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Abstract

Due to the increasing interactions between the natural gas system (NGS) and electric power
system (EPS), the failures of power-lines or gas pipelines in one system may influence
another system and consequently trigger widespread disruptions. Hence, identifying these
critical components and protecting them from malfunctions are essential to prevent the
collapse of integrated gas and power systems (IGPSs). Considering the effects of both net-
work topologies and operational features on the resiliency evaluation, a novel assessment
framework is proposed in this paper to screen out critical power-lines and gas pipelines.
First, the framework of IGPSs is introduced and an optimal energy flow (OEF) model
is constructed to quickly obtain the operation states under various disturbances. Further-
more, the resiliency metrics (RMs) are developed from structural and operational perspec-
tives respectively. Specifically, structural RMs consider the coupling topologies to capture
the structure-related resiliency, while operational RMs analyse the resiliency related to gas
and power flow to capture physical operation characteristics. Finally, an assessment algo-
rithm synthesizing all the metrics is proposed to quantify the comprehensive resiliency,
based on which critical power-lines and pipelines (CPPs) can be detected. The effective-

1 | INTRODUCTION

Over the past few decades, the proportion of natural gas power
generation has extremely incteased due to operation flexibilities
and environmental benefits of gas-fired units (GFUs). Mean-
while, several electricity-driven facilities are adopted in natural
gas systems (NGSs) whose electricity supplies are from elec-
tric power systems (EPSs) [1]. The deployment of GFUs and
electricity-driven equipment greatly intensifies the interactions
between NGSs and EPSs. To this end, any disturbance in one
system induced by outages of some critical components could
spread to the other one, and consequently cause catastrophic
disruptions to the whole system. A dramatic real-world example
is the electrical blackout that affected much of Texas on Febru-
ary 15, 2021: the outage of gas infrastructure such as pipelines
and gas wells caused by the extreme cold weather directly led to
the interrupted gas supplies for GFUs, which caused the further
breakdown of power stations. More than 4.8 million consumers

ness of the proposed approach is validated by an IGPS test system.

were seriously affected [2, 3]. Therefore, it is of great signifi-
cance to identify these critical components and protect them
from malfunctions to prevent the collapse of systems.
Generally, the resiliency of one component refers to the func-
tionality degradation degree of the system when the compo-
nent is out of service [4]. In integrated gas and power sys-
tems (IGPSs), the failure of generating units or substations is
less frequent than that of transmission line outages, and the
possibility of gas node malfunction is also much smaller than
that of pipeline failures [5]. Hence, in this paper, the compo-
nents with respect to the resiliency analysis of IGPSs mainly
refer to the power-lines and pipelines. Moreover, the power-
lines and pipelines with high resiliency are regarded as crit-
ical power-lines and pipelines (CPPs). For instance, the out-
ages of critical pipelines could cause the interruption of gas
fuels supplied to GFUs, consequently reducing the generating
capacity of EPS [6]. The tripping of critical power-lines could
lead to the interruption of power supplied to NGS, causing the
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malfunction of electricity-driven gas sources (EDGSs) [7].
Under this background, it is in urgent need to quantify the
resiliency of power-lines and pipelines and find out CPPs for
preventing IGPSs from tremendous disruptions under unex-
pected disruptive events or deliberate attacks.

In previous studies, the resiliency assessment has been cat-
ried out extensively for engineering systems, such as transporta-
tion systems [8], power systems [9—12], and natural gas sys-
tems [13]. In [8, 10], the resiliency of transportation systems
and power grids is analysed respectively from the perspective
of network topology. In [9, 11], the framework of power grid
resiliency assessment is proposed during extreme events, such
as wildfire and high wind. In [12], a hybrid approach is devel-
oped for evaluating the power system resiliency by incorpo-
rating the topological analysis and reliability metrics. Besides,
numerous efforts have been devoted to assessing the resiliency
ot vulnerability from the component-level point based on vari-
ous methods, such as graph theory [8, 10—14], fault chain theory
[15], entropy theory [16] and so on. The proposed techniques
can be classified into two categories: structure topology-based
methods and operation analysis-based methods. The first cat-
egory mainly takes into account the topological characteristics
of networks combined with physical properties, such as admit-
tance or power flow of power-lines and energy supply reliability,
then establishes structure-related resiliency metrics (RMs) [17].
In [18], a weighted betweenness based on the shortest elec-
trical path is presented. In [19], an improved maximum flow
approach is used to assess the structural resiliency or vulnera-
bility of power systems. In [20], the cascading outages are mod-
elled as the fault graph by which the power-line resiliency is
converted into the corresponding topological importance in the
graph, and then metrics such as degree and betweenness can
be developed. In [13] the element importance of NGSs is anal-
ysed from the topological perspective. However, pure structural
metrics may not correctly reflect the resiliency due to neglecting
system operation characteristics. The vulnerability or resiliency
of components may change significantly under different opera-
tion states despite being in the same topological structure [4].

As a result, to bridge the above gap, the second category
methods utilizing operation analysis tools are proposed for
resiliency evaluation. In [21, 22], several RMs based on numer-
ical simulations of cascading failure are put forward. In [23],
both static (via optimal power flow) vulnerability and dynamic
(via transient stability) vulnerability of power networks are
assessed considering load uncertainties. In [16], the concept
of power flow entropy is defined to describe the distribution
characteristics of power flow, then the operational RMs are
constructed by incorporating the power flow entropy. Never-
theless, these metrics are developed based on the independent
operation of power systems or natural gas systems, without con-
sidering the integration and interdependency with each other,
such as IGPSs. To investigate the impact of ever-increasing
interdependence between NGS and EPS, several studies have
been conducted focused on the reliability and security problems
of IGPSs. In [7], the interdependence-induced cascading effects
are considered in the nodal reliability evaluation of IGPSs, but
the operation of NGS and EPS is still optimized separately.

In [24, 25], the long-term and short-term reliability of IGPSs
are analysed respectively based on integrated optimal energy
flow techniques, but the resiliency of components has not been
deeply studied. In [20], the vulnerable components of NGSs
and IGPSs ate analysed from the structural perspective, but the
operation properties such as energy flow redistribution under
disturbances are not considered. Besides, the components con-
cerning the resiliency analysis focus on nodes in the network,
without analysing the links such as power-lines and pipelines
that are more likely to fail in reality [5]. Therefore, the frame-
work with a set of key metrics for joint resiliency assessment of
pipelines and power-lines in IGPSs is seldom addressed in the
literature.

It is worth emphasizing that the integration of NGSs and
EPSs would pose new challenges to the resiliency assessment.
On one hand, due to the interdependences of EPSs and NGSs,
more factors need to be considered for metric construction
compared with individual systems, such as the coupling network
topologies and operation interactions. On the other hand, allow-
ing for different structural characteristics and operation proper-
ties, the metrics for power-lines and pipelines should be distinct.
Moreover, owing to the complexity and diversity of metrics, it is
more difficult to establish a reasonable and effective evaluation
algorithm to synthesize these metrics. To tackle the above chal-
lenges, this paper proposes a novel method for quantifying the
resiliency of power-lines and pipelines in IGPSs. The main con-
tributions are summarized as follows:

1. Metrics in terms of structural and operational integrity are
introduced to quantify the resiliency of power-lines and
pipelines in IGPSs. In specific, structural RMs considet-
ing the coupling topologies are constructed based on the
complex network theory to capture the structure-related
resiliency, while operational RMs are established to analyse
the resiliency related to energy flows under various distur-
bances.

2. An optimal energy flow (OEF) model is constructed to
determine the operation states of IGPSs under various dis-
turbance scenarios such as power-line and pipeline out-
ages. Moreover, the model is transformed into mixed-integer
linear programming by utilizing linearization techniques to
relieve the computation burden considerably.

3. An assessment algorithm is proposed to synthesize all the
metrics to quantify the comprehensive resiliency and identify
CPPs. Specifically, the optimal combination weight (OCW)
is utilized to determine the weight of each metric integrat-
ing both subjective and objective weighting methods, and
the technique for order preference by similarity to an ideal
solution (TOPSIS) method is improved to quantify the com-
prehensive resiliency.

The remainder of this paper is organized as follows. In
Section 2, the structure and operation model of IGPSs are
introduced. The multi-dimensional resiliency metrics are devel-
oped in Section 3. The assessment algorithm synthesizing all
the metrics to quantify the comprehensive resiliency and detect
critical power-lines and pipelines is proposed in Section 4. Case
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studies are carried out in Section 5 and the conclusions are
given in Section 6.

2 | DESCRIPTION OF INTEGRATED
GAS AND POWER SYSTEMS
2.1 | Structural framework for IGPSs

The desctribed IGPSs consist of NGS and EPS, as shown in
Figure 1, which can be depicted as the combination of two net-
works: NGS network and EPS network. The NGS network is
comprised of gas nodes that represent gas sources (gas wells) or
gas loads. The gas nodes are connected by gas pipelines includ-
ing gas passive pipelines and compressor branches (or active
pipelines). The EPS network consists of electric nodes repre-
senting generating units or electric loads. The electric nodes are
connected by power-lines such as transmission lines and trans-
former branches. The NGS network and EPS network ate inte-
grated through coupling infrastructures, including GFUs and
EDGSs.

The gas flow produced by gas wells is transmitted to
gas loads by gas pipelines and the power flow produced
by generating units is transmitted to power loads by powet-
lines. Meanwhile, the gas flow transmitted from NGS is
supplied to GFUs for electricity generation and the power
flow in EPS is supplied to EDGSs to maintain the normal
operation.

2.2 | Failure propagation within IGPSs

As shown in Figure 1, the ever-increasing interdependence of
NGS and EPS could lead to a wider range of failure propagation
in IGPSs. In specific, the outages of power-lines would not only
affect the operation of EPS but also influence the operation of
NGS. As shown in Figure 2, the EDGSs are inevitably shut
down due to the interrupted power flow when some power-
lines trip, further leading to the redistribution of gas flow and
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FIGURE 2 llustration of failure propagation within IGPSs

gas demand curtailments in the NGS. Moreover, the pipeline
failure affects the NGS and EPS simultaneously. The generating
capacity of GFUs would be reduced because of the interruption
of gas fuels when some pipelines malfunction as shown in Fig-
ure 2, causing the transfer of power flow and load shedding in
EPS.

As a result, the resiliency assessment for IGPSs should take
into account the interdependence between the EPS and NGS.
Of note, considering the node failure is less frequent than trans-
mission line outages and pipeline failures in IGPSs [5], the com-
ponents for the resiliency analysis in this paper mainly refer to
power-lines and pipelines.

2.3 | Optimal energy flow model

One of the important issues before resiliency assessment is to
determine the operation states of IGPSs under various distur-
bance scenarios, such as the power-line tripping and pipeline
outages. To this end, a scenario-based OEF model is developed
by jointly optimizing the operation states of the EPS and NGS.
The objective is to minimize the operation cost of IGPSs, that

is, the sum of production cost and load shedding cost for NGS
and EPS.

. ! gl / 1 pl / /
min Z G <Fsour,i’FI,S,z'> + Z C/ <Pgen,/"PGFU,/’PLs,/)

i€l jE]
)

Subject to the following NGS operation constraints (2)—(9),
EPS operation constraints (10)—(16), and coupling constraints
(17)~(20).

The gas flow balance equation at gas node #

”
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The relationship between gas flow and node pressures for
passive pipelines satisfies Weymouth equation [27]:

/ /
(ﬂpgl - ﬂng) (3)

The relationship between gas flow and node pressures for

Sl =

compressor branches:

/ / 2 / /
Tﬁc)fﬁ’ M ([,1—71'/)52), Tp 20 <4)

The gas variable constraints:

min / max
)}mur i sourt,/ = Eourz —J%ourz sour,/ (5)
min / 'max
S S Dy Sy, (©)
min / max
SR SI N ()
? / z /
min max
ﬁcZ <y/7c ) S ﬂf’cl - (y/)c > ch (8)
/
0< FLS: < andz (9)

The power flow balance equation at EPS node ;:

/ /
chn,j + PGFU,/ - PlOﬁd/ + PLS/
(10)
/ /
z/ée[q G) Pl — Z/eekz(/) )
The relationship between power flow and phase angle:
=, -6/ 11
pfxs ( 1 /<2) Xk 11
The electric variable constraints:
n / ax
P(an‘l“*U ¥ < P(JFU ¥ < P(rJnFU ¥ (12)
Pmin < P/ < pmax. (13)
gen, /7 gen, gen,
—pI LSy AP (14)
emn <o) < pom (15)
J J J
0< P[;/ = Road,j (1 6)

For GFUs, the conversion relationship between gas con-
sumption and power output can be expressed as:

/

Boru - = Mozl v G 17

where j — 7 means that the GFUs at electric node ; are con-
nected to gas node 7.

For EDGSs, the normal operation depends on the power
supply of the connected electrical nodes. If the power supply
is lower than a certain value, which is related to the amount of
gas production, the gas sources would be shut down [1]. So the
operational constraints of EDGSs can be expressed as:

1 Pload,‘/ 131/5/ > NG sm:(z|z—>/
= (18)
0 Ao, P S e

jsour,i

sout. 7|Z—)/

All formulas in the above OEF model (1)—(18) are linear
except for Weymouth Equations (3)—(4) and the operation con-
straint of EDGSs in Equation (18). The Weymouth equations
can be linearized by utilizing piecewise linearization approxi-
mation [28]. Moreover, the linear representations of Equation
(18) can be given as Equations (19)—(20) by introducing auxil-
fary binary variable | .

/ / /
Zsour,z’ -1 < 1 _Jsour,i < f<’sour,z‘ (19)

/ —
Zsour,i - ( ]_S /+7)P2(1 sour1|1—>] >/H()ad/ (20)

where 7 — j means that the EDGSs at / is connected to
J g's/our’l. is an auxiliary continuous variable and calculated as
Equation (20). Equations (19), (20) denote that if the load
curtailment is not less than the threshold value, i.e. P/ IS, >

max /
Road, = M2l » then i, 2 T and I =0, that s,
the gas source would be shut down; otherwise, PLbj < Roud o

ax

77PZGIESZIur,ﬂz'—>(/’ Zc;/our,z' <1 and]ﬁour,z’ =1

By utilizing the piecewise linearization approximation tech-
nique and the linear representations of constraint (18) as Equa-
tions (19)—(20), the OEF model can be transformed into
a mixed-integer linear programming problem, which can be
solved quickly by commercial software such as CPLEX. It
should be noted that the established OEF model can be utilized
to determine the operating states of IGPSs under both not-
mal and vatious disturbance scenarios (i.e. outages of pipelines
or power-lines). For instance, if one power-line fails, it can be
removed from the network topology of IGPSs, then the OEF
model can be used to determine the operating states under
the updated network topology. The operation states include the
energy flow (i.e. power flow and gas flow) through each pipeline
and power-line, the gas and electricity load curtailment at each
load node, which can be used as input to the calculation of RMs
proposed in the next section.

3 | MULTI-DIMENSIONAL RESILIENCY
METRICS

The multi-dimensional RMs are developed in this section con-
sidering both topological structute and system operation states
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as well as the interaction between NGS and EPS. As shown
in Figure 3, the structural RMs are first constructed based on
the complex network theory considering the initial operating
states of IGPSs. Meanwhile, the operational RMs are estab-
lished to quantify the resiliency related to the energy flow
under contingency states. To compute RMs, the OEF model
developed in Section 2.3 is utilized to determine the operat-
ing states of IGPSs under various scenarios. Finally, the assess-
ment algorithm synthesizing all the RMs is proposed in the
next section to quantify the comprehensive resiliency, based
on which critical power-lines and pipelines (CPPs) can be
detected.

3.1 | Structural RMs for pipelines

3.1.1 | Gas betweenness centrality

In the complex network theory, the betweenness centrality of an
edge is described by the number of shortest paths through the
edge [19], which is calculated as:

n, (at)
BCy =) =—— @1)
f?k/ g,r,[

where g;, refers to the number of shortest paths from node s
to node 4 #, (&) refers to the number of shortest paths through
edge ain g .

The betweenness centrality metric BCy describes the abil-
ity of an edge to control the transmission capacity of the net-
work. The larger the betweenness centrality, the greater the
impact on the transmission capacity of the network after remov-
ing the edge, and the more critical the edge is. Therefore,

the betweenness centrality is commonly utilized to reflect the
importance of an edge in the network in terms of topological
structure.

However, the metric BCy, in Equation (21) cannot be directly
applied to the component resiliency assessment of IGPSs since
it fails to take the physical operation characteristics into account.
On one hand, it considers that the length of all edges is the same
when searching for the shortest paths between node pairs, while
the length of edges in IGPSs is different due to distinct param-
eter values, such as transmission coefficient Zl/Ip for pipelines
and reactance x; for power-lines. On the other hand, the met-
ric BCy neglects the weights of each node pair and path, but the
weights are different depending on the amount of carried energy
flow.

To compensate for the above deficiencies, the gas between-
ness centrality (GBC) for pipelines is defined by modifying 5Cy,
as

XX @l ST

i#i'€l meC,

Z
Z Coz'/d”/

i#i'el’ meC, y

GBC) = 22)

where @, , refers to the weight of node pair between 7and 7 and
can be calculated as (23). 4, is the weight of the »-th shortest
path between node 7and 7 and equal to the minimum transmis-
sion capacity of pipelines contained. It is worthwhile to mention
that the reciprocal of pipeline transmission coefficient 1/M, is
taken as the pipeline’s length when calculating the shortest path
between node 7 and 7, since the gas flow through pipelines is
proportional to M, according to Weymouth equation [27] and
Equation (3). Specifically, the larger the A, for pipeline p, the
larger the gas flow through it, and the smaller the pipeline’s
length.

/
C/J/,,l., = min <Fsc'))urz’ E‘”d r T F(y('FU > (23)

As shown in Equations (22) and (23), the GBC, considers
the transmission properties of pipelines and gas flow in IGPSs
such as the gas production of gas wells and gas consumptions of
loads. The larger the GBC,, the greater the impact on the trans-
mission capacity of the gas network after removing the pipeline,
and the more critical the pipeline is.

3.1.2 | Gas degree centrality

In the complex network theory, the degree centrality [29] of a
node is computed by the number of adjacent nodes. The large
degree means the great importance of the node on the network.
Because the conventional degree centrality metric fails to con-
sider the physical operation characteristics of IGPSs, the gas
degree centrality (GDC) for gas nodes is defined as

zpel)(i) ff)ma\ + P;our i + FGFU ; + and i
2

GDC; = (24)
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Based on the GDC; for gas nodes, the GDC metric for
pipelines is calculated by averaging the GDC; of nodes at both
sides of the pipeline:

GDC,, + GDC,
GDCy, = B S— (25)

As shown in Equations (24) and (25), the GDC; for gas nodes
and GDC}, for pipelines consider the transmission capacity of
pipelines as well as gas flow in IGPSs. The larger the GDC,
the greater the impact on the transmission capacity of adja-
cent nodes after removing the pipeline, and the more critical
the pipeline is.

It is worth noting that although both GBC), and GDC), met-
rics describe the resiliency of pipelines in terms of topological
structure, they are not the same. The GBC, characterizes the
global importance of pipeline in the network, while the GDCP
is to depict the local importance of pipelines related to adjacent

nodes.
3.2 | Structural RMs for power-lines
3.2.1 | Electrical betweenness centrality

Similar to the GBC}, metric for pipelines, the electrical between-
ness centrality (EBC) for power-lines is defined as

X X @ 5
/€] €L,

Z Z w ! 0;1/.,

J#/'€] €L 1

7/ N
EBC, =

(26)

where @ refers to the weight of node pair between node /
and ;” and can be calculated as (27). o” iy
shortest path between node j and ;” and equal to the rmrnmum

is the weight of the #-th

transmission capacity of power-lines contained; i = ;/ means
that the EDGSs at gas node 7 is connected to electric node /. It
is worthwhile to mention that the reactance of power-line x is
taken as the power-line’s length when searching for the short-
est path between node ; and /, since the power flow through
power-lines is inversely proportional to x; according to Equa-
tion (11). Specifically, the larger the x, for power-line £, the
smaller the power flow through it, and the larger the power-line’s
length.

w'./.,./., = min <Pg3n ; + PGFU . Pload,/ + Mpo soj:llzﬁ/ )
@
As shown in Equations (20) and (27), the ZBC), considers the
transmission properties of powet-lines and power flow in IGPSs
such as the electricity generation of common generating units
and GFUs and power loads. The larger the ZBC}, the greater
the impact on the transmission capacity of the power network
after removing the power-line, and the more critical the power-

line is.

3.2.2 | Electrical degree centrality
Similar to the GDC), metric for pipelines, the electrical degtee
centrality (EDC) for power-lines is defined by:

EDC,, + EDC,,

(28)
where £DCyy and EDC}, refer to EDC metric for electric

nodes at both sides of power-line £, which can be calculated
by Equation (29).

Z/eek(/)lb ma\ + Prcn/ + P(;FL i + Pload/
EDC, = > (29)

As shown in Equations (28) and (29), the £DC; for elec-
tric nodes and £ZDC), for power-lines consider the transmis-
sion capacity of power-lines as well as power flow in IGPSs.
The larger the ZDC}, the greater the impact on the transmis-
sion capacity of adjacent nodes after removing the power-line,
and the more critical the power-line is.

It is worth noting that ZBC) and EDC), metrics describe
the resiliency of power-lines from different perspectives. The
EBC}, characterizes the global importance of power-lines in the
network, while the ZDCY is to depict the local importance of
power-lines related to adjacent nodes.

3.3 | Operational RMs for pipelines and
power-lines

In Sections 3.1 and 3.2, the structural RMs for pipelines
and power-lines are established respectively to describe the
resiliency in terms of topological structure based on the normal
operation states. Nevertheless, the operation states of IGPSs
could change from normal states to various contingency states
with the occurrence of pipeline outages or power-line tripping,
which has a significant impact on the resiliency of components.
Therefore, the operational RMs for pipelines and power-lines
are developed in this subsection to reflect the resiliency related
to energy flow.

3.3.1 | Energy flow transfer entropy

In EPS, when a power-line fails, the power flow through it
will be redistributed to other power-lines, which may cause
the overload of some other power-lines and even lead to cas-
cading failures. The uneven degree of power flow redistribu-
tion caused by the failure of distinct power-lines is different.
In [16], the power flow entropy is proposed to measure the
diversity of the load distribution in the network. Nevertheless,
it does not consider the power flow redistribution caused by

failure disturbances, such as power-line failures. To character-
ize the uneven degree of power flow redistribution when a
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power-line is broken, the power flow transfer entropy (PFTE) is Equation (34).
proposed as:
Af~
pipe,/’
?Ree = - 77,%’ klnnk’ ya (30) nﬁ’,:('i Y (34)
¢ Zk/EK Zp’GP f pipe,p/

where R is the PFTE caused by the malfunction of power-line
k. Npy s the power flow impact ratio on power-line £” caused
by the malfunction of power-line £ and can be calculated by
Equation (31).

Aquiic,k' (31)
M=o 7
ZK‘.’EK Apfiinc,/e’

where Ap j?l/; o is the incremental power flow of power-line
&’ caused by the malfunction of power-line & and can be
calculated by Equation (32). Considering the possibility of
reverse flow, the scenario in which the absolute values of cat-
ried flow after component failures are larger than the initial

values is considered when calculating Ap f and so ate

line, &>
A];fpe’p/, A];)Z;pe,p’ and Apﬁine,k’ in Equations (35), (42) and
@3).
|pflﬂ(. / ﬁflnl. /
p;mnf _ 3 ’pfmc /é’| |pjl-;;c,k’|
Apj;/;e o = line, & lme v (32)
0 |p]€me /é” = |p lme k’|

As shown in Equations (30)—(32), the R{‘ measures the
diversity of the power flow redistribution caused by the fail-
ure of power-line £ Two extreme cases are the maximal value
= In K when

1 . . .
' = —, thatis, the incremental power flow of all power-lines
K= 72> p p

and the minimal one. The maximum value is ERZC

is the same. The minimal value is R’ = 0 when the incremental
power flow is concentrated in only one powet-line, which is very
likely to cause the overload of other power-lines. As a result, the
smaller the ERZC, the more uneven the power flow redistribution
after removing the power-line, and the more critical the power-
line is.

Due to the interaction of EPS and NGS, the failure of power-
lines may also influence the operation of NGS. For instance, the
EDGSs are inevitably shut down due to the interrupted power
flow when some power-lines trip, further leading to the redis-
tribution of gas flow and demand curtailments in the NGS. In
order to characterize the uneven degree of gas flow redistribu-
tion when a power-line is broken, the gas flow transfer entropy

(GFTE) is proposed as
g _
RE = —zp,epnﬂ,/ﬁlnnﬂ’k 33)

where ER ¢ is the GFTE caused by the malfunction of power-
line £. 77]) ¢ is the gas flow impact ratio on pipeline p’ caused
by the malfunction of power-line £ and can be calculated by

where A ]; K‘;‘pc Y is the incremental gas flow of pipeline p’ caused
by the malfunction of power-line £ and can be calculated by

Equation (35).

‘ pipe, p’ plpL

g - max g0 | lpeﬁ |plpc |
A];ipe,pr =1/ pipe,s/ A pipe,s/ (35)

0

‘ 1pep ‘ 1P3P

Based on ng and Eij as well as the initial power flow, the
energy flow transfer entropy (EFTE) for power-lines can be

defined as:
) (36)
/é

where » means the weight of power-line failure impact on

EFTEkzpf/f’< R +(

EPS. An extreme case is » = 1, indicating that only the power
flow redistribution is considered in the resiliency assessment of
power-lines.

