
EPS and NGS are usually operated by different utilities [17], while
decoupled optimization framework is a good fit of the reality.

3. Planning-oriented resilience assessment and enhancement
considering Multi-type natural disasters

There is serious uncertainty about the natural disasters to which
IEGS may be exposed during the planning period. However, the resil-
ience indices introduced in section 2.1 are only applicable to IEGS under
a specific natural disaster. Due to this concern, this paper argues that
planning-oriented resilience assessment should be based on a set of
scenarios covering multi-type disasters, thus supporting objective deci-
sion-making.

The weighting method can be used to synthesize the resilience
indices under each potential disaster scenario. However, two questions
remain to be solved:

Q1: models for different types of natural disasters are considerably
different, and there is lack of a unified framework for resilience
assessment.

Q2: the number of potential disaster scenarios is huge, which makes
it time-consuming to calculate the impact of all scenarios.

In this chapter, the proposed resilience assessment and enhancement
method considering multi-type disasters is shown, including 1) the
planning-oriented resilience indices considering the uncertainty of po-
tential natural disasters; 2) generation of disaster scenario database to
solve Q1 by integrating various potential disasters into the same format;
3) development of the impact-increment database to solve Q2 by storing
the reusable parts of IISE method and 4) resilient planning using the two
databases.

3.1. Planning-oriented resilience indices

The set of disaster scenarios that may occur in the study area is noted
as TD, while the ith potential disaster scenario in TD is noted as d;. Ac-
cording to the characteristic information of each potential disaster sce-
nario, the resilience indices ryy; ;, 1, ; under scenario d; can be calculated
by Eq. (1)-(3). In addition, the weight of the impact caused by scenario d;

Stage 2

Real variables

Gas source output

The mixed
integer linear
simplified model

Nodal pressure

e

Gas flow direction

Compression ratio

initial value

of compressor l >
The gas load .
shedding The nonlinear
continuous model
fixed input
Compressor —m—
on/off status

Fig. 2. Two-stage gas network optimal power flow model.
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Fig. 3. Disaster Scenario Database connecting disaster modelling and resilience assessment.
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Type-2 D, = {dz,i|i =1,---, K}

D < hd
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D, = {d,,,.|i:1,---,K,}

—

Fig. 4. The potential disaster scenario set covering multi-type disasters.

is noted as w;, which is introduced in detail later.
The planning-oriented system-level resilience index Rgys is the
weighted sum of 7y, which is expressed as

K
Rsys = Z Wilsys.i (8)
i=1

where K is the number of potential disaster scenarios in TD. The
physical meaning of Ryy; is the expected load shedding of IEGS after one
natural disaster occurs.

Similarly, the planning-oriented component-level resilience index R,
is the weighted sum of r,, which is expressed as

R, = Zk:wirn‘i (C))
=

The economic index C, is proposed to describe the cost-efficiency
ratio of strengthening n, which is expressed as

(10)

where H,, represents the strengthening cost for component n.

When compared to s and ry, the planning-oriented indices are more
comprehensive and reasonable as they take all potential disasters into
consideration. In addition, R, and C, can assist planners in developing
resilience enhancement schemes in terms of effectiveness and economy
respectively.

3.2. Disaster scenario database

As Fig. 3 shows, each potential disaster scenario in TD is abstractly
represented by the weight w; and the component failure probability
group F; in the disaster scenario database (DSD), thus providing intuitive
data support for the planning-oriented resilience assessment. In other
words, DSD acts as an information bridge connecting disaster modelling
and resilience assessment.

Considering the diversity of natural disaster types, all major disaster
types in the study area are included in TD as shown in Fig. 4, where
Type-l represents the disaster type [, such as earthquake, typhoon, etc.,
Dy is the set of potential Type-I disaster scenarios, K; is the number of
potential Type-I disaster scenarios, d;; represents the ith scenario in Dj.
The following relationship clearly exists:

C~=

D = | | D,
=1 an
K=Y K
=1
The weight of disaster scenario dj; is expressed as:
L
wii = Pifi) Y fe (12)
k=1

where Py; is the conditional probability that the disaster scenario is dj,
; under the premise that one Type-l disaster occurs, denoted as the
occurrence probability of dj; in a narrow sense, f; is the annual frequency
of Type-I disaster.

The component failure probability group of disaster scenario dj; is
expressed as:

Fri = {Pi1,Pizs s Piins s P } 13)

where pj; , is the failure probability of component n under disaster
scenario dj;.

In order to construct DSD for resilience assessment, the modelling
process of each natural disaster type considered needs to generate the
potential disaster scenario subset D;, as well as calculate the scenario
weight wy; and the component failure probability group Fy;.

3.2.1. Unified research framework of natural disasters regardless of type
For any type of natural disaster, there shall be two categories of
parameters: 1) basic parameter that determines a specific disaster sce-
nario; 2) direct parameter that determines the failure probabilities of
disaster-affected components. The former is the smallest parameter
group that can describe a disaster, while the latter refers to disaster
impact parameter that is directly related to the failure probability of
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Fig. 5. The disaster scenario generation based on combinatorial enumeration method.
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Fig. 6. The research framework of natural disaster modelling.

IEGS components. Disasters usually hit the study area unevenly, so the
direct parameters of the components at various locations are generally
different.

For example, the basic parameters of typhoon are the landing site,
the motion direction, the original pressure difference, and the trans-
lational speed, while the direct parameter of typhoon-affected compo-
nents is the real-time wind speed; the basic parameters of earthquake are
the magnitude and the epicentre site, while the direct parameter of
earthquake-affected components is the earthquake intensity.

The generation of potential disaster scenario is essentially the gen-
eration of basic parameter group. As shown in Fig. 5, the feasible region
of each disaster basic parameter is equally divided into several intervals,
which are enumerated and combined to generate disaster scenarios. For
example, suppose that there are two basic parameters for a certain type
of disaster, and that their feasible regions are divided into a parts and
parts respectively. Through the combinatorial enumeration (CE)
method, a total of af potential disaster scenarios can be generated. For
ease of analysis, the midpoint of each interval is selected as the repre-
sentative value.

In view of the need to construct DSD, this paper models natural

disaster from two perspectives. Disaster probability model (DPM) is
established to describe the uncertainty of disaster scenarios, while
disaster attack model (DAM) is established to describe the attack mode
of each disaster scenario. As shown in Fig. 6, the DPM of Type-I disaster
applies CE method to get the potential scenario subset D; = {du|i =1,
,K;} according to the feasible region of each basic parameter. In addi-
tion, DPM calculates the occurrence probability Pj; of each generated
scenario d;; based on basic parameter distribution functions, and then
the scenario weight w;; can be obtained by Eq. (12). The DAM of Type-l
disaster should include the derivation process from the basic disaster
parameter to the direct disaster parameter, which can be used to get the
component failure probability group Fj; under each scenario d;;. The
potential scenario subset D; of each major disaster type is integrated into
TD, while the wy; and F;; of each generated scenario are integrated into
DSD.

3.2.2. The typical natural disaster modelling

Natural disasters mainly include extreme weather-driven disasters
and geological disasters. The former is generally difficult to damage the
buried components of NGS, while the latter can impact EPS and NGS at
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Active fault

| @ Potential epicenter

Fig. 8. The occurrence probability of the generated earthquake scenario.

the same time. In recent years, resilience research mainly focuses on
weather-driven disasters. Therefore, this paper takes the most typical
geological disaster, i.e., earthquake, as an example to introduce the
proposed disaster modelling research framework in detail.

(1) Disaster Probability Model

To apply the CE method to earthquake disaster, it is necessary to
determine the feasible region of earthquake magnitude M and epicentre
site (x,y). According to the principle of three-level delineation for latent
earthquake sources [23], the background source regions (BSR) are
divided from the seismic statistical area, while the tectonic source re-
gions (TSR) along active faults are divided from the background source
region. As Fig. 7 shows, The upper magnitude limit of TSR is higher than

that of BSR to which it belongs (M, 4 > My, ¢, My, g > My, p), and the upper
magnitude limit M, ; of seismic statistical area is the maximum upper
magnitude limit of all tectonic source regions it contains (Mys = max
[My a, My, My ¢ , My p]). In addition, threshold magnitude M, describes
the smallest earthquake magnitude that may influence IEGS, usually
taken as 4.0. In this way, the feasible region of earthquake magnitude is
[Mo, My], which can be discretized into the magnitude segments; the
feasible region of epicentre site is the entire seismic statistical area,
which can be divided by the grid method.

According to Ref. [23], the distribution function of earthquake
magnitude M is expressed as
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P, (M) = 2exp[—bIn10(M; — My))

b
= sh(= AMin10 1
1 — exp[—bln10(M, , — My)] ’ (2 n10) as

where M; is the midpoint of the jth magnitude segment; AM is the
span of the magnitude segment; b is the coefficient of the G-R relation,
which represents the linear scale factor of the lg of earthquake frequency
varying with magnitude [24].

The distribution of epicentre site is related to the earthquake
magnitude, as earthquakes exceeding the M, of a latent source region
are considered to not occur in that region. After enumerating the po-
tential epicentres by grid method, the probability that an earthquake
belonging to the jth magnitude segment erupts at the enumerated point
(x, y) within the ith latent source region can be obtained by [12]

Ny
Po((x,9)IM;) = ai/c; Zak (15)
=1

where N; is the number of latent source regions in the seismic sta-
tistical area; c; is the number of the enumerated points in the ith latent
source region; ¢; is the activity weight of the ith latent source region,
which is expressed as

@ = {Ci X (My; — M), M;<M,;

0*, ]Wj > Mu,i (16)

According to the upper magnitude limit of each latent source area,
the feasible region [Mo, M, ] is divided into several intervals, while each
interval contains several magnitude segments. The set of potential epi-
centre points related to each magnitude interval is different, as there
may be some latent source regions with an activity weight of 0.

As Fig. 8 shows, the magnitude segment is enumerated first, and then
the potential epicentre points related to the magnitude interval to which
the magnitude segment belongs. In this way, DPM obtains the potential
earthquake scenario set D, = {d,}, which is incorporated into TD. Be-
sides, the occurrence probability of earthquake scenario d, is expressed
as

P, = Pr(M)Pr((x¢y)M/[j) a7

(2) Disaster Attack Model

Existing studies describe earthquake damage in different ways.
Ref. [25] considers the earthquake influence through the Cross-Impact
Analysis of multi-stage events, which is difficult to be applied in the
calculation of resilience indices as a qualitative method. Ref. [26,27]
chose Peak Ground Acceleration (PGA), Peak Ground Velocity (PGV)
and Peak Ground Displacement (PGD) to characterise the earthquake
influence. In fact, the ground motion parameter PGA/PGV/PGD is pro-
posed to quantify the physical meaning of earthquake intensity, and
there is a corresponding relationship between them [28]. For the con-
venience of analysis, this paper selects earthquake intensity I as the
direct earthquake parameter.
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Unlike magnitude, which focuses on the strength of earthquake itself,
intensity describes the extent of damage caused by the earthquake. The
Chinese earthquake intensity scale is taken as intensity standard, and
only the 6, 7, 8 degrees of intensity with research value are considered in
this paper. As the seismic wave spreads around, the intensity I meets the
elliptical attenuation model, which considers iso-intensity lines as
several ellipses with the same centre and direction. Along the direction
of long axis or short axis, the earthquake intensity is expressed as

1-A|—B\M
Along the long axis : I = A +B M+ Cilg(¢p+¢,)odp=10"a  — ¢,

1-Ay—ByM

Along the short axis : 1 = Ay +BM+ Glg(p+¢,) = =100 & — ¢,
18)

where A; /A, B1/Bs, C1/C, and ¢, /¢, are the regression parameters;
¢ is the epicentre distance, which can be deduced inversely when I is
known.

The elliptical centre of the iso-intensity line is the epicentre site (x, y),
while the direction of the long axis is consistent with the active fault
closest to the epicentre. To simplify the analysis, the area enclosed by
the iso-intensity lines with intensity (I & 0.5) is noted as intensity-I zone,
where the intensity at any point is assumed as I. If the intensity at point
(x4, ya) is equal to Iy, it needs to satisfy

H (x,1 a0y, - ygll,))H 4 H (xd Ay, y<21,1>)H<2,‘</(,>

| (ra = 0 = 50|+ (0 = 28 30 = 580)| > 2rtler )

where ||-|| is the Euclidean norm; (x\",y{") and (x, y) are the focal
points of the outer boundary of intensity-Izone; r{) is the long axis radius
of the outer boundary of intensity-I zone.

As Fig. 9 shows, the intensity distribution map is composed of a series
of multi-level-nested ellipses. Using Eq. (19) as a criterion, the intensity
at point (x*,y*) can be determined to be 6°. In this way, the mapping
from the basic parameters (earthquake magnitude and epicentre site) of
a specific earthquake to the direct parameter (earthquake intensity) of
each point in the study area is achieved.

Under the earthquake disaster, transformers and overhead lines in
EPS and gas pipelines in NGS are at risk of damage. Therefore, it’s
necessary to construct the failure probability models of these compo-
nents based on the direct parameter, I.

The failure probability p, of the transformer ¢ under different
earthquake intensity can be directly obtained from the historical data
statistics.

The overhead line is composed of towers and line segments con-
necting these towers, while the latter can decouple earthquake energy
by low-frequency vibrations. Regard the overhead line under earth-
quake disaster as a series system of towers, then the failure probability of
overhead line @ can be expressed as

Po=1-]]01= ) (20)
hew
where h € w denotes the towers belonging to w; A is the failure
probability of tower h, which is related to the earthquake intensity.
The gas pipeline is divided into several pipeline segments, and the
position of each segment is taken as its midpoint. In this way, the failure
probability of gas pipeline p is expressed as
pr=1-T[01-2) @1
gep
where g € p denotes the pipeline segments belonging to p; 4, is the
failure probability of pipeline segment g, which is obtained by
de=1—eRroe (22)

where Ry is the earthquake damage rate, which is related to the
natural gas pipeline material and geometry parameters; Ag is the length
of the pipeline segment (km).
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Fig. 10. Impact-Increment Database repeatedly invoked under each potential
disaster scenario.

The spread of earthquake energy is so rapidly that the duration can
be ignored in earthquake disaster model, while for some long-lasting
weather-driven disasters, the overall impact during the disaster can be
analysed according to the cumulative failure probability of components.
As an example, typhoon modelling is introduced in detail in Appendix B.
In addition, a list of other potential disaster types is given in Appendix B
to illustrate the feasibility of including these disasters into DSD. It’s
worth noting that considering the safety of maintenance personnel, IEGS
should not be repaired during a disaster.

3.3. Reusable Impact-Increment database

MCS method can improve and control the calculation accuracy by
increasing the sampling times, which is the reason why its application
popularity is much higher than that of SE method. When the disaster
scenario changes, however, a new component failure probability group
will force MCS to resample fault states, while the sampled fault states
before cannot be used as reference. Worse still, the more disaster sce-
narios are considered, the more this shortcoming of MCS method will be
magnified. Since TD contains quite a few potential disaster scenarios, the
planning-oriented resilience assessment based on MCS method, while
theoretically feasible, would be computationally costly in practice.

As an improved method of SE, IISE enhances the calculation accuracy
to the level close to that of MCS. More importantly, the impact-
increments obtained during the IISE calculation process, which are in-
dependent of the component failure probability, can be applied to any
disaster scenario. This is the biggest advantage of IISE over MCS: it has

’—> DSD:F, RID: M| | DSD: F, RIID: Al
o T T

[—

'DSD.
) -

DSD: w, N DSD: w, N
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reusable parts.

As shown in Fig. 10, the impact-increments for fault states of order 1
to J are calculated in advance and stored into the database, which
provides input to IISE method for solving the expected load shedding
under each potential disaster scenario. Planning-oriented resilience
assessment needs to solve the expected load shedding of IEGS under
each potential disaster scenario one by one, while the calculation effi-
ciency can be greatly improved by invoke the Reusable Impact-
Increment Database (RIID). This is because, after removing the calcu-
lation of impact-increments, the calculation process of IISE method only
leaves the basic addition and multiplication operations.

3.4. Resilient planning framework considering Multi-Type natural
disasters

As Fig. 11 shows, the resilience indices under each potential disaster
scenario are calculated efficiently according to the component failure
probability F; provided by DSD and the impact-increments AI provided
by RIID. Then, the planning-oriented indices are solved by weighting
and summing the obtained ryys; and r, 1, while the scenario weight w; is
provided by DSD. Resilient planning considering multi-type natural di-
sasters includes the following steps:

Step 1: determine the main natural disaster types in the study area, as
well as the basic and direct parameters of each type.

Step 2: apply the proposed disaster modelling research framework to
each type of disaster, so as to build the DSD database covering multi-
type disasters.

Step 3: Calculate the impact-increments for IEGS fault states of order
1 to J, which are then stored in RIID database.

Step 4: Solve resilience indices rsys and i, using Eq.(1), (3) and (7),
where the component failure probabilities and impact-increments are
called from DSD and RIID respectively.

Step 5: Solve the planning-oriented resilience indices Ryys, Ry, and Cp,
using Eq. (8), (9) and (10), where the weight of each potential scenario is
called from DSD.

Step 6: Ryys is used to assess the system resilience considering the
impact of all potential disaster scenarios, while R, and C,, are used to
determine the most suitable resilience enhancement scheme.

Case studies

3.5. Descriptions of test system

The test system is composed of the IEEE RTS 79 EPS and the 14-node
NGS. As shown in Fig. 12, it includes 4 gas power plants, 33 overhead
lines, 5 transformers, and 12 gas pipelines, with detailed data introduced

DSD: Fx RIID: A1<—|_

) L.

:RII :

- ., g
I_

DSD: wy NS

Planning-oriented Resilience Indices

Assess the system resilience against all potential disasters

m—v Assist in the development of resilience enhancement scheme

Fig. 11. Resilient planning framework based on DSD and RIID.
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Fig. 12. The topology of the test IEGS.

in Appendix C.

The test IEGS is assumed to be in Taiwan, where typhoon and
earthquake are the dominant natural disaster types. According to the
Taiwan Central Weather Bureau, over the past decade, the annual
average frequency of typhoons, f;, is 2.3, while that of earthquakes with
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magnitude 4 or higher, f, is 154.2. The rest of the disaster modelling
parameters are given in Appendix D.

Fig. 13 depicts the spatial location of the test system attached to the
simplified coastal seismic statistical zone, where EPS and NGS overlap
each other that they need to be shown separately. The coastline is a
straight line from (0, 0) to (250, 0), while the seismic statistical zone is
divided into TSR A, TSR B, BSR C and BSR D, with the upper magnitude
limits of 8.0, 7.5, 6.0, and 5.5 respectively. Following the principle of
building facilities away from active faults, the test system is placed in
BSR. It is worth noting that the relative position of EPS buses and NGS
nodes are deduced from the length of branches and pipelines respec-
tively, while the gas supply node is located at the same location as the
gas power plant.

Assuming that the feasible regions for typhoon basic parameters are
divided into 10 segments respectively, while the earthquake magnitude
segment interval AM is set as 0.5 and the epicentre points are enumer-
ated according to 5 km x 5 km grids. In this way, a total of 23,806

Table 1

The system-level resilience index under earthquake dj,
Method Teys (MW) Error (%) Time (s)
MCS (Cov = 0.01) 8.325 - 8059.866
MCS (Cov = 0.04) 8.428 1.24 602.279
SE (N-2) 5.586 32.90 46.189
SE (N-3) 7.420 10.87 609.720
IISE (N-2) 8.081 2.93 46.785
IISE (N-3) 8.248 0.92 619.695

300km T T T T 300km T T T
—e— EPS
250km - 1 250km [ 1 NGS
= TSR A
200km ~ 200km [ 7
== TSR B
150km
BSR C
100km &l
BSR D
50km 7
| Coastal water
0 i i) NN o N 2 I
0 50km 100km 150km 200km  250km 0 50km  100km  150km 250km

300km 300km

250km 1 250km [

200km 7 200km 1
150km 1 150km | 1
100km 1 100km |

S50km 1 S0km | NGS 1

Fig. 13. The spatial location of the test system.
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Fig. 14. The earthquake intensity distribution map of dj,
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Fig. 15. The comparison of calculation time between IISE-R3 and MCS.
619.695 s is spent on solving for the impact-increments which can be
iﬁblelz ) onted resl dices based on TD.. Do and TD invoked from RIID.
¢ planning-oriented restlience indices based on Dy, ID; and TDs. In fact, the planning-oriented resilience assessment speed is directly
1D, 1D, TDs related to the time required to solve set RD = {ry;|li =1,2,...,K}. The
Index  Result (MW) Index  Result (10°MW) Index  Result (10°MW) method of solving RD based on IISE (N-3) is noted as IISE-R3, while the
Rlsys 1.3436 R2sys  2.8590 R3sys 47916 method of solving RD based on MCS (Cov = 0.04) is noted as MCS-R.
Roy 0.3366 Ray 1.5171 Ry 1.4948 Considering that IISE (N-3) method has similar accuracy with MCS
Rio 0.1791 Ry 0.6442 Ry 1.1294 (Cov = 0.04) in Table 1, the results of IISE-R3 and MCS-R are also close.
Ru 0.1785 Ruo 0.2218 Rio 0.4818 Assuming that the calculation time of rgy;; under different disaster sce-
Rs 0.1068 Res 0.1695 Ru 0.2723 narios is the same, the total time consumed by IISE-R3 and MCS-R can be
Rig 0.0767 Rag 0.1508 Rs 0.2638 ) ?
estimated according to Table 1.
IISE-R3 method and MCS-R method are compared in Fig. 15, where t,
represents the time consumed for constructing 3-order RIID, dt is the
Table 3 time spent to solve rgy,; using IISE (N-3) with RIID; t; is the time spent to

The resilience enhancement effects of scheme A, B and C.

Scheme AR1 sys (%) AR2 sys (%) AR3 sys (%)
A 61.06 34.09 45.20
B 38.26 88.97 68.07
C 56.34 86.96 74.34

potential disaster scenarios are enumerated in TD, which contains
10,000 typhoon scenarios and 13,806 earthquake scenarios. DSD rep-
resents these disaster scenarios with different characteristics in a unified
format, which helps to comprehensively analyse the uncertain risks
encountered by IEGS.

3.6. Feasibility analysis

The planning-oriented resilience assessment is based on the solutions
of rys and r,, while Eq. (3) indicates that r,, is solved according to ryys.
Therefore, the accuracy and speed of the solving for rys determine the
feasibility of the proposed resilience assessment and enhancement
method.

Considering that earthquake disaster affects the components of EPS
and NGS at the same time, this paper takes a specific earthquake sce-
nario d; as a representative disaster scenario. The intensity distribution
of ds is shown in Fig. 14, where the epicentre of d; is (60, 120), and the
earthquake magnitude of d; belongs to segment 7 ~ 7.5.

The IISE method is used to solve the system-level resilience index ryy;
under earthquake d;, while the MCS method with the Coefficient of
variance (Cov) as 0.04 and the traditional SE method are implemented
for comparisons. In addition, the MCS method (Cov = 0.01) is used as a
benchmark method. The calculation results are shown in Table. 1, where
SE (N-i) and IISE (N-i) represent the SE method and the IISE method that
enumerate up to i-order fault states, respectively.

As can be seen from Table 1, the calculation error of IISE method is
much less than that of SE method. In addition, the result error of IISE (N-
3) is even smaller than that of the MCS (Cov = 0.04) method while
having a similar calculation time. During the calculation process of the
IISE (N-3) method under earthquake d;, approximately 619.658 s of

11

solve ryys ; using MCS (Cov = 0.04). The parameters in Fig. 15 can take on
the following values:

K = 23806
t, = 619.658s
t, = 602.279s @3

dt = 619.695 — 619.658 = 0.037

According to Fig. 15 and Eq. (23), the calculation time of IISE-R3 and
MCS-R can be estimated as

{ Tyse ~ 619.658 + 23806 x 0.037 ~ 1.5 x 10°(s) 24)

Thes & 23806 x 602.279 ~ 1.434 x 108(s)

Tysg is about one hundred thousandths of Tycs, which indicates the
huge advantage of reusing impact-increments in the IISE method. This
highlights the significant advantage of the IISE method over the MCS
method in terms of computational efficiency.

Taking both accuracy and speed into account, this paper adopts IISE
(N-3) to calculate the planning-oriented resilience indices. Based on DSD
and 3-order RIID, the proposed resilience assessment and enhancement
method can be applied well. It is worth mentioning that the case pro-
grams in this paper are implemented on MATLAB R2020b.

3.7. Numerical results

3.7.1. Resilient planning considering the diversity of natural disaster types

To illustrate the necessity of considering multi-type disasters, three
sets of disaster scenarios are proposed as:

(1) TD; = D, only typhoon is considered.

(2) TDy = D,, only earthquake is considered.

(3) TD3 = Dy, U D,, both typhoon and earthquake are considered.

The IEGS resilience assessment is implemented based on TD;, TD,
and TDs respectively. while the system-level resilience indices R1 sys, R2
sys and R3 sys corresponding to these three scenario sets are listed in
Table 2. According to the definition of the system-level resilience index,
R3 sys is the weighted sum of R1 sys and R2 sys as shown in Eq. (24),
while the weight is set based on the annual frequency. Although
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typhoons occur less frequently than earthquakes of magnitude 4 or
higher, the expected load shedding after one typhoon is greater.
Therefore, R1 sys is much larger than R2 sys and R3 sys.

S R

s = R+ sy
S T A PN

It is assumed that components are strengthened by increasing redun-
dancy, while at most one spare can be added to each component. In other
words, the failure probability of a strengthened component is equal to the
square of the initial value. Then, the component-level resilience index R,
of each component can be solved, of which the highest five are listed in
Table 2, where the subscriptn corresponds to the component number. This
paper selects five components for strengthening according to the ranking
of R,, and the resilience enhancement scheme is denoted as the set of
components to be enhanced. As shown in Table 2, the resilience
enhancement schemes based on TD,, TD and TD3 are scheme A {27, 10,
11,5,18}, scheme B{47,27, 10, 46, 48} and scheme C {47,27,10,11, 5}
respectively. It is worth mentioning that the number of each component is
given in Appendix C.

The effects of scheme A ~ C are shown in Table 3, where ARy is the
percentage of system-level index decline. AR1 sys and AR2 sys denote
the resilience enhancement of IEGS against typhoon and earthquake
respectively, while AR3 sys denotes the comprehensive resilience
improvement of IEGS considering the two types of disasters. When only
typhoon disaster is considered, just focus on the column 2 in Table 3:
AR1 sys of scheme A and scheme C are much higher than scheme B,
while AR1 sys of scheme A is slightly higher than scheme C. When only
earthquake disaster is considered, just focus on the column 3 in Table 3:
AR2 sys of scheme B and scheme C are much higher than scheme B,
while AR1 sys of scheme B is slightly higher than scheme C. When both
typhoon and earthquake are considered, focus on the column 4 in
Table 3: scheme C obtains the highest resilience enhancement AR3 sys.

Fig. 16 visualise the resilience enhancement effects of scheme A, B
and C. As shown in Fig. 16(a), AR1 sys and AR2 sys enclose a resilience
enhancement rectangle. The length and width of the rectangle corre-
sponding to scheme C are not the biggest among the three schemes,
while its area is significantly larger than that of scheme A and scheme B.
As Fig. 16(b) shows, scheme C achieves the highest resilience
enhancement of IEGS against multi-type disasters.

In a nutshell, scheme A and scheme B provide the greatest increase in
system resilience to a single type of disaster, but less to another disaster
types. By contrast, Scheme C takes the diversity of disaster types into
account and can comprehensively improve the resilience of IEGS
considering multi-type disasters.

(24)

AR, (%)
100 Scheme B
(38.26,88.97)  Scheme C

(56.34, 86.96)

80

60

40 Scheme A

(61.06, 31.09)
20
. | AR, (%)
0 20 40 60 80 100

(a) The resilience enhancement of IEGS
against single-type disaster
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3.7.2. Resilient planning considering the economic factor

The resilience enhancement scheme according to the component-
level index R, provides the greatest increase in resilience, while the
scheme according to the economic index C, pursues the most cost-
effective resilience enhancement.

Assuming that the cost of each transformer is 0.6 million USD, the
cost of overhead transmission line and gas pipeline are 1 million USD/
km and 2 million USD/ km respectively. The top five components with
the smallest C, are given in Table 4, while the top five components with
the largest R, are listed for comparison. It is worth noting that the set of
disaster scenarios considered below is TDs.

Cp is ranked from small to large according to the cost-effectiveness
ratio of strengthening each component, and the ranking result is
different from R,,. For example, component 47 is ranked first in R, while
its Cyisranked fifth. Thisis because, although reinforcing component 47 is
quite effective, the high cost of reinforcement pulls down the cost-
effectiveness ratio. The resilience enhancement scheme according to the
ranking of C, isdenoted asscheme D {27,10, 7,11, 47}. It can be seen from
Table 5 that scheme D possesses a slightly lower resilience enhancement
effect than the scheme C, while it is much more cost-effective. When
sufficient funds are available, scheme C is undoubtedly the best choice.
However, scheme D is more suitable with insufficient budget, as it bal-
ances the resilience enhancement effect with the implementation cost.

Table 4
The economic index C,, and the component-level index R,
Number C,, (billion USD/MW) Number R, (102MW)
27 5.1299 47 1.4948
10 5.3445 27 1.1294
7 7.9641 10 0.4818
11 9.4574 11 0.2723
47 9.7490 5 0.2638
Table 5

The scheme C according to R, versus the scheme D according to C,,

Scheme ARgys (%) Cost (billion USD) Cost/ ARy,
C 74.34 0.3356 0.0451
D 70.33 0.2558 0.0364
3 (o
ARS}’S ( /0)
100y
Scheme C
80 Scheme B 74.34 g
68.07
601 Scheme A 1
45.20
401 1
201 1
0

(b) The resilience enhancement of IEGS
against multi-type disasters

Fig. 16. The resilience enhancement comparison of scheme A, B and C.
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4. Conclusion and future work

This paper proposes a resilience assessment and enhancement
method for IEGS considering multi-type potential disasters within
planning time scale. The disaster scenario database (DSD) has been
developed to fully represent the impact of all potential disasters during
the planning period. The reusable impact-increment database (RIID) is
constructed, and the planning-oriented indices are calculated by
repeatedly invoking RIID. Component-level indices are calculated to
locate the weak points of the IEGS, and enhancement strategies are
developed accordingly. Resilience assessment of a test IEGS system in
Taiwan coastal seismic statistical zone confirms that IISE owns a fairly
high calculation accuracy. The comparison results between the IISE-R3
and MCS (COV = 0.04) demonstrate the advantage of using RIID to
improve computational efficiency. The resilience assessment results
indicate the importance of considering the diversity of disaster types and
the necessity to concern the economic factor under insufficient budget.

The proposed resilience enhancement scheme strengthens the top
five components based on the ranking of resilience indices, while the
logic of the strengthening order fails to be reflected. As for the back-
ground of resilience enhancement, the budgetary cost limitation is not
considered in this paper, as well as the requirement for system-level
resilience indices to meet the standard. These issues will be studied in
our future work. Besides, this paper analyses the robustness and the
redundancy of resilience for IEGS in a targeted manner, while other
resilience factors can be studied in depth later. For example, the rapidity
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can be considered by adding the weighted post-disaster recovery time to
resilience indices, and the resourcefulness can be considered by
configuring resources on standby that can be quickly allocated to an area
of need.
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Appendix A. . Proof of the necessity to modify the Component-Level index

According to Eq. (7), the system-level resilience index ryy is obtained by

j=1 seQ; ies

J
Fsys =
=

(A1)

Substitute Eq. (A.1) into Eq. (3), thus expressing resilience indices r;l and r, as

, O0ryy, N
¥, = Pn ap‘;‘_)rn = (pn 7pn) 0;:1‘

Oy !
ar? = Z Z (Hpi)Als

= seQ;  ies

nes i#n

Jrsys
0pn

Set the ratio of r,, to r,, as 7, which is expressed as

where

’

T, P
- 7
¥n Pn 7p,,

]’I:

(A.2)

is the partial derivative of rs,s with respect to pn, while its expression does not include p.

(A.3)

Obviously, 7 is constant only when the strengthening measure reduces p, proportionately, which means that the component ranking based on r/,
may be different from the ranking based on r,,. Therefore, it’s necessary to modify the definition of the component-level index so that the effect of

strengthening measure is accurately described.

Appendix B

Typhoon modelling

As shown in Table B1, the basic typhoon parameters include typhoon landing site (xo,y0), typhoon direction angle 6, original central pressure
difference AHj (hPa) and typhoon moving speed (km/h), while the direct typhoon parameter is the real-time speed v(t) at each point in the wind farm.

Typhoon probability model

According to Ref. [11], the typhoon landing site is supposed to obey a uniform probability distribution along the coastline, while the motion
direction obeys a binormal probability distribution. In addition, the original pressure difference and translational speed obey the lognormal proba-

bility distribution.
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Table B1

Potential natural disaster types.
Disaster Type Basic parameters Direct parameters
Wildfire Fire-starting pointWildfire intensityWind speedWind direction The density, temperature, humidity,pressure and soot concentration of air
Flood Rainfall intensityPrecipitation Runoff distribution

After determining the feasible region of each typhoon basic parameter, the set of potential typhoon scenarios can be obtained by applying the
combinatorial enumeration method with reference to Fig. 5. For the potential typhoon scenario dy, the occurrence probabilities of its landing site (xo,y,
Yo,w), motion direction 6, original pressure difference AHy, and translational speed vr,, are expressed as

ds
Pr(xﬂ.wayo.w) = E
»Hr% 1 e _Gmpp)? 1—¢ 7(%/‘3)2
P (6,) = ——[e M + e 7 |dx
0,2 V21 01
In(AHq ,+4L) 1 _l-ny)? (B.1)
P.(AH,,,) :/ e Y dx
in(AHg, ~4) V2T oy

Worwtd) ] )
Pr(VT,w) :/ e ™ dx
in(vr %) V270,

where S is the length of the coastline; ds, d6, dH, dv are the segment intervals of the feasible regions of typhoon basic parameters; u1, 01, pi2, 6, €, pi,
oy, jy, 0y are the distribution parameters.
As shown in Fig. B1, the occurrence probability of typhoon d,, can be obtained by

P, = Pr(x(}.vﬁy()‘w)Pr(ew)Pr(AHl],w)Pr(vT.w) (B.2)

PACT ) S(H, dH SOy S(0)

ds ﬁ
> il
i do.
| >
| T~
| \\
| N
(xo,wa’o.w) (x> ¥0) AH, H, Vr 0, 0

{
Pw = Pr ('x(],w’ yO,W) X B’(AHO,W) X PI (VT,W) X R (Hw)

Fig. B1. The occurrence probability of the generated typhoon scenario.

Typhoon attack model
Taking the typhoon landing as the initial moment, the real-time wind speed directly related to the component failure probability can be obtained
by [29]

AH(t) = AHy — 0.677[1 + sin(¢ — )]t (B.3)

Fuax(£) = 1.119 x 10°AH (1) "% (B.4)

Ve (1) = 5.221/AH(1) +0.1389v; (B.5)
_ Venae (O[O /T ()], d(0) < imax (£)

valt) = {v,-mm[rm<r>/d(r>1, d) > Faclt) 6

T = min{ AHo 1240} B.7)

0.677(1 + sin(€ — 0)]

where AH(t) is the central pressure difference at time t (hour); ¢ is the clockwise angle between the coastline and the due north direction; ry,q,(t) is
the maximum wind speed radius at time & Vpngx(t) (m/s) is the maximum wind speed at time t, v4(t) is the real-time wind speed at the point with
distance d(t) from the typhoon centre at time ¢; T is the typhoon duration, of which the upper limit is set to 240 h.

As shown in Fig. B2, typhoon lands on coastline and travels toward hinterland along the angle ¢ with speed v7. According to Eq. (B.6), the real-time
wind speed at (x4, Yq) iS Vrmax(t1) [rmax(t1)/ d(t1)] at time t; and Vymay(t2) [d(t2)/ Fmax(t2)] at time to.
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Fig. B2. Typhoon path diagram.

It is difficult for the typhoon to pose a substantial threat to transformers and NGS components [30]. Therefore, this paper assumes that typhoons
only cause damage to the overhead line. Component failure probability is related to the real-time wind speed at the point where the component is
located, while the position of the line segment is taken as its midpoint. The failure probabilities of the tower and the line segment at time t are
expressed as [11]

0, Vh(t) S [O,V‘MW}
8i(1) = { MO 2unl -y (1) € Vs 2Vam) (B.8)
1, V(1) € [2vam, ]
5,(0) = expl11 x 0 1gjan (B.9)
Va,is

where v;,(t) and vy, (t) are the real-time wind speeds of tower h and line segment h' respectively; v, and vq s are respectively the design wind speeds
of tower and line segment; y is the model coefficient, which is taken as 0.4 in this paper; Ah (km) is the length of the line segment.
The cumulative failure probabilities of the tower h and the line segment A" during the typhoon are obtained by [11]

N1

Mn=1—exp{= Y _[ou(kA?)/(1 — 5,(kAr))] At}
= (B.10)
Ay =1—exp[= Y 8, (kAr)Al]

where N; is the number of time segments; At is the interval of each time segment, which is taken as 1 h.
The towers and line segments of the same overhead line form a series system, so the failure probability of overhead line w is obtained by

po=1-J0 =) ][0 -2, (B.11)

hew W ewn

List of other potential disaster types

In DPM of wildfire disaster, the distribution functions of the fire-starting point, wildfire intensity, wind speed and wind direction can be obtained
by the multivariate logistic regression model. DAM of wildfire disaster applies the wildfire spread model to get the air physicochemical properties of
each point in the affected area, so as to calculate the component failure probability under wildfire condition. For example, the failure probability of
transmission line is related to the breakdown voltage of air gaps, which can be solved based on the wildfire direct parameters.

