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Abstract—Energy systems, e.g., power systems and natural gas
systems, are increasingly interdependent, which brings benefits un-
der normal conditions and introduces risks under extreme weather
events, e.g., hurricanes. A comprehensive method is proposed to
reflect the spatial-temporal hurricane impacts on interdependent
power and natural gas systems. Mechanism analysis based and
data based component failure models are used to map hurricane
effects on exposed component failure probabilities based on which
system states are generated using Monte Carlo simulation. For
system states with failed components, the integrated energy flow is
developed to determine minimum joint load shedding considering
inherent properties of each system and characteristics of inter-
dependence coordinately. Operational metrics and infrastructure
metrics are employed to quantify the service adequacy and network
resistance of the interdependent energy systems, respectively. The
modified IEEE 24-reliability test system and the 12-node natural
gas system under a simulated hurricane are used to validate the
effectiveness of the proposed method. Simulation results show the
method can identify weak parts and quantify the performance of
interdependent power and natural gas systems under hurricanes to
provide information for effective and coordinative preparedness.

Index Terms—hurricane, interdependence, component failure,
resilience, integrated energy flow.

I. INTRODUCTION

LONG THE EVOLUTION of energy systems, power
A systems and natural gas (NG) systems have become highly
interdependent due to the increasing connections among them.
For example, the utilization of NG for power generation has
grown steadily [1] while gas facilities are also preferably driven
by electricity [2]. Interdependence provides environmental, eco-
nomic, and operational benefits under normal conditions [3], [4].
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However, risks associated with interdependence might emerge
under extreme weather events (EWEs) [5]. Mitigating the threats
from EWEs, resilience-oriented research on energy systems has
gained growing attention from independent systems to interde-
pendent ones.

The resilience of a system under EWE:s is directly associated
to the system features and characteristics of the extreme event
it suffers [6]. In the area of power system, various works have
been done in components failure models under EWEs, resilience
assessment methods, resilience metrics as well as resilience
enhancement strategies. Under EWEs, the failure probability of
exposed components, e.g., power transmission towers, is closely
related to the evolving weather conditions. Traditional models,
e.g., the two or multi-state weather models [7] as well as the
regional weather model [8] are not adequate to capture the im-
pact of time-space-changing weather conditions on component
failure probabilities. Statistical models based on data [9], [10]
and models based on mechanism analysis [11], [12] represent
component failure as functions of various factors, and take
continuously changing weather condition as an input variable,
thus can better reflect the weather impact on component failure
probabilities from both spatial and temporal perspectives. [13]
develops a conceptual framework to provide fundamentals to
model and quantify the power system resilience. [14] presents
a probabilistic method to evaluate the resilience of power dis-
tribution systems under different weather scenarios. [15], [16]
propose resilience metrics from different perspectives, e.g., op-
eration, infrastructure, and topology etc., to quantify the power
system resilience specifically. [17], [18] introduce resilience
enhancement strategies.

Coordination of interdependent power and NG systems under
normal conditions has been well studied in e.g., co-optimal
planning [19], optimal energy flow [20], and operation schedul-
ing [3], [4], to utilize interdependence to achieve benefits. Under
EWEs, interdependence could introduce risks as disruptions
in one system can permeate to the connected ones and may
loop back through coupling links. For example, quit of gas
compressors due to electricity cut off caused by EWEs may
result in gas load shedding, which could lead to fuel reduction
even interruption supplied to gas-fired generators (GFGs). A
shortage of fuel could further contribute to the outage in the
power system. However, little work is done to explore the perfor-
mance of interdependent power and NG systems under EWEs
considering individual system properties and interdependence
characteristics coordinately. [21] proposes a proactive method to
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enhance the preparedness of multiple energy carrier microgrids
by energy storage, using steady-state gas flow model without
modeling compressors. [22] proposes a resilience-constrained
unit commitment model to enhance the resilience of the in-
tegrated power distribution and NG system without model-
ing the hurricane impact on component failures directly. The
background highlights the necessity to investigate, understand,
model, and quantify the performance of interdependent power
and NG systems under EWEs for coordinative and proactive
preparedness.

Under this background, this paper proposes a comprehensive
method to quantify the performance of interdependent power
and NG systems under hurricanes. Mechanism analysis based
and data based component failure models are used to reflect
hurricane effects on the component failure probabilities, which
are input to the Monte Carlo simulation to simulate compo-
nent states. When components are simulated to fail, integrated
energy flow is developed to determine the optimal joint load
shedding over time. Operational and infrastructure indices are
used to describe the performance of the interdependent systems.
The contribution of this paper can be summarized as follows:
1) Develop a method that evaluates hurricane impacts on the
performance of interdependent power and NG systems. 2) Pro-
pose the integrated energy flow taking into account individ-
ual system properties and interface characteristics to minimize
the joint load shedding. 3) Integrate operational and infras-
tructure indices to quantify the performance of interdependent
systems.

The remainder of this paper is divided into five sections.
Section II introduces component failure models under hur-
ricanes. Section III models interdependent energy systems.
Section IV presents the resilience assessment method and in-
dices. Section V conducts case studies. Section VI concludes.

II. COMPONENT FAILURE MODELS UNDER HURRICANES

Under hurricanes, some components, e.g., transmission tow-
ers and conductors are directly exposed to the hurricane wind
and rainfall, while some are not, e.g., components underground
and shielded in buildings. In this work, the hurricane impact
caused by intense wind and strong rainfall is considered, while
the flood effect is not included. Thus, the failures of underground
gas components under hurricanes, which are mainly related to
the flood are not taken into account in this paper. This section
maps hurricane impacts on failure probabilities of exposed trans-
mission towers and conductors, using mechanism analysis based
and data based models, respectively. The assessment horizon 7
is divided into equal time intervals with a length of At = 1 h,
and T = |T]|.

A. Failure Model of Power Transmission Towers

The effect of hurricanes on a tower is closely related to
the tower responses based on its structural characteristics. The
fragility curve is used to work out the probability of tower failure
under hurricanes. The fragility curve describes the damage prob-
ability of a component as the function of the extreme weather
factors, such as the hurricane wind.
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In addition to strong wind, hurricanes also introduce heavy
rain. The rainfall impact is taken into account through the con-
cept of equivalent wind speed, as introduced in [23], as follows:

Vtﬁ,k = Vttw,k + atw(Rffw,k;)b'w eXP(thvfw,k)
— dwexplewVigr), Vt€e T k€& (1)

where the term V, , (m-s™!) is the 3-second, 10-meter wind
speed' at the location of tower k. Rfl, , (mm-h~') is the
rainfall rate at the tower site. Vi (m-s~1) is the equivalent
wind speed. ayy, by, Cws diw and ey, are constants. &, is the set
of transmission towers.

