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Abstract—Flooding poses a significant threat to power sys-
tem infrastructures, especially substations, causing widespread
outages. Prior preventive actions can avert significant financial
losses and prolonged disruptions. Protecting electrical substations
by Tiger Dams before flooding is a temporary yet effective
solution to improve power grid resiliency. Nonetheless, resource
constraints prevent the protection of all substations. This pa-
per proposes a two-stage stochastic optimization problem for
proactive substation protection within both transmission and
distribution systems, aiming to optimize grid resilience with a set
of short-term operational actions. Transmission and distribution
substation protection actions are coordinated to obtain a more ef-
fective protection scheme against flooding. A flood-aware optimal
power flow is incorporated into the optimization model taking
into account flood-related constraints coupling transmission and
distribution systems. The possibility of transferring load through
normally open switches of distribution systems is added to the
model. The optimization problem is linearized and cast as a
mixed-integer linear program. The efficiency of the proposed
model is tested on a 24-bus system containing 24 transmission
substations and 40 distribution substations.

Index Terms—Flood hazards, proactive substation protection,
Tiger Dam, two-stage stochastic approach, power system re-
siliency.

I. INTRODUCTION

CCORDING to the US Department of Energy, extreme

weather events are the leading cause of power outages in
the United States [1]. Infrastructure damages and energy not
supplied caused by extreme weather events impose millions
of dollars of loss to the power grid. Between 2003 and
2012, approximately 679 power outages, each affecting at
least 50,000 customers, occurred due to hazardous weather
events in the US [1]. Hurricane Sandy in 2012, for instance,
knocked out power for 8.5 million customers. The estimated
cost of weather-related outages in 2012 alone is $27-$52
billion [1]. More recently, Hurricane Harvey in 2017 left
nearly 300,000 customers in Louisiana and Texas without
power. One substation was substantially damaged and six were
reconfigured or bypassed due to flood [2]. Due to power
outages, crude oil and natural gas production was reduced
by more than 80% [3]. Hurricane Irma, as another example,
brought record flooding to Jacksonville, FL, in 2017, and
more than 7 million customers were left without power with
total damages exceeding $1 billion [4]. Such events have
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demonstrated power grid vulnerability to hazardous weather.
Moreover, the number and intensity of extreme weather events
are expected to increase due to climate change and sea level
rise [5]-[7]. Therefore, enhