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Vulnerable Lines Identification of Integrated Electricity and Natural Gas Systems

Considering Wind and Photovoltaic Generation Uncertainties
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ABSTRACT: With the intensified integration of electricity and
natural gas system, any disturbance or failure of the vulnerable
line in one subsystem may propagate to another system,
consequently resulting in a failure of the whole integrated
system. To this end, a novel method to identify vulnerable lines
of integrated electricity and natural gas system was proposed.
Firstly, a stochastic co-optimization model of integrated
electricity and natural gas systems considering wind and
photovoltaic generation uncertainties was constructed to access
the normal and contingency operation conditions of the
integrated system. Specially, vulnerability of lines in the
integrated electricity and natural gas system was discussed
from the point of topological vulnerabilities and functional
vulnerabilities via local centrality and power flow changing
entropy, respectively. The line vulnerability index, considering
both topological and functional vulnerabilities, was constructed
to identify vulnerable lines for the integrated electricity and
natural gas system. Finally, the geodesic vulnerability and
generation/load imbalances were used to quantify influences
when the vulnerable lines are out of service. Numerical results
of a 6-bus electricity/7-node gas system and a 24-bus
electricity/20-node gas system illustrate the effectiveness of the

proposed method.
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Fig.1 Topology of the 6 bus electricity-7

node natural gas integrated system
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Table 1 Rank of vulnerable lines in the 6 bus electricity-7

node natural gas integrated system

BT
VA‘-/ . )
. WFEE 1 B 12

TR ITIEV 1E) DV i JHRIIE(V 1) DV L
1 E2-E4(0.8664) E2-E4 E1-E4(0.8231) E2-E4
2 E4-E5(0.7099) El1-E2 C1-E4(0.7986) E1-E2
3 E1-E2(0.6494) E1-E4 G5-N1(0.5775) E1-E4
4 E2-E3(0.5964) E2-E3 NI1-N2(0.5411) E2-E3
5 N5-N6(0.5393) E4-E5 E2-E4(0.5302) E4-E5
6 C1-V4(0.4953) N2-N5 N4-N7(0.5220) NI1-N2
7 E5-E6(0.4782) Cl1-V4 E4-E5(0.5082)  N2-N5
8 E1-E4(0.4655) E3-E6 E1-E2(0.4537) E3-E6
9 E3-E6(0.4639) NI-N2 E2-E3(0.3800) C1-V4
10 N2-N5(0.3872) E5-E6 N3-N5(0.3016)  E5-E6

11 NI1-N2(0.3624) N3-N5 ES5-E6(0.2716) P1-N2

12 N4-N7(0.2437) N5-N6 PI-N2(0.2637)  G5-NI
13 N3-N5(0.2029) N4-N7 N2-N5(0.2244)  N3-N5
14 — — E3-E6(0.2201)  N5-N6

15 - — N5-N6(0.2189) N4-N7

T2 o BETR%ERSEERF
Table 2 Rank of vulnerable lines with different wr

Vi HE LI T (Vi 1H)
i or 20%

wr 40% wr 60% wr 80%

1 CI-E4(0.8819) EI1-E4(0.8277) E1-E4(0.8185) E2-E4(0.8121)
2 EI-E4(0.8370) C1-E4(0.8263) CI-E4(0.7708) E1-E4(0.8092)
3 N4-N7(0.8088) G5-N1(0.6429) E2-E4(0.6242) EA4-E5(0.7313)
4 G5-N1(0.7738) N4-N7(0.6176) E4-E5(0.5825) C1-E4(0.7153)
5 NI-N2(0.6145) NI-N2(0.5656) N1-N2(0.5167) E1-E2(0.5717)
6 N3-N5(0.4289) E2-E4(0.4363) G5-N1(0.5120) E2-E3(0.5179)
7 EI-E2(0.3356) E4-E5(0.4338) E1-E2(0.4930) N1-N2(0.4678)
8  N5-N6(0.2967) EI-E2(0.4143) N4-N7(0.4263) P1-N2(0.3996)
9 E4-E5(0.2851) N3-N5(0.3440) E2-E3(0.4260) G5-N1(0.3812)
10  E2-E4(0.2484) E2-E3(0.3341) P1-N2(0.3090) E5-E6(0.3576)
11 E2-E3(0.2422) N5-N6(0.2448) E5-E6(0.3002) N2-N5(0.3366)
12 E5-E6(0.1855) E5-E6(0.2429) N2-N5(0.2618) E3-E6(0.3002)
13 E3-E6(0.1400) P1-N2(0.2184) N3-N5(0.2591) N4-N7(0.2351)
14 PI-N2(0.1278) E3-E6(0.1934) E3-E6(0.2468) N3-N5(0.1743)
15 N2-N5(0.1122) N2-N5(0.1870) N5-N6(0.1930) N5-N6(0.1412)

BT DV IFUERER - ER R R P LR
A SE MR, DR GG 55 28 % 1) F R 45 S PT Re A AE
W2 LANESSEHET B AR % B, BB 1 R
B 12 BT DV VEHF IR 0 e 55 0 2R 3
E2-E4, A SCHTHE AR B 12 HER S 5 i 55
LRE% N E1-E4. XFTIFB 12 5, KN G1, G2,
G5 1 P2G W& T84T IRA, BRI i i 55 1 2%
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Fig.2 Geodesic vulnerability of the 6 bus

electricity-7 node natural gas integrated system
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Table 3 Generation/load imbalances result of the

6 bus electricity-7 node natural gas integrated system
TG PR TT % DV %
KOKWTIT HY
HERRGAT HEERGATF

MG RR S himy Lms
#Hi /(MW -h) i /(MW-h)

1 E1-E4 19.39 E2-E4 0.00

2 Cl1-E4 849.10 E1-E2 25.80
3 G5-N1 803.84 E1-E4 229.53
4 NI1-N2 1567.77 E2-E3 298.66
5 E2-E4 1610.67 E4-E5 344.93

WK 3 o, ASCHTIRIESFR B e 9 2k %
KX BRSO E, SEERARSGME A
TR R, UHIASOITIR AR B K2R LE
DV VEHHRBI L eSS . 28 EPTIR, AL
P e 59 2 B HF R IT IR RN 5 18 7 - B E R Gt
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Table 4 Rank of vulnerable lines in the 6 bus

electricity-7 node natural gas integrated system in hour 12

Vi, ]
£2 T LN G AT KGN ) EEEE 1 S e - A L ES N [eBEa e

1 E2-E4 C1-E4
2 E4-E5 N4-N7
3 El-E4 N1-N2
4 EI-E2 E2-E3
5 E2-E3 E2-E4
6 P1-N2 E4-E5
7 G5-N1 E1-E4
8 E3-E6 N3-N5
9 E5-E6 PI-N2
10 N3-N5 E5-E6
11 C1-E4 E1-E2
12 N5-N6 N5-N6
13 N1-N2 N2-N5
14 N4-N7 E3-E6
15 N2-N5 G5-N1

Jik— B SRS HEIU S 4 T
X eSS LI AER AT, R AL AR
B LU AL IRl IR A B804 il GRS RS T i, T
EM BRI, M RGE KRR TR
BEATAOAL, PRI AR . B 12 (e 55 4k
PR RWE 5 Pros. WTUEN, BORGERA
ARG AR, B RS e 58 B HE P A2
WK, E1-E4 ANEEH ) R 98 Zkis, X
BRI T . SRS IR, RIS S 4L
B Cl WEMFRHEI RGN, RBRIRGEA
Fia C1 X R RGPS, [HUL4i E1-E4
FER IR G NE IS EHE T T R .
®5 B, SEGERRAUS SR ERRSEHF
Table 5 Rank of vulnerable lines for co-optimization and

independent optimization in electricity and

natural gas systems
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Fig. 3 Distribution of line vulnerabilities in the 24 bus

electricity-20 node natural gas integrated system
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Table 6 Line vulnerabilities analysis result of the 24 bus

electricity-20 node natural gas integrated system

Vi HIpAR i ST
I WEssZs s HMIESE LA S RIS L 5

1 E1-E4 E4-ES NI1-N2

2 CI-E4 E2-E3 N4-N7

3 G5-N1 E1-E4 N3-N5

4 NI1-N2 E3-E6 N2-N5

5 E2-E4 E2-E4 N5-N6

6 N4-N7 E5-E6 _

7 E4-ES E1-E2 —

R IRV DV
i UK T T - N
. HEERGA HEERGA
H,:]Hf@ggéf o =] e L B =g=] e L
Bk LBk P ik P
/(MW-h) /(MW-h)
5 15;14;6;18;16 0.00 6:8;12:13;14 0.00
10 17;22;N5;13;29 4642.07  15:16;17;29;1  296.39
15 8:20;9;12;25 4987.28 2:4;9;23;24 441.29
20 26;N9;G20;N18;21  6158.17  3;10;18;19;20  656.64
25 1;4:2;10;N21 6378.40  21;28:5;11;22  947.54
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Table 7 Rank of vulnerable lines in electricity and

natural gas systems

554k AT 554k RS
BT RARAERS BAORSG | B RRAERSE RS
1 N9 15 6 N16 20
2 N5 17 7 N18 13
3 N8 16 8 N19 12
4 N17 14 9 N12 18
5 N1l 6 10 N14 21

®8 FERBBNATHHEMRMEISLEIHIAILEER
Table 8 Comparison of vulnerable lines between
considering and ignoring uncertainties of
wind and photovoltaic power
He g5 Lk M55 LRGN
2Rt Mg MO 25 18 KO A Zeit 2ms KOG AN & B XU A
iy ) miLE | Hr Bres) L)

1 150.6445)  15(0.8593) | 6  29(0.5239)  17(0.6727)
2 16(0.6411)  14(0.7364) | 7 55(0.5152)  22(0.5635)
3 17(0.6262)  6(0.6890) | 8  13(0.5117)  N5(0.5517)
4 14(0.5995)  18(0.6824) | 9  43(0.4887)  13(0.5416)
5 24(0.5298)  16(0.6806) | 10  12(0.4650)  29(0.5234)
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With the intensified integration of electricity and
natural gas system (IEGS), any disturbance or failure of
the vulnerable line in one subsystem may propagate to
the other one, consequently resulting in failure of the
whole integrated system. To this end, a novel method to
identify vulnerable lines of integrated electricity and
natural gas systems is proposed.

In this paper, to analyze vulnerability of the IEGSs,
we define vulnerable lines as the ones that will severely
compromise security performance when out of service.
Topological vulnerability analysis and functional
vulnerability analysis are the two generally used methods
to identify vulnerable lines for independent electricity
and natural gas systems. In observing distinct limitations
of the aforementioned methods, this paper targets to
develop an approach that simultaneously considers
topological and functional characteristics to effectively
identify vulnerable lines of the IEGSs.

A stochastic co-optimization model of integrated
electricity and natural gas systems considering wind and
photovoltaic generation uncertainties is constructed to
access the normal and contingency operation conditions
of the IEGS. Specially, the interconnection between
electricity and natural gas system is fully considered
through the modeling of gas-fired unit, power to gas
equipment, and electric-driven compressor equipment.

Vulnerability of lines in the integrated electricity
and natural gas system is discussed from the point of
topological vulnerabilities and functional vulnerabilities
via local centrality and power flow changing entropy,
respectively. The line vulnerability index VTij, which
considers both topological and functional vulnerabilities,
is constructed to identify vulnerable lines for the

integrated electricity and natural gas system, as shown in

(1)—(6):
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Furthermore, the geodesic vulnerability and
generation/load imbalances are used to quantify

influences when the vulnerable lines are out of service.
Numerical results of the 6-bus electricity/7-node natural
gas integrated system show that the proposed method
can effectively identify vulnerable lines of the IEGSs, as
sholv;/n in Fig. 1 and Table 1.

1.0

Value of geodesic vulnerability/pu
Value of geodesic vulnerability/pu

Fig.2 Geodesic vulnerability of the 6 bus electricity-7 node
natural gas integrated system
Table 1 Generation/load imbalance result of the 6 bus

electricity-7 node natural gas integrated system

# of Proposed method DV method
vulnerable Generation/load Generation/load
Line ID Line ID

line failures imbalances/MWh imbalances/MWh

1 El-E4 19.39 E2-E4 0.00

2 C1-E4 849.10 EI-E2 25.80

3 G5-N1 803.84 E1-E4 229.53

4 N1-N2 1567.77 E2-E3 298.66

5 E2-E4 1610.67 E4-E5 344.93