Suppose that the flood disaster is caused by rainfall. DPM of flood disaster obtains the distribution of rainfall intensity and precipitation based on
historical statistical data, which can be used to generate potential floods. In DAM of flood disaster, Xinanjiang model [31] can be used to calculate the
runoff distribution, which is used as input to the component probability model.

The proposed unified research framework still applies to wildfire and flood. However, for some uncommon types of disaster, the associated
modelling is extremely difficult and their incorporation into DSD still requires breakthroughs in the relevant fields.

Appendix C. . Detailed introduction of the test system
The EPS parameters in the test system is given in Ref. [32], while component number 1 ~ 38 correspond to the rows of the IEEE RTS 79 branch
matrix in order. Therefore, the NGS component number starts from 39 as shown in Table C3.

The parameters of the four gas power plants are listed in Table C1, where Pp,q, and Pp, are the upper and lower limits of the output of gas power
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Table C1
Gas power plant parameters.
EPS Bus NGS Node Ppax (MW) Ppin (MW) a (Sm*®/MWh)
2 14 192 0 180
13 7 591 0 180
15 8 215 0 180
21 2 400 0 180

plants respectively; a represents the natural gas required per IMWh of electricity output.

The natural gas system node parameters are listed in Table C2, where Gq is the gas load and G(P) means that the gas load of the node depends on the
output of the gas power plant connected to it; Smqx and Spin are the upper and lower limits of the gas source output respectively; Zmqx and zpm;, are the
upper and lower limits of the nodal pressure respectively.

Table C2
Natural gas system node parameters.
Node G4 (MMCFD) Smax (MMCFD) Smin (MMCFD) Tmax (PSia) Tmin (PSia)
1 - 250 0 1200 600
2 G(P) - - 700 400
3 40 - - 700 400
4 0 - - 1200 600
5 0 - - 1200 600
6 0 - - 1200 600
7 G(P) - - 700 400
8 G(P) - - 700 400
9 0 - - 1200 600
10 - 250 1200 600
11 - 1200 600
12 50 - - 700 400
13 50 - - 700 400
14 G(P) - - 700 400
Table C3
Natural gas system pipeline parameters.
Number From To L (km) K (MMCFD/psia)
39 Node 1 Node 2 62.5634 0.3635
40 Node 1 Node 3 82.7830 0.3158
41 Node 2 Node 3 47.7344 0.4105
42 Node 2 Node 4 45.0616 0.4319
43 Node 3 Node 6 68.9798 0.3495
44 Node 5 Node 8 48.2803 0.4175
45 Node 7 Node 10 53.3592 0.2577
46 Node 9 Node 12 101.3107 0.1766
47 Node 11 Node 13 72.8629 0.2080
48 Node 12 Node 13 80.6226 0.2101
49 Node 12 Node 14 63.5522 0.2365
50 Node 13 Node 14 71.3812 0.2105

The natural gas system pipeline parameters are listed in Table C1, where L is the length of the pipeline; K is the parameter in Weymouth equation,
which is expressed as

2 _p2( 2 2
fF=K |”me o

(Cn

where f is the gas flow in the pipeline, 7p,m and 71, are the inlet and outlet pressures of the pipeline respectively.
The natural gas compressor parameters are listed in Table C4, where kpy,qx and kp;, are the upper and lower limits of the compression ratio kc
respectively; D, is the parameter in the consumption characteristic equation, which is expressed as

G, =Df.(kK+ — 1) (C.2)

where G is the gas consumption of the compressor; f, is the gas flow through the compressor; « is the polytropic index of compression, which is
taken as 1.4.
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Table C4
Natural gas compressor parameters.

From To Kmax Kmin D,

Node 4 Node 5 1.8 1.2 0.0129

Node 6 Node 7 1.8 1.2 0.0129

Node 8 Node 9 1.8 1.2 0.0129

Node 10 Node 11 1.8 1.2 0.0129

Appendix D. . Disaster modelling parameters

Ref. [11] provides the distribution of typhoon basic parameters, which are listed in Table D1.

To reflect a certain level of typhoon resistance for the overhead transmission line, the design wind speeds of the tower and transmission line
segments are both set as 35 m/s.

Considering that the test system is in Taiwan seismic statistical area, the G-R coefficient b is taken as 0.92. In addition, the earthquake intensity
attenuation parameters sourced from Ref. [33] and the intensity-based failure probability parameters sourced from Ref. [34-35] are shown in
Table D2 and Table D3 respectively.

Table D1

The distributions of the typhoon basic parameters in the study area.

Typhoon Basic Parameter Feasible Region

Distribution Expression

(x0,Y0) (0,0)~(0,250) x0U(0, 250)
Yo =Xo/5
0 —180°~180° 6S(—73.3392,22.58912; —7.2084,70.35322; 0.5035)
AH, 0 ~ 80 hPa InAH,N(2.9001,0.62742)
vr 0 ~ 50 km/h InvyN(2.6680,0.51852)
Table D2
The earthquake intensity attenuation parameters.
Intensity attenuation parameter value
long axis A1 /short axis Ay 5.7123 / 3.6588
long axis By /short axis By 1.3626 / 1.3626
long axis Cy /short axis C» —4.2903 / —3.5406
long axis ¢, /short axis ¢, 25 km / 13 km
Table D3

Parameters related to component failure probability under earthquake.

Parameter Intensity-6 Intensity-7 Intensity-8
P 2.55E-06 7.03E-06 1.83E-04
Aa 6.45E-06 5.04E-04 2.57E-03
Rs 0.0001 0.001 0.01
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