In the same way, the energy flow transfer entropy (EFTE) for
pipelines can be defined as:

1 1
EFTE, = f) (ﬂmgg +(1— ) mge) 37)

where mig and ER‘ZC are respectively the GFTE and PFTE
caused by the malfunction of pipeline p, which are calculated
by Equations (38) and (39). # refers to the weight of pipeline
failure impact on NGS. An extreme case is # = 1, indicating that
only the gas flow redistribution is considered in the resiliency
assessment of pipelines.

g8 _
mﬁ - Z[«;/ep nf/’f) ln nﬂ’f) (38)
R =— Zka e lnne, (39)

where 7),,, and 7)., are respectively the gas flow impact ratio on
pipeline p” and power flow impact ratio on power-line £’ caused
by the malfunction of pipeline p, which are expressed as:

P
_ A];ipc,ﬂ 40
Nyp= Z A » (40)
yer j;ipe,p’
P
7 _ Ap]iine,,é/ (41)
p =& AP
ZE’EK Ap];jnc,k’
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where A f ” and

gas flow of plpehne P’ and incremental power flow of power-

» . .
Ap ]Ime’ . are respectively the incremental

line £’ caused by the malfunction of pipeline p.

fp'pe v p'pe v |

) |
plpe v | ’fplpe

P —
By = @)
0 et = e
plpc 7/ plpc
[)];mt & ‘ﬁfhnc & 0
» Py , ’pfmc /é’| |pjl-inc,k’|
Apﬂine’k/ = line, £ lme £ (43)
0 |p]€me ,é” = |p lme k’|

As shown in Equations (36) and (37), the ZFTEy and EFTE),
respectively reflect the disturbance degree of power-line failures
and pipeline failures to energy flow redistribution. The larger
the £FTE, and EFTE,
tribution caused by power-line and pipeline failures, the more

, the more uneven the energy flow redis-

likely it is to cause new failures, so the more critical the power-
line and pipeline are.

3.3.2 | Load curtailment severity

As an effective metric to quantify the reliability indices such
as loss of load probability (LOLP), loss of load expectation
(LOLE), and loss of load frequency (LOLF) in power sys-
tems [29], the load curtailment has been utilized widely to
characterize the consequence of various failures. In IGPSs,
when one power-line or pipeline fails, the power or gas load
curtailment could occur to maintain the system operation.
Therefore, the load curtailment severity (LCS) metric is devel-
oped as another important metric to measure the resiliency
of power-lines and pipelines from the point of energy supply
reliability. The LCS metrics for power-lines and pipelines are
defined as:

Soth, Dot
1CS, = v SIS0 ) T gy
Z[Gl and,z' Z/E] oad,;

DI > P
LCSP = ﬂﬂ + (01 —u LSy (45)
Zl'ej E()ad,z' Z/EJ oad,;

As shown in Equations (44) and (45), the LS, and LCS),
respectively reflect the effects of power-line and pipeline fail-
ures on gas and power load curtailment from the point
of reliability. The larger the LCS; and LCS),
power and gas load curtailment caused by power-line and

the more

pipeline failures, the more critical the power-line and pipeline
are.

4 | ASSESSMENT ALGORITHM BASED
ON OCWS AND IMPROVED TOPSIS

In this section, the assessment algorithm is designed to synthe-
size all the metrics proposed in Section 3 to quantify the com-
prehensive resiliency and detect CPPs. The OCW is first utilized
to determine the weight of each metric and the improved TOP-
SIS method is utilized to quantify the comprehensive resiliency.

4.1 | Weight optimization model for RMs

The evaluation matrix [30] is represented as R = [rgg]nxar
where 7,3 denotes the value of metric § for component a; N
and M are respectively the numbers of components and met-
rics. In this papet, the components refer to the pipelines and
powet-lines, and the metrics are RMs established in Section 3.

The weight of each metric can be obtained by expert
preferences-based subjective weighting methods or data
characteristics-based objective weighting methods. In order to
take both the data characteristics and the preferences of experts
into account, the weight optimization model is established to
obtain the optimal combination weight (OCW) of each metric.

The weight optimization model is proposed as Equation (46),
in which the objective is to minimize the sum of deviation
squares between the optimal weights and subjective/objective
weights. The subjective weighting method adopts the analytic
hierarchy process (AHP) technique and the objective weighting
method adopts the criteria importance through intercriteria cot-
relation (CRITIC) method [29].

. M
min Yo, o pg0p = Top)” + Pos (W = Tog)’

St Pug = Tup/ (g +Tog) (46)
p(),(?’[ = T(),ﬁ/(Ts,ﬁ + T(),ﬁ)
Ypoimp =1, w20

where g is the OCW of metric 8; 7, g and 7, g are the subjective
weight and objective weight of index (3, which are determined
by AHP and CRITIC method respectively; p, g and p,, g denote
the weighting coefficients of subjective and objective weight of
index f3.

4.2 | Ranking method based on improved
TOPSIS method

The TOPSIS method is an effective technique for ranking and
evaluating multi-objective systems [31]. By constructing the
“ideal solution” and “negative ideal solution” of multi-objective
problems, the relative importance of the schemes can be evalu-
ated by calculating the closeness. However, conventional TOP-
SIS usually adopts expert weighting methods such as AHP to
obtain the weights, which is subjective and atbitrary.

In this paper, an improved TOPSIS method is utilized to
rank the resiliency. By solving the weight optimization model in
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Equation (46), the OCW of each metric #g could be obtained,
then the weighted resiliency matrix R’ = [r; ﬁ] N can be cal-
culated, where r(; = rapug-

The “ideal solution Rt and “negative ideal solution R~ are
defined respectively as Equations (47)—(50).

R = [’r,r;' ---,r+,...rj;] (47)
R™ = r],ry o yrgs eyl (48)
where
rﬁ;r = max{rllﬁ”z,,g’---’ﬂl\,ﬁ} B=1,2,..., M (49)
rg = minirigh rgh gl B=1,2,.., M (50)

The comprehensive resiliency ), of each component is
defined as:

Xa = a=1,2,..,N (51)

+ —
Oy + 04

where 0}, and d are respectively the Euclidean distance between

the 7, and R or R™, which are expressed as:
ap

M

o= Zﬁzl (s =13 (52)
M

iy = Zﬁ=1 s =13) (53)

As shown in Equations (51)—(53), the comprehensive
resiliency )y, of each component reflects the closeness between
the evaluation value and the “ideal solution” and the deviation
degree between the evaluation value and the “negative ideal
solution”. The larger the comprehensive resiliency X, the closer
its evaluation value is to R and farther from R™, and the more
critical the component is.

4.3 | Algorithm for identifying CPPs

The flowchart of the proposed method is illustrated in Figure 4

to describe the process for the assessment of the approach.
Furthermore, in order to convey the message in the flowchart

to duplicate the proposed approach, the assessment algorithm

with the commands is concluded in Algorithm.