The failure probability 7/, , of tower & can be mathematically
described by the lognormal fragility curve [24] as follows:

R 1 /wm’kexp —(7 = gy i)’ dr
tw vV 27TOétw,k —00 2(alw,k)2 ’

Vite T, ke &w (2)

where z, . = InV;L | .l and oy i are the logarithmic mean
and standard deviatié)n, respectively.

The attacking angle of hurricane wind on towers also has an
impact on the tower failure probability. Various of p,, and
O,k in (2) are used to reflect the influence of wind attacking
angle [23].

B. Failure Model of Power Transmission Conductors

The regression model proposed in [25] is extended to take
into account rainfall impact in addition to strong wind. The
transmission conductor is divided into appropriate number of
equal segments, each of which is assumed to be with the same
terrain features and exposed to the hurricane intensity at the
central location of each segment. The time-varying failure rate
AL, 1, (faliure - km~'- h™1) of conductor segment & at time slot ¢
is expressed as follows:

t t
aCS,kvcs,k bCSJCRfcs,k

Rfdcs,k
Vie T, keés (3)

t
)ch,]g = Lcs,k €xXp + Ces,k |

Vdcs, k

where L, j, (km)is the segment length. Vct& (M- s Hand R fﬁs’ k
(mm - h™!) are the wind speed and rainfall rate at the location of
segment k, respectively. Vyes x (m - s~ 1) and Rf des, (- h=1)
are the design value of wind speed and rainfall rate for segment
k, respectively. acs ., bes, i and ces 1, are parameters derived from
historical data. & is the set of transmission conductor segments.

Then, without considering repairs, according to the discrete-
time Markov process with constant failure rate at time slot
t, the failure probability 7l , of segment k is calculated as
follows [26]:

Wgs,k =(1- Wgé,lk)(l - exp(—kis,k 1)) + Wﬁ;,lk»

Vte T, ke &

“

"Wind speed in the remaining part of this paper refers to 3-second gust at
10 m height.
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Fig. 1. Interdependent power system and NG systems.

III. INTERDEPENDENT ENERGY SYSTEM MODELS

The interdependent power system and NG system are phys-
ically connected as shown in Fig. 1 through GFGs and gas
compressors driven by electricity. When exposed transmission
towers or conductors failed under hurricanes, disruptions in the
power system may permeate to the NG system and further loop
back. To sufficiently explore the behavior of the interdependent
power and NG systems with components failures caused by hur-
ricanes, inherent properties of each system and interdependence
characteristics need to be modeled coordinately.

A. Power System Model

After generation, the power is transmitted to substations
through transmission networks consisting of branches, circuit
breakers, switches, etc. Considering the status, the real-time
generator output constraints are given as follows:

Phy—phy < RO -tul,,VteT,geg 5)
pﬁ'g—pe‘gSRSO‘ ulL, VteT,geg (6)
— R, <pt,<P,+R,VteT,geG

where g is the set of generators. RS% (MW-h'') and R(%
(MW-h!) are the maximum 60-min ramp-up and ramp- down
rate of unit g. pé ¢ (MW) is the active power output of generator
g.ut , isthe on (u} , = 1)/ off (uf , = 0) status of unit g. P!,
(MW) is the set-point of unit g durmg time slot ¢. R. (M W)
is the reserve capacity of unit g. uf ,, P} and P!, are first
stage decision variables determined by the two-stage robust unit
commitment model for integrated energy systems as described
in Appendix. Pmln (MW) and ng;ax(MW) are the low and up
bound of real power output of unit g, respectively.

Considering the operating status of transmission lines, the
power transmitted on each line is limited as follows:

(Iep = 1) M < pej — Be (’Y;;z - %D
<S(A-I) M, VteT, ke (8)
—L P < pey SRS, Ve T ke (9)

where & is the power transmission branch set. B.j (S) is
the reciprocal of reactance of branch k. M is a large number.
Pt (MW) is the active power flow on branch k. %  (°) and

'yez (°) are the bus angle at the from and to bus of branch k,
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respectively. 1! i is the operating status of branch £ (1 for on-line,
0 otherwise). P#* (MW) is the rate of branch k.

The amount of power load shedding at each bus is constrained
as follows:

P;d,inglc)j >0,VteT,jeMN (10)

where Pl ; (MW) and p;. ; (MW) are the power load forecast
and load shedding at bus j during ¢, respectively. N, is the set
of power buses.

Including the power consumed by gas compressors, the real-
time power balancing at each bus is depicted as follows:

vl + > bl > vl

9€G; S ked,
- ed]+ Z pgec pzlc,j7Vt€Taj€~/\/e (11)
€, j

where G is the set of generators at bus j. 67 ; and d; ; are the set
of branches to bus ;7 and from bus j, respectively. pém MW) is
the power consumed by gas compressor c. & ; is the set of gas

compressors fed by power bus j.

B. Gas System Model

An NG transmission system consists of sources, pipelines,
compressors, etc. With consideration of the operating status, the
capacity bounds of each gas source are expressed as follows:

" max t

2,8 ‘g,s—q‘g,s_ 2,5 gS,VtETSES (12)

where S is the set of gas sources. Qm“‘ (MMSCF-h!) and
Qgs™ (MMSCEF- -h!) are the minimal and maximal output of gas
resource s, respectively. ug ; and g; (MMSCF:-h'!) are the on
(ug o = 1)/off (uy , = 0) status and set-point of source s during
time slot ¢, respectively.