5 | CASE STUDIES

In order to elaborate the effectiveness of the proposed method,
the IEEE 30-bus power system [1] and the Belgian 20-node gas

(_start |
'

Input initial operation data and network topology parameters of IGPSs ‘

Determine the operating states of IGPSs by solving the scenario-based
optimal energy flow model

Stru:ttu ral RMs

Obtain the structural resiliency metrics
I

Determine the structural RMs Determine the structural RMs for
for gas pipelines: GBC and GDC power-lines: EBC and EDC
| |

[ 1

()pcl;‘;nimml RMs

‘ Obtain the operational resiliency metrics
I
] [
Determine the operational RMs Determine the operational RMs for
for gas pipelines: EFTE and LCS power-lines: EFTE and LCS
| |

| |
]

Assessment method i

Determine the OCWs of metrics for gas pipelines and power-lines by
solving the weight optimization model

Calculate the comprehensive resiliency of pipelines and power-lines
based on the improved TOPSIS method
(]
Rank the pipelines and power-lines from large to small according to the
comprehensive resiliency

|
JR A
| End )

FIGURE 4

Flowchart for resiliency assessment of IGPSs

system [27] are modified and combined to compose the test sys-
tem. As shown in Figure 5, there are seven generating units and
41 power-lines (including three transformer branches) in EPS,
and six gas sources (gas wells) and 19 pipelines in NGS. Mean-
while, there are 5 GFUs at electric nodes 5, 7, 8, 11 and 13,
whose gas fuels are provided by gas nodes 3, 12, 6, 10 and 15
respectively. On the other hand, the gas sources at gas nodes 1,
2, 5 and 8 depend on power supplies from electric nodes 14,
21, 30 and 26. The remaining units are assumed to be common
generating units such as coal-fired units, and other gas sources
are powered independently. The capacity of power-lines is equal
to 1.5X of power flow in the initial state and set as 15 MW if
less than 15 MW. The capacity of pipelines is equal to 1.3X of
gas flow in the initial state and set as 5 X 10> m? /h if less than
5 % 10° m’/h.

The initial operating state is obtained by solving the OEF
model as described in Equations (1)—(20), and the results are
shown in Table 1. It can be seen that the installed capacity of
GFUs accounted for 47.9% of the total installed capacity, and
the output of GFUs accounted for 48.1% of the total output.
Obviously, the NGS and EPS are deeply coupled.

5.1 | Calculation results of RMs

The calculation results of RMs proposed in Section 3 are
shown in Figures 6 and 7 respectively. It can be seen that the
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Electrical power system

30B:

FIGURE 5  Testintegrated power and gas systems

ALGORITHM 1 IGPS Resiliency Assessment Algorithm

13N

TABLE 1

Initial operation state of the test system

Input: Network topology parameters of IGPSs, system operation
parameters such as generating capacities, and load demands.

Output:  Comprehensive resiliency ) and CPPs.

1: for/=1to N,do

2: Remove the pipeline or power-line from the network.

3: Calculate the OEF model (1)—(20) based on the updated
network, and obtain the /th operating state of IGPSs.

4: end for

5: forp=1to N, do

6: Calculate the structural RMs for pipeline p, including the GBC
and GDC metrics as shown in Equations (22) and (25).

7: Calculate the operational RMs for pipeline p, including the

EFTE and LCS metrics, as shown in Equations (37) and (45).
8: end for
9: for £=1to N, do

10: Calculate the structural RMs for powet-line 4, including the
EBC and EDC metrics as shown in Equations (26) and (28).

11: Calculate the operational RMs for power-line 4, including the
EFTE and LCS metrics as shown in Equations (36) and (44).

12: end for

13: Calculate the AHP-based subjective weight and CRITIC-based
objective weight for each metric.

14 Calculate the weight optimization model (46) and obtain the
OCW of each metric.

15: Calculate the comprehensive resiliency for pipelines and
power-lines based on the improved TOPSIS methods
(47)—(53).

16: Rank the pipelines and power-lines from large to small according

to the comprehensive resiliency and detect CPPs.

17: Return Comprehensive resiliency x, and CPPs

Natural gas system Power system

Node of  Output Upperlimit Busof  Output  Upper
sources  (m3/h)  (m3/h) units (MW) limit (MW)
1 17391 17391 1 126.83 150
2 1500 12600 2 20.29 100
5 6995 7200 3 29.08 50
8 33018 33018 7 50.00 50
13 1800 1800 8 6.23 50
14 1440 1440 11 49.07 50
- - - 13 1.89 30
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FIGURE 6 Resiliency metric values for pipelines

distribution of different metrics is not completely the same,
because they reflect the resiliency from various perspectives.

As shown in Figure 0, the structural RMs including the GBC
and GDC metrics of pipelines P, and Py q4 are very large,
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FIGURE 7 Resiliency metric values for power-lines

but operational RMs including the EFTE and LCS metrics are
not, meaning that the structural resiliency is more obvious than
operation resiliency. It can be seen from Figure 5 that pipelines
Py, and P44 are located in important positions in the network
with high degree and betweenness, but the load can be balanced
through nearby gas sources after outages, so the failure impact
on flow redistribution as well as load loss is not serious. For
pipelines Pyq_17, P17.1s, P1g.19 and Pyg_5, the values of four RMs
are all small. It can be seen from Figure 5 that pipelines Pqy_q7,
P17.18, Pig.19 and P95 are located at the end of the network
and the gas flow through them are very small. So their position
in the network is insignificant and the failure impact on system
operation is also negligible.

As shown in Figure 7, the EBC metric of power-lines L 7 and
Lg.19 is very large since they are located at the outlet of generat-
ing units at electric nodes 7 and 11, which ate inevitably passed
by many shortest paths. However, the power flow through
power-lines L7 and Ly 19 are not large, and the failure impact
on flow distribution is also small, so the values of EFTE met-
tic are not high. Power-line L,5 54 is located at the end of the
EPS network, but the values of LCS metrics are very high. This
is because the carried power flow by L,5.54 is supplied to the
source at gas node 8 that, on removal, would have a great threat
to the gas production of NGS. Therefore, power-line Ly5.54
plays an important role in both network topology and system
operation.

5.2 | Identification of CPPs

Based on the calculation results of RMs, the assessment algo-
rithm proposed in Section 4 is employed to calculate the
comprehensive resiliency and detect CPPs. The top 5 critical
pipelines and power-lines are listed in Table 2 based on different
weighting methods.

It can be seen that pipelines Py 1 and Pg g are the most criti-
cal based on the proposed OCWs method, whose four RMs are
all very high as shown in Figure 6. It can be seen from Figure 5
that pipelines Pg_ g and Py_y are located in important positions
in the network topology with high degrees and betweennesses.
Besides, the two pipelines transmit the largest gas flow in the

TABLE 2  Ranking results of CPPs by different methods

Pipelines Power-lines

Rank Name OCWs AHP CRITIC Name OCWs AHP CRITIC

1 Poyy 100 096 1.00 L, 100 100 091
Pgo 099 095 099 Loy 083 0.69 1.00
Pigs 093 1.00 087 Loig 077 064 095
Py 074 071 073 Ly, 068 062 073
Py 064 060 066 L,s 062 053 072

S B L S I S

network, reaching 33.018 m?>, and whose temovals cause a lot
of load curtailment at gas nodes 10, 12, 15 and 16. Therefore,
Pg.g and Py 4 are very critical in terms of both topology and
reliability.

As shown in Table 2 and Figure 7, the values of EBC and
EDC metrics of power-lines Lg_1; and Lg_j( are not particularly
high but the values of comprehensive resiliency are the sec-
ond and third largest because of high EFTE and LCS values,
validating that the proposed assessment algorithm could inte-
grate multi-dimensional factors to evaluate the comprehensive
resiliency.

To validate the effectiveness of the proposed OCW-based
weighting method, the results of comprehensive resiliency based
on the AHP and CRITIC method are also listed in Table 2. It
can be seen from Table 2 that the ranking results based on the
three methods are slightly different because of different con-
cerns. For example, the AHP-based method pays more attention
to the EFTE metric and the value of pipeline Py4 45 is the high-
est, s0 P4 15 is ranked the most critical. However, the remaining
three metrics of Py 15 are significantly smaller than Py j and
Pg_o, so the results obtained by the AHP-based method are too
subjective. Although Py 5 is ranked third by both OCWs-based
and CRITIC-based methods, the comprehensive resiliency of
P14.15 based on the former method is much larger, showing that
the OCWs-based method can take into account both subjective
and objective factors.

In order to illustrate the impacts of the integration of NGS
and EPS on the resiliency assessment, the distribution of com-
prehensive resiliency results with and without considering intet-
dependencies are shown in Figures 8 and 9 respectively. An
obvious observation is that the integration of NGS and EPS
could strengthen the resiliency of pipelines and power-lines
located near the coupling infrastructures such as GFUs and
EDGS:s. Specifically, for the inlet pipelines and outlet power-
lines of GFUs, their failures would result in the shortage of
power generation or load curtailments in EPS,; so the resiliency
would increase. For the power-lines connected to nodes that
supply power to EDGSs, their malfunction would cause the
connected EDGSs to be shut down, further leading to gas load
loss. Therefore, the resiliency of these power-lines could be
more obvious.

In order to verify the validity of the resiliency results, deliber-
ate attacks and random attacks are carried out on the test system
respectively. Deliberate attacks are to disconnect the identified



CPPs according to their comprehensive resiliency values from
large to small, and random attacks are to randomly select the
corresponding number of components to attack and the results
are averaged by 100X. Besides, to compare the different conse-
quences caused by deliberate attacks and random attacks, two
indices are adopted: the residual load and the number of severe
components, which are respectively used to quantify the damage
from the point of reliability and safety margin. Severe compo-
nents refer to the pipelines or power-lines carrying energy flow
more than 70% of the transmission capacity (i.e. the safety mar-
gin is less than 30%). The more severe pipelines or power lines
in the system, the smaller the safety margin of the components.
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The attack results with respect to the residual load and the
number of severe components are shown in Figure 10 and 11
respectively. It can be seen from Figure 10 that the load cur-
tailment caused by deliberate attacks is much larger than ran-
dom attacks whether in NGS or EPS, indicating that the relia-
bility level of IGPSs is significantly reduced. Specifically, delib-
erate attacks on six identified critical pipelines quickly reduce
the residual gas load to less than 25%, while random attack
only reduces the remaining gas load to 70%. For EPS, deliberate
attack on ten identified critical power-lines reduces the residual
power load to less than 30%, while random attack only causes
20% load loss.
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1.0 10 TABLE 3  Initial operating state of the test system in high coupling degree
scenario
Sos Sost Natural gas system Power System
a, —#— Deliberate attack [=%
;’ —e— Random attack ;
€06 € 06 Node of  Output Upperlimit Busof  Output  Upper
- — sources  (m3/h)  (m3/h) units (MW) limit (MW)
& ;) -
S04 S04l 1 17391 17391 1 50.00 50
) 5 B
% % e Deliberate attak 2 12600 12600 2 20.30 50
02 R g2 " Randomatiack 5 6623 7200 3 2259 80
8 33018 33018 7 70.00 80
2 3 4 5 6 "o i 23456780900 13 1800 1800 8 1000 80
Number of attacked pipelines Number of attacked power-lines 14 1440 1440 1 50.51 80
FIGURE 10  Attack results of residual load for NGS and EPS - - - 13 60.00 60
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FIGURE 11  Attack results of severe components for NGS and EPS

Moreover, the accumulated number of severe pipelines and
power-lines under each deliberate attack is larger than random
attacks as shown in Figure 11. In other words, during the delib-
erate attack process, more pipelines and power-lines carry much
energy flow with small safety margin (less than 30% of the trans-
mission capacity), which is more likely to cause further failures
due to overloading, As a result, the identified CPPs play a sig-
nificant role in the safe and reliable operation of IGPSs. Once
these CPPs fail due to deliberate attacks, a lot of gas and power
load would be shed and the safety margin of components is
reduced, bringing great damage to the system. Therefore, opet-
ators should focus on protecting the detected CPPs to ensure
the safe operation of the system.

5.3 | Comparison under different coupling
degrees between NGS and EPS

In order to observe the impact of coupling degrees between
NGS and EPS on the resiliency assessment, the installed capac-
ity of common units is reduced from 250 to 100 MW to increase
the coupling degree between NGS and EPS. Meanwhile, the
installed capacity of GFUs is increased from 230 to 380 MW to
keep the total installed capacity of the system unchanged. The
initial operation state of the test system in high coupling degree
is shown in Table 3. It can be seen that the output of all gas

QY QP R ¥ R RE R ‘}SQ'\*’\\Q\"OQ\““QQ R R T
Pipeline number

FIGURE 12
degrees

Comparisons of pipelines resiliency under different coupling

sources is almost at the upper limit, and the proportion of the
GFU output to total output is increased from 47.9% to 75.2%.

The comparisons of comprehensive resiliency for pipelines
and power-lines between the high coupling degree scenatio and
original scenario are shown in Figures 12 and 13 respectively. It
can be seen from Figure 12 that the resiliency of the pipelines
located around the source at gas node 2 such as Py, P, 3 and
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P54 is enlarged because the gas output is increased from 1500
to 12,600 m>/h, while other pipeline resiliency changes little
because the output of gas sources and gas flow in pipelines
change little.