Compared with the power flow, the gas flow changes much
slower when disruptions occur. For ideal gas in horizontal
isothermal pipelines, flow dynamics is controlled by partial dif-
ferential equations, namely the continuity equation representing
the mass conservation law and the momentum equation derived
from the second Newton law. A popular way to solve partial
differential equations is to discrete them over time and space
into algebraic equations. Considering the operating status, the
dynamic NG flow in a pipeline segment is constrained as follows:

)t -t t-1 S t-1
Lg i <(U;,k+vg,k> (v ;k + Vg ))

= 2AtC k(g — a31), Yt € T,k € Eg

min, ¢

(13)
(Tgpse — DM < iLg,kcz,k(qgf; ) |4k + a
- <v;:2>2 + () =0

Ik QEi < qpy < I8 Qe Ve T,k € Eg

-t t :
I, kaa" Sqpp < Loy 1k Qe VEET k€ &y

I )M VEET k€ Ep (14)
s)
(16)
where &,, is the set of gas pipelines. v;,i (psia) and vgtk

(psia) are the pressure at from and to node of the pipeline
segment, respectively. qgf;C (MMSCF-h'!)and q;’,i (MMSCF-h'")
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are the volume flow rate injected to pipeline %k at the from
node and out of pipeline k£ at the to node respectively. Iép,k
is binary variables (1 if pipeline kis on-line, O otherwise). Lg 1
(mile) and Q"7 are the length and rate of pipeline segment
k. Cyp =2.7273 x 10* x dpy T Z /7d3 Ty, Co) = 1.0138 x
10" fM,TZ /97%" d}, g. R. Vi and Ty are the pressure and tem-
perature of standard condition (14.65 psia, 520 R), respectively.
T (R) is the average temperature of the gas in pipeline k. Z
is the average gas compressibility factor. d (in) is the pipeline
diameter. f is the Darcy friction factor. M, is the specific
natural gas molemass (17.4). g. is the gravitational constant
(32.11bm-ft-s2). R is the universal gas constant (10.73 psia-ft*-
Ib-'-mole™).

Compressors are installed to boost the pressure because NG
suffers pressure loss in transmission due to friction. Consider-
ing the compressor operating status, the pressure ratio of each
compressor is modeled as follows:

(It - 1) M < v;ﬁ — R vt

ge,c g.clg.c

<(1-Ii.) M,VteT,ce &

gc,c

a7

where vé’fc (psia) and vgﬁ (psia) are the pressure of the compres-
sor inlet and outlet node, respectively. R;C is the compression
ratio. &y is the set of gas compressors. I;w is the operating
status of gas compressor c (1 for on-line, 0 otherwise).

The horsepower of each compressor is calculated as follows:

"
anp Vs T'qg Ck

kel
Hp! 6:7(1@t ) Tﬂ),\ﬁeT,ceec (18)
Pe.c Tsc"]gm (Ck_l) ( g,l) £
0< Hpé,c < I;,WHP;?X, VteT,ce &y (19)

where H pgc (hp) is the horsepower of gas compressor ¢ dur-
ing time slot t. HP;'*™ (hp) is the maximum horsepower of
compressor c. qé’c (MMSCF-h'") is the volume flow rate from
the compressor inlet to the outlet. ayp is constant. ¢ is the gas
specific heat ratio. 7, . is the compressor efficiency.

At each gas node, the pressure is constrained as follows:

. . )
Vet Swy ; SVEP VEET, j €N, (20)
where N, is the set of gas nodes. V;‘;-i“ (psia) and Vg}}ax (psia) are
minimal and maximal allowed pressure at node j, respectively.
v; ; (psia) is the pressure at node j during time slot ¢.

Load shedding at each node is constrained as follows:

Qéd,j > QQ]C,]‘ >0, VteT, JjE€ -/V:g 21

where QL ; (MMSCF-h'!) and Qe j (MMSCF-h'!) are the NG
load forecast and NG load shedding at node j during time slot
t, respectively.

Including the NG consumed by GFGs, the node gas balance

equation is described as follows:

DR DS DU B P P

s€S; ked; ; keé, ceCy ceC,
t t t :
= di,j + Z%gyg ~ Yaic,5 VteT,je J\/g (22)
9€Geq, 5
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where S; is the set of gas sources at node j. d; ; and d, ; are
the set of gas pipelines to node j and from node 7, respectively.
C,,; and C ; are the set of gas compressors to and from node
j, respectively. G, ; is the set of GFGs fed by node j. qggyg
(MMSCF-h'!) is the gas required by gas-fired generator g.

C. Interdependence Model

The dependence among the power system and the NG system
is bi-directional. GFGs converter energy stored in NG into
electrical energy and participate in the NG system as loads. The
NG consumed by each gas-fired generator is determined by its
output and efficiency as follows:

qgg,g = Og2e,g77g26,gpz,g7Vt €eT,g¢€ geg (23)

where G, is the set of GFGs. Cy. 4 is constant. 7y 4 is the
energy conversion efficiency of generator g.

Similarly, gas compressors driven by electricity act as power
consumers in the power system. The power required by each
compressor is determined by its horsepower as follows:

pée,c = neZg,chgcy VteT,ce ggc (24)

where & is the set of gas compressors driven by electricity.
Te2g,c 18 @ constant.

IV. RESILIENCE ASSESSMENT METHOD AND INDICES

This section introduces the resilience assessment method and
indices based on the integration of the models built in Section II
and Section III.

A. Assessment Method

The assessment procedure shown in Fig. 2 is described in
details as follows:

Step 1: Data acquisition.

Step 1.1: System data, including the system topology of
the power and NG system; power and NG load
forecast; system operation constraints, such as the
bounds of power generators, transmission lines, gas
sources, NG pipelines and so on; structure features
and values of exposed components, such as design
wind and rainfall, component value, replace cost of
components and so on; etc.

Geographic data, including locations and local ter-
rain features of exposed components. This data are
used to calculate the wind and rainfall intensity at
component sites as introduced in [27].

Hurricane event data, such as the tme-varying hur-
ricane center location, translation speed, moving
direction, central pressure deficiency and coeffi-
cients needed in the hurricane wind field model as
described in [27]. The event information is gained
from forecast information, simulation results, or
historical records depending on the application pur-
pose.

Component failure probability calculation. At each
time slot, update the hurricane center location,

Step 1.2:

Step 1.3:

Step 2:
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Fig. 2. Flowchart of interdependent energy network resilience assessment

under hurricanes.

calculate the hurricane intensity at the location of
exposed components using the wind field model
introduced in [27], then input the results to the
models built in Section II determine component
failure probabilities.

System state generation by Monte Carlo simula-
tion. It is assumed no component fails at the begin-
ning of a new iteration. Then from time slot t = 1,
take an exposed component (tower or conductor
segment), if it has been simulated to be down, pro-
ceed to the next exposed component; else, simulate
the component operating state by Monte Carlo sim-
ulation. A random number R; distributed uniformly
in [0, 1] is generated first, then it is compared with
the component failure probability at time slot £. If
the component failure probability is smaller than
R;, the component is simulated to be up during ¢,
record the simulation result and proceed to time
slot £ 4+ 1. Otherwise, record the component state
as failed ¢, and it would keep failed during the
left time. Continue the simulation until the states
in 7 of all exposed components are generated. In
this paper, it is assumed that failures of towers and
conductor segments are independent. The failure
probability and state of a transmission line can
be determined according to the series theory with
given failure probability and state of towers and
conductor segments in this line. The power system

Step 3:

IEEE TRANSACTIONS ON POWER SYSTEMS, VOL. 35, NO. 5, SEPTEMBER 2020

state is determined by combination of transmission
lines’ states.

Resilience indices calculation. In 7, with a system
state generated in Step 3), check if there any failed
components. If no, turn to Step 3 to start the next
iteration. If yes, calculate and update infrastructure
indices. Then, conduct the integrated energy flow
to determine if the power and gas loads can be
satisfied in 7. If yes, turn to Step 3. If no, record the
optimal power and gas load curtailments in every
time interval of 7. Update operational indices and
check if converged. If no, start the next iteration. If
yes, end the simulation.

In Step 4, the integrated energy flow is formulated as an op-
timization problem with the objective of minimum joint load
shedding as follows:

Step 4:

: T., t t
;Ig%d y = E E Pelc, 5 + E : We,j4glc,j (25)
teT FEN: JEN;
—— —_——
Power Load Shedding Gas Load Shedding

where wyg ; is the weight factor of the gas load at node j. y =

(DL oo Pl s Y8 KT e, Kl s Dy s Py s G ko g s P P
Hpé,c? ggg,gﬂ pée,c’ pzlc,ja qélc,j’ Igtc,c’ Iép,k’ ué,s} is the decision
variables. Y is the constraint set for real-time operation of the
interdependent energy system as described in (8)—(24).
Problem (25) is a non-convex mixed-integer optimization
problem, due to the non-convexity of (14). The piece-wise linear
method [28] is adopted to approximate (14) into a set of linear
constraints with auxiliary variables, formulating a mixed-integer
linear programming counterpart of (25), which can be solved
efficiently by off-shore solvers, e.g., Gurobi [29] in this paper.

B. Assessment Indices

Operational indices related to load shedding are used to reflect
the ability of interdependent power and NG systems to provide
adequate service to customers under hurricanes. Besides, in-
frastructure indices are employed to describe network physical
damages. Overall indices are proposed to quantify the total cost
of load interruption and component damage.

1) Operational Indices: At load point level, in addition to
power demand not supplied and related cost at buses, gas
demand not supplied and related cost at gas nodes are used
as time-varying indices to reveal how the hurricane affects
the interdependent energy system temporally and spatially, as
follows:

DNS.; = i DNS.! (26)
ieSt
Cle; =At-DNSL ;- C; 27

where DNS; ; (MW) s the expected power demand not supplied
at bus j during time slot ¢. S! is the set of power system
states with power load curtailment during time slot ¢. ﬂ;{i is the

associated probability of power system state ¢. DNS;; MW)
is the power demand not supplied at the bus j associated with
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system state i during time slot ¢. It is equal to pf. ; in (25)
associated with system state i. Cfj. ; and C{ ; (M $) are the cost
of power load shedding and the per-unit interruption cost at bus
7, respectively.

t it it
DNS} ; = Z Tyie - DNSY, (28)
iesg
t t t
Che; =At-DNSL,-CL, (29)

where DNS ;’ j (MMSCF-h™1) is the expected NG demand not
supplied at node j during time slot ¢. Sé is the set of power
system states with gas load curtailment during time slot ¢. 71';2
is the associated probability of power system state :. DNS;tj
(MMSCF-h™1) is the gas demand not supplied at node j as-
sociated with system state 7. It is equal to qélw- in (25) as-
sociated with system state i. Cy. ; and Cj ;(M$) are the cost
of gas load shedding and per-unit interruption cost at node j,
respectively.

At the system level, hourly-varying power and gas demand
not supplied are calculated as follows:

Tvel

DNS! = Z DNS! (30)
j=1
Mgl

(3D

t __ t
DNS} = DNS};
j=1

where DNS. (MW) is the power system demand not sup-
plied during time slot . DNSE (MMSCF-h!) is the gas sys-
tem demand not supplied during time slot t. ne and ng
are the number of power buses and gas nodes with load,
respectively.

2) Infrastructure Indices: Operational indices can reflect the
hurricane’s impact on the ability of satisfying demands. How-
ever, as the power system is designed according to some re-
liability criteria, such as N-k, in some situations, the hurricane
destroys some components but may resultin no load curtailment.
The impact of hurricanes cannot be reflected only by operational
indices and the time-varying infrastructure physical damage
should also be accounted. Therefore, the asset damage cost is
proposed as follows:

Caa= D

€Sk

(32)

Mad
15t E J,t
<7Tad ’ Ccm>
j=1

where C; (M $) is asset damage cost during ¢. S, is the set of
system states with components that are damaged during t. 7'y is
the associated probability of system state 7. n,q is the number of
components that are damaged during ¢ associated with system
state 7. C% (MS$) is the repair or replacement cost of damaged
component j.

3) Overall Indices: Total power energy not supplied, TENS.,
(MWh), total gas energy not supplied, TENS, (BTU), as well
as total cost TCOSI' (M$) of the interdependent power and
NG systems, are developed as follows, to provide a holistic
view of the hurricane impact on each individual system and
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Fig. 3. The 12-node NG transmission system.
TABLE I
NODES IN THE GAS SYSTEM
Node e 25 dy, ey P
(MMSCF-h!)  (MMSCFh') (MMSCFh') (psia) (psia)
] 50 0 0 1200 600
2 50 0 0 1200 600
3 0 0 1.438 1200 500
4 0 0 0.818 1200 500
5 0 0 1.3248 1200 400
6 0 0 1.0424 1200 400
7 0 0 13450 1200 400
8 0 0 1.1363 1200 400
9 0 0 27253 1200 400
10 0 0 2.0787 1200 400
11 0 0 1.0424 1200 400
12 0 0 44385 1200 400
TABLE II
PIPELINES IN THE GAS SYSTEM
. From  To i
Pipel Cik Co, gk
PN ode  node Lk 2k (MMSCF-hl)
1 1 3 1196.6885 88.56261 12.9196
2 2 4 1196.6885 88.56261 12.9357
3 3 4 1196.6885 88.56261 15.5040
4 3 5 1189.3805 87.12770 15.5062
5 4 7 1189.3805 87.12770 14.7093
6 6 9 1189.3805 87.12770 12.5349
7 8 11 1643.6379 206.4352 8.8203
the interdependent energy system:
T
TENS, = E At - DNS? (33)
t=1
T
TENS, = E At - DNS; (34)
t=1
T el Mgl
_ t t t
TCOST = E Cu + E Cee,i + g Cglc,j (35)
t=1 i=1 j=1

V. CASE STUDIES

Under a simulated hurricane, the IEEE 24-reliability test
system and the 12-node NG transmission system are used to
validate the effectiveness of the proposed method.

A. Test Systems

1) 12-node NG Transmission System: The 12-node NG test
system shown in Fig. 3 is modified from the 15-node NG
transmission system in [30]. It has 12 nodes, 7 pipelines and
4 compressors as described in Table I, Table II and Table III,
respectively. The daily gas load profile is referred to [31].
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TABLE III
COMPRESSORS IN THE GAS SYSTEM

From To Fed by

QQ, max
Compressor node node power bus Rec HPye
1 5 6 8 1.37  6206.7185
2 7 8 19 1.378  5928.89065
3 9 10 20 1.37  5017.3863
4 11 12 14 1.378  3555.2062
4001 5 &
us
km N q Cable
W+ E — Overhead line
g — Double circuit
350 s 18 -¢— Hurricane path
17 g 21 22 R10
300 -
250
200
150 F
100 £ i Coastline
- Ocean
50 F

1 1 1 1 1 1 ]
100 120 140 160 180 200 220 240
km

Fig. 4. IEEE 24-reliability test system under the hurricane.

2) IEEE 24-Reliability Test System: The IEEE 24-reliability
test system is projected to a 150%200 km open country area
approximately located from 30.52° N to 32.32° N and 87.68° W
t0 89.25° W). The simulated hurricane with detailed information
in [27] is used in this paper. The hurricane center locations are
marked by red symbols along the path it moves from the south
to the north in flat Earth coordinates with the origin (29.42° N,
89.24° W) is shown in Fig. 4.

The design wind speed (50-year return period) of region R1 is
assumed to be 50 m- s~ ! according to ASCE 7 windspeed map.
The design wind speed decreases by 1 for each region from
the south to the north. All the components of the test system
are assumed to have the same design rainfall rate which is set
to 30 mm- h'!. The segment length in (3) of transmission line
conductors is taken as a typical span length of 350 m. The latitude
and longitude location of electrical components are extracted
according to the figure in [32]. acs i, bes,k» and ce . in (3) are
set to 10.5497, 3.0385, —31.0087, respectively. The value and
replacement cost of a tower is set to 0.25 M$ and 0.45 M8,
respectively. The value and replacement cost of conductors is
set t0 0.052 M $ - km ! and 0.072 M$ - km !, respectively.
All power loads are assumed to be composite customers with
C’et’j in (27) as 29.41 $- kW1 [8].

Three subcases are used to validate the proposed method as
follows:
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TABLE IV
GFGs IN THE POWER SYSTEM IN CASE I-B)

GFP  Power Bus Capacity (MW) Fed by Gas Node 7g2¢

1 7 100 8 0.5

2 7 100 8 0.5

3 7 100 8 0.5

3 13 197 6 0.5

4 13 197 6 0.5

5 13 197 6 0.5

6 15 12 10 0.5

7 15 12 10 0.5

8 15 12 10 0.5

9 15 12 10 0.5

10 15 12 10 0.5

11 15 155 10 0.5

12 21 400 10 0.5

13 22 50 8 0.5

14 22 50 8 0.5

15 22 50 8 0.5

16 22 50 8 0.5

17 22 50 8 0.5

18 22 50 8 0.5

TABLE V
COMPARISON OF 3 SUBCASES
Results case [-a) case I-b) case I-¢)
Objective Asset damage cost 5.8616 5.8616 5.9074
values Power load curlfillmenl cost 3.0691 7.8026 6.8396
M$) Gas load curtailment cost 0 0.0342 0.0360
Total cost 8.9307 13.6984 12.7829
Eneray not Power (MWh) 104.3545 265.3054 ( 232.5601 ‘
supplied Gas (Btu) 0 1.1794 x 10 1.2412 x 107

Total (MWh) 104.3545 610.95334 596.3241

Case I-a: Independent power system and NG system under
the simulated hurricane. There are no power gen-
erators fueled by gas. Besides, all gas compressors
are driven by gas turbines.

Interdependent power and NG systems under
the simulated hurricane. All gas compressors are
driven by electricity as described in Table III. Be-
sides, the 11 generators at power bus 7, 13, 15, 21
and 22 are assumed to be GFGs and fed by gas node
8,6, 10, 10 and 8, respectively, as listed in Table IV.
Reduced capacity of GFGs. Compared to case I-b),
all generators with a total capacity of 215 MW at
power bus 15 are no longer fueled by NG. The total
capacity of GFGs is reduced from 1806 MW in
case I-b) to 1591 MW in this case.

Besides, the total power load is enlarged by 1.4 times for all
the three subcases. The power system load profile is extracted
from [32] according to the hurricane date, time and duration.

Case I-b:

Case I-c:

B. Simulation Results

The overall comparison of the three subcases is shown in
Table V. Under the simulated hurricane, the independent power
system in case I-a suffers TENS. as 104.3545 MWh and TCOST
as 8.9307M $. In comparison with case I-a), the interdepen-
dent power and NG systems in case I-b) suffer TENS, as
265.3054 MWh, increasing sharply by 154.2347%, TENS, from
0to1.1794 x 10° BTU and TCOST as 13.6984M $ . The results
indicate that the interdependence amplifies the hurricane impact
by introducing the disruptions originally occurring in the power
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Fig. 5. Failure probability of power transmission lines under the

hurricane [27].

system to the connected NG system and further increasing the
amount of power load shedding. When the capacity of GFGs is
reduced in case I-c), there is an apparent decline in the power
load shedding while the gas load shedding increases slightly in
comparison with that in case I-b).

Besides, the expected number of damaged power components
and the cost to repair or replace these components are with slight
difference in the three subcases due to the effect of simulation
process.

1) Impact of the Hurricane: The variation of transmission
line failure probabilities over time during the hurricane event is
depicted in Fig. 5. Due to the far distance from the hurricane,
line 7-8 (from bus 7 to bus 8), 13-23 and 16-17 are almost
unaffected by the hurricane. Line 1-3, 1-5, 2-4 and 2-6 also
display lower failure probabilities than the left lines because
firstly the component design criteria of R1 is higher than other
the regions, and secondly the wind attack angles are not such
adverse. The large wind attack angle also results in lower failure
probability of line 15-21 in comparison with lines in Fig. 5,
although it crosses the maximum wind radius of the hurricane
during time lot 7 to 9. Line 11-14 is with the highest failure
probability among all line during time lot 7, followed by line
16-19 with the second highest one during time lot 9 and line
20-23 with the third highest one also during time lot 9. Line
11-14, 16-19 and 20-23 show the top 3 failure probabilities
because they cross the hurricane maximum wind radius and are
attacked with unfavorable wind attack angles.

From a space perspective, lines in R1 and R2 are generally
with lower failure probabilities than lines in other regions pri-
marily because of the component wind design value decreases
from R1 to R10 gradually. Lines in R5 to R8 such as 11-13,
12-13, 11-14, 14-16, 16—19, 20-23 are not as resistant as other
regions to the simulated hurricane.

The variation of bus load curtailments over 7 are shown in
Fig. 6. Load shedding occurs at bus 1 to 5, 8 to 10, 14 to 16,
and 18 to 20, while loads on the left buses are rarely affected
by the hurricane. Bus 19,14 and 20 have the top 3 highest load
curtailment which is consistent with the results shown in Fig. 5.
Line 11-14, 14-16, 16-19, 19-20, and 20-23 are with a greater
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Fig. 6. Load curtailments at power buses in case I-a).
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Fig.7. Load curtailments at power buses and gas nodes in case I-b).

likelihood to be damaged by the hurricane, which leads to the
relatively high load curtailment at bus 14, 19, and 20.

2) Combined Impact of Hurricane and Interdependence: The
time-varying load curtailment at power buses and gas nodes
is given in Fig. 7. It can be seen from Fig. 7(a) and Fig. 7(b)
that load shedding is inevitable at all power buses with load.?
Load curtailment at bus 14, 19 and 20 are significantly higher
than others as in case I-a). In comparison with case I-a), all
power load buses experience more load shedding in case I-b)
due to the insufficient power generation caused by the shortage
of gas fuel. By comparing Fig. 6(a) and Fig. 7(a), it can be seen
load shedding at bus 7 to 10, 13 to 16, and 18 to 20 increases
sharply.

Besides, power load shedding in case I-a) starts from ¢ = 5,
while in case I-b), both the power system and the NG system
experience load shedding over the whole 7™ due to the negative
impact of interdependence. The difference demonstrates the
different characteristics of electricity and NG. NG can be stored
in pipelines for later use to achieve optimal objectives.

2In IEEE-24 Reliability Test System, there are 17 power buses with load out
of 24 buses.
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Fig. 8. Load curtailments at power buses and gas nodes in case I-c).

Node 12, 10 and 7 have the top three high load shedding.
NG supplied to 12 has to be through compressor 11-12 which
gains electricity from power bus 14. However, bus 14 is easy
to be isolated with failures of power line 11-14 and 14-16.
Unfortunately, the isolation of bus 14 interrupts power supplied
to compressor 11-12, forces the compressor out and results in
load shedding at node 12. Node 10 is the fuel source for 7
GFGs with a total capacity of 615 MW. Although 5 GFGs with a
capacity of 12MW atbus 15 are committed to be down according
to the UC result, node 12 still affords fuel for 555 MW power
generation capacity, which puts much stress on node 12 and
challenges its ability to satisfy all loads connected to it. Node
7 suffers the third high load shedding because it is set to have
much lower weight factor than other nodes except node 5 which
has the same weight factor as node 7.

Take an example to explain how the interdependence amplifies
the adverse hurricane impact. For a power system state with
transmission line 4-9 failed from time slot 5, 16-19 and 20-23
failed from time slot 9, 18-21 failed from time slot 10, bus 19 and
20 are isolated from time slot 9. Loads at power bus 19 and 20 are
totally shed from time slot 9 due to bus isolation. As a result, gas
compressor 7-8 (from node 7 to node 8) and 9—10 are forced out
immediately, indicating that interruptions in the power system
have spread to the NG system. When compressor 9-10 is out of
service from time slot 9, all load at gas node 10 has to be shed
immediately, which leads to cut off of gas fuel supplied to GFGs
at power bus 15 and 21 and they are forced out from time slot 9.
The impact of load shedding in the NG system loops back to the
power system. From time slot 9, the NG stored at pipeline 8—11
is extracted to satisfy loads at node 8, 11 and 12. In order to store
as much as NG in the pipeline 8—11, the NG system is optimized
to increase the gas pressure at node 8, 11 and 12 from time slot
1 to 9. However, the gas stored is limited and due to the lower
bound of node pressure constraint, the load at node 12 cannot
be fully satisfied from time slot 13. Besides, in order to satisfy
gas loads with higher priority, gas node 8 cannot provide gas to
GFGs as much as required. As a result, GFGs fed by gas node 8
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are with low output even out of service most of the time. Power
generation shortage results in power load shedding at bus 13, 16,
and 18.

3) Impact of the Interdependence: In comparison with
case I-b), the total capacity of the GFGs is reduced by 215
MW, all 6 generators at power bus 15 are no longer fueled
by NG in case I-c). As a result, as shown in Table V, TENS,
decreases by 12.3425% from 265.3054 MWh in case I-b) to
232.5601 MWh, while TENS, increases slightly by 5.2400%
from 1.1794 x 10° Btu in case I-b) to 1.2412 x 10° Btu.
TCOST is reduced by 6.6833% from 13.6984MS$ in case I-b)
to 12.7829MS$ due to different factors of gas loads. Detailed
time-varying load shedding at power buses and gas nodes is
given in Fig. 8. It is obvious the higher the interdependence is,
the higher risk it may introduce. To prepare the connected system
more effectively, more attention should be paid to the crucial
interfaces.

C. Suggestions

According to the simulation results, suggestions can be pro-
vided to the system operators to allow directed actions to be
planned and carried out before the advent of hurricanes. From the
short-term perspective, for the simulated hurricane, deployment
of the energy storage and the portable power generation at buses
with load shedding, e.g., 14, 19 and 20, can help to reduce the
risk of load curtailment and promote system resilience. Besides,
the interlinks should be paid with special attention. For example,
place backup generators at the location of electricity-driven gas
compressors and use gas storage facilities at power plants to store
gas for emergency use. For example, in case I-b) if compressor
7-8 and 11-12 are equipped with backup generators, the TENS.,
would decrease significantly by 47.8130% from 265.3054 MWh
to 138.4549 MWh, while TENS, would decrease dramatically
by 72.0653% from 1.1794 x 10° Btu to 3.3449 x 10® Btu.
Line pack storage could be considered as a helpful tool for
enhancing the system preparedness in emergency conditions.
The adjustment of unit commitment status is also a potential
strategy. Some generators will be committed to minimize the
load shedding cost. From a long-term view, the upgrade of
weak transmission lines with much strict design criteria and
optimization of generation capacity and relocation can help to
build a more resilient energy system.

VI. CONCLUSION

In this paper, a jointed data and model approach for resilience
assessment is proposed integrating component failure models
under hurricanes and interdependent energy system models to
quantify the hurricane impacts on the performance of interde-
pendent power and NG systems. The simulation results reveal
that the failure probabilities of transmission lines varies from
line to line and time to time for the same line. The time-space
varying transmission line failure probabilities can help to iden-
tify the weak parts of power systems under the impacts of the
simulated hurricane. Besides, it can also be concluded from the
simulation results that the interdependence could amplify the
adverse impacts of hurricanes on the power system and transfer
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the impacts to the NG system. It verified in the case studies that if
the interdependence between the energy systems is reduced, for
example by reducing the capacity ratio of GFGs or by equipping
compressors with backup generators, the total cost caused by the
event can be reduced. Based on the simulation results, proactive
strategies, e.g., the allocation of external energy sources can be
taken to mitigate the hurricane impact and reduce hazard cost.

In the future, resilience metrics, restoration strategy opti-
mization and resilience improvement strategies considering the
long-term impacts of hurricanes can also be developed based on
the extension of this work.

APPENDIX
TwO-STAGE ROBUST UNIT COMMITMENT MODEL FOR
INTEGRATED ENERGY SYSTEMS

Considering the uncertain transmission lines failures under
hurricanes, we have proposed a two-stage robust unit commit-
ment (UC) model for the independent energy systems. First,
this UC is conducted to generate the commitment status and
reserve of generators; then the results are input to the resilience
assessment in Section IV.

A. Objective Function

The objective is to minimize the start-up, shutdown, fuel and
reserve cost of generators, together with the worst case load
shedding cost considering the failures and operation status of
transmission lines, as follows:

xeX (Al)

min f(x) + réleazjc[Q(X,E)]
f(x)=c'x =

ZZ{Cstart,gatg + Cshut,gﬂ; + bgutg + [agpet,g + Cr,ng,g} At}
teT geg

(A2)
— i T, _ t
Q(ng) - ;Iél{(ld y = VOLLZ Z pelc,jAt
teT jEN.
st. Ey >h— Gx — M¢ (A3)

where £ is the uncertainty variable vector. cgarg ($),
Cshut,g ($), and ¢, ($/MWh') are the start-up, shut-
down, and reserve cost of generator g, respectively.
ag, by ($- MWh') are fuel cost of generator g. x =
{aé,gﬂ 65797 ué,g’ Pet,g’ Ré,g’ Pet,k’ 9::]27 9;3@7 Qt,s’ vat%f’ ‘/g-:lz’

;Z,Q’g’i,‘/f’g,lfg’,ﬁ,HP;C,Qﬁgyg,Pgte?C} is the first stage
decision variables. aé, g and ﬂ; o are the start-up and shut-down
command of generator g, respectively. uﬁ o 1s binary variables,
1 if generator g is on-line, 0 otherwise. Petyg (MW) is the
output of generator g. R; g (MW) is the reserve capacity of

t : : +,t p-,t
generator g. F,, is the power transfer on line k. 6.7, 0.

are the angle at from and to bus of line k, respectively. Qgs

(MMSCF- h'!) is the gas supply of source s. V;,f, Vg,i (psia)

are the pressure at from and to node of pipeline k, respectively.
Q;Z (MMSCF-h'!), Qgﬁtk are gas injection to and extraction

3691

from pipeline k, respectively. Vf’ct, Vct (psia) are pressure
at outlet and inlet node of compressor c, respectively. HP;;C
(hp) is the horsepower of compressor c. Q g (MMSCF-h'!)
is the gas consumption of generator g. Py, . (MW) is the
electricity consumption of compressor c¢. VOLL ($-MWh)
is the value of load loss. y = {pg,pzyk,fy;’,z, “Y;vaélc,j} is the
second stage decision variables. p; 4(MW) is the active power
output of generator g. p., (MW) is the power transfer on
line k. 7:’;:, 'ygkt are the angle at from and to bus of line k,
respectively. pglc’ ; (MW) is the power load shedding at bus j.
X is the constraint set for the day-ahead scheduling, including
both electrical systems and gas systems, depicted in Part B. Y
is the constraint set for real-time operation of electrical systems
after the realization of transmission lines, depicted in Part C.
The constraint set for uncertainty variables, i.e., I/ is illustrated
in Part D.

B. First-Stage Constraint Set

The first-stage constraint set, i.e., X, includes the constraints
for 1) power system and 2) gas system.

1) Power System: The technical constraints of generators,
transmission lines, power balance and reserve requirements are
formulated as follows:

Qg = Bog = Uy — ey V€T, geG (A4)
t
Sl <ul, Vte{UT,,...TygeG (A3
q=t-UT,+1

t
> Bl <1-ul, Vte{DT,,...T}geG (A6)
q=t—DT,+1

ul, =ul,, vVt € {At,.. ,UT,+DT;},g € G (A7)

t i t t

ue,gPé"‘;“ <P, - R, VteT,geg (AB)

P!, +RL, <P AtVteT,geg (A9)

0<RL,<ROtul VteT,geg (A10)

P!, — PN <ROTul At +al SU., VteT,geg
(A11)

PPl <ROuE At + B SDe g Ve T, geG
(A12)

ZP§79+ Z Py — Z Py

9€G; keoy ; S

=P+ Y PL. VteT,jeN (A13)
Ceggcﬁj

Pl = Bex (05— 0.5) =0 vt e T ec e, (Al4)

PO < Pl < PR VteT,e€é&e (A15)

S RL,>6> PLVteT (A16)

geg JeEN:
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where UT, (h) and DT, (h) are minimum up and down time
of generator g, respectively. UT; and DT, (h) are remaining up
and down time of generator g, respectively. § (%) is the reserve
requirement. SU; , (MW) and SD.. , (MW) are start-up and shut-
down ramp limit of generator g, respectively. Rel,oj (MW-h) is
the ramp up limitation within 10 minutes of generator g.

(A4) is the status transition of generators. (A5)—(A7) are the
minimal up, down time duration, and initial status constraint of
generators [33]. (A8)—(A10) are the power capacity limitation
with reserves [33], [34]. (A11)—(A12) are the ramp up and down
limitation [34]. The power balance of each bus is given in (A13),
together with the compressor horse power. The power transmit-
ted on each line is given in (Al4), and the power is limited
by (A15). Considering the uncertainty of load forecasting, the
reserve requirement is given in Eq.(A16).

2) Gas System: The constraints of gas sources, pipelines,
compressors and gas flow are formulated as follows:

min QL <M, Ve T, s€S (A17)
)t -t Jt-1 -1
Lok (<ng Vel = T V)
= 2AtC) 1(Qy — Qu), VEE T,k € &g (A18)
1 i i
T LenCan(@ + QU@L + QU
+,t 2 -t 2
= (Vi) + (Vek) s vee Tk € &y (A19)
QPR S QL S QU VEET k€ &g (A20)
QR < QYL S QI VEE T k€ &y (A21)
Vil = Ry Vi,V € Toc € Ege (A22)
ahpv;ch <Ck Skl
HPfc=7g’<th % —1),VteT,c€c (A23
g, Tscﬂgc(ck—l) ( g, ) ) g ( )
0< HP!, < HP™> Wt e T, c€ & (A24)
Ve " S Ve SVei™ VEET, j e N, (A25)
D Qes D Quk— 2 QD Qe =2 Qe
seS; keé;,j kezSé’j ceC;j ceCé‘j
Quaj+ D Queg VEET JEN, (A26)
9EGes
Qég g = Caze,glere g Fe gth €T, g€ Ge (A27)
Pge o = Ne2g, CHPg e YVt e T, c€ E (A28)

The capacity bounds of each gas sources are depicted by
Eq.(A17). The dynamic gas flow in a pipeline k is illustrated in
Eq.(A18)-(A19). The volume flow rate is limited by Eq.(A20)—
(A21). For the compressor, the pressure ratio and horsepower
are given in Eq.(A22) and (A23), respectively. The horsepower
of each compressor is constrained by Eq.(A24). Within the
gas networks, the pressure of each node is to operate within
given range in Eq.(A25). Considering the consumption of gas
turbines, the gas node balance equation in shown in Eq.(A26).
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The gas consumption of gas turbine and electricity consumption
of compressors are given in Eq.(A27) and (A28), respectively.

C. Second-Stage Constraint Set

Without considering the failures within the gas systems,
the second stage constraint set, i.e., Y includes the real-time
scheduling of generators, power flow and load shedding after
the realization of transmission line failures, as follows:

t t t t t
Prg—Reg<peg<Pigt+R.,VteT,geG  (A29
—REVAt <pl, —pl ) <ROALVEET,geg  (A30)
ek = V)M < pLs = Bew (104 = 721)
<(A—-Lgp)MVteT, ke& (A31)

— Ik PP < plp < L PR, VE€ Tk €& (A32)
Pedg—pelcg>OVteT]€N (A33)
Zpévg_'—zpévk_zpéak edJ+Z ge,c
g€g; kes; kes; ; c€E4c,j
—Phej, VEET,j €N (A34)

The real-time generator output constraints are given in (A29)—
(A30). Considering the operating status of transmission lines, the
power transmitted on each line is limited by (A31)—(A32). For
specific bus, the amount of load shedding is given in (A33). The
real-time power balancing at each bus is depicted by (A34).

D. Uncertainty Set

Considering the impacts of hurricane on transmission
lines [27], only the operating status of transmission lines is
treated as the uncertainty factors. The uncertainty set, i.e.,
is depicted as follows

Zle,k > |€e| - K

ke&,

(A35)
where |E,| is the number of power transmission lines.

E. Solution Methods

The formulated problem (A1) is a non-convex mixed-integer
min-max-min optimization problem, due to the non-convexity of
constraint (A19). There are different methods to convexify this
constraint, and the incremental piece-wise linear method [28] is
adopted in this paper. X is reformulated to X, where constraint
(A19) is piece-wise linearized, as follows

min f(x) + max[Q(x, £)] (A36)

Problem is a standard two-stage robust optimization problem.
In problem (A36), maxgcy[Q(x, £)] is a max-min problem, and
the inner problem is a linear programming problem. The column-
and-constraint generation method [35] is adopted to solve this
problem. It should be noted that, the dual approach is adopted
to solve maxgcy[Q(x, £)], while in [35] it is solved by a primal
problem.
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The formulated problem (A1)-(A36) is implemented after the
close of day-ahead market, e.g., at 10:30 for PIM [36] before
the operating day. The updated hurricane information and load
forecasting information are input for the day-ahead two-stage
robust UC problem. After the of day-ahead results are posted
and before the close of rebid, e.g., 13:30 to 14:15 for PJM the
commitment status of generators before the assessment period

are

determined and input to minimize the load shedding, as

shown in (25) in Section IV, Part A. Due to the line failures,
some committed generators might be shut down to meet the
power balance and security requirements.
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