However, the resiliency results of power-lines have more
change than pipelines as shown in Figure 13, because the output
of generating units change a lot in the high coupling degree sce-
nario. For example, the resiliency of power-lines Ly 5, Ly 3, L 4,
L;_4 and I, 5 has declined in the high coupling degree scenario
because the output of unit at electric node 1 connected with
these lines is greatly reduced, from 126.83 to 50 MW, result-
ing in a decline in the transmission role of these lines. On the
contrary, the resiliency of power-lines Ls 7, Lg7, Lg_g, L9 and
L1513 is increased due to the significant increase of GFU output
at electric node 7, 8, and 13. Therefore, the resiliency of compo-
nents located around the coupling infrastructures is more easily
affected by the change of coupling degree.

6 | CONCLUSION

In this paper, a novel method for quantifying the resiliency of
pipelines and power-lines in IGPSs is put forward. To deter-
mine the operation states of IGPSs, a scenario-based optimal
energy flow model is proposed and is transformed into a mixed-
integer linear programming problem. Then, multi-dimensional
RMs in terms of both structural and operational integrity are
introduced. Moreover, a new technique synthesizing all the met-
rics is proposed to quantify the comprehensive resiliency and
detect CPPs. Numerical results of case studies show that the
proposed method could capture the structure features and opet-
ating characteristics as well as the interactions of NGS and EPS,
to screen out CPPs effectively. The pipelines and power-lines
located in important positions in the network topology or hav-
ing large impacts on flow redistribution as well as load loss when
out of service, show larger resiliency. Besides, the integration
of NGS and EPS could strengthen the resiliency of the com-
ponents that are located near the coupling infrastructures, and
the resiliency of power-lines is more easily affected by the inte-
gration of NGS and EPS. If the operation operators could pro-
tect or strengthen these CPPs pertinently, the system robustness
could be greatly improved.

Nomenclature

Abbreviations

AHP
CPP  Critical power-lines and pipeline
CRITIC

Analytic hierarchy process

Criteria importance through intercriteria correlation

EBC Electrical betweenness centrality
EDC Electrical degree centrality
EDGS Electricity-driven gas source
EFTE Energy flow transfer entropy
EPS  Electric power system
GBC Gas betweenness centrality
GDC  Gas degree centrality

GFU
IGPSs
LCS Load curtailment severity

Gas-fired unit
Integrated gas and power systems

NGS Natural gas system

OCW  Optimal combination weight
OEF  Optimal energy flow

PFTE Power flow transfer entropy

RM  Resiliency metric
TOPSIS  Technique for order preference by similarity to an

ideal solution

Indices and sets

£, 7 Setof shortest paths between gas node 7and 7’
,f/- » Setof shortest paths between electric node 7 and
j}

7,7 Index of gas nodes

1, ] Set of gas nodes/electric nodes

1,7 Index of electric nodes

K(j) Set of power-lines connected to node j

k, £’ Index of power-lines

Ki(), K5())  Set of power-lines whose initial /terminal node is
connected to node /
ki, & Index of initial /terminal node of power-line £

/  Index of system state sequence
4 Inital state

P  Set of pipelines connected to node 7

P, K Set of gas pipelines/power-lines

b, p’ Index of gas pipelines

P1,p>  Index of initial /terminal node of gas pipeline p

P (@), P(7) Set of gas active pipelines whose initial /terminal
node is connected to node /

Pet> Pz Index of initial /terminal node of gas pipeline p.
Porpe Index of gas passive pipelines/gas active
pipelines
Py, P Set of gas passive pipelines/gas active pipelines

Py (?), Ppp(d)  Set of gas passive pipelines whose ini-
tial /terminal node is connected to node 7

Index of initial/terminal node of gas passive
pipeline p,

pgl’ng

Variables

/

. Gas production of gas well at node 7 and state /
sour,/

FI,/S,i Gas load curtailment at node 7 and state /
FC/;FU,i Gas consumption for gas-fired unit at bus 7 and state
/
];i Gas flow through gas passive pipeline p, at state /
T;C Gas flow through gas active pipeline p. and state /

7, Gas pressure square at node 7 and state /

Electricity generation of common generating unit at

gen,/
node ;and state /
P(Z}FU,/ Electricity generation of gas-fired unit at node 7 and
~ state/
PL/S,/. Electricity load curtailment at node j and state /
¥ fo Power flow through power-line £ at state /

o’ Voltage phase angle at node j and state /
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/
J. sour,/

/
f{"S(mr,i

State of gas well at node 7 and state / (binary variable).

/
J. souf,/
Auxiliary continuous variable of gas well at node 7and

= 1 if the gas well is normal;jgou“. = 0 if not.

state /

&

Gas flow of pipeline p’ after the outage of pipeline p

Gas flow of pipeline p’ after the outage of power-line

Power flow of power-line £’ after the outage of

pipeline p

Power flow of power-line & after the outage of

power-line £

P
LS,

Gas load curtailment at node 7 after the outage of

pipeline p

LS,/

Electricity load curtailment at node j after the outage

of pipeline p

£
LS,:

Gas load curtailment at node 7 after the malfunction

of line £

1S,

Electricity load curtailment at node ; after the mal-

function of line £

Parameters

cl)

ce)

1 ioad,z'
7
o

7 (@)

Xk
g
i

Jo/

¢ (k)

Pload, J
G-
NGor
Nr2G

pjpkmax

max min
sour,7>" sout,/

fmax max
P /b

max .min
T, T,

Y *i

max ,,min

Voo ¥ p.

max min
Foru, it

Gas system operation cost function at node 7
and state /

Power system operation cost function at node
Jand state /

Gas consumption at node 7

Transmission capacity of the m-th shortest
path between node 7 and 7’

gZ, (p) = 1 if the m-th shortest path between
node 7 and 7’ contains pipeline p; gZ’I., (» =0if
not.

Reactance of power-line £

Transmission capacity of the #-th shortest path
between node s and

¢ ;,j’ (&) = 1 if the #-th shortest path between
node ;j and ;” contains power-line £; {;/ (&) =
0 if not. ’

Power load at node /

Heat value of natural gas

Conversion efficiency of gas-fired units
Conversion factor of electricity-driven gas
sources

Transmission capacity of power-line £
Uppet/lower limit of gas production capacity
of gas well at node 7

Transmission capacity of pipeline p/passive
pipeline p,

Uppet/lower limit of gas pressure square at
node /

Upper/lower limit of compressor ratio of gas
active pipeline p.

Upper/lower limit of generation capacity of
gas-fired unit at node /

Pgrgg"/ ,Pg‘:]”j Uppet/lower limit of generation capacity of
~ common generating unit at node ;
ejmx,e;nm Uppet/lowet limit of voltage phase angle at
node /
MM, ” My ~ Transmission coefficient of gas pipeline
p/passive pipeline p, /active pipeline p,
N; Number of system states
N,, Ny Number of gas pipelines/power-lines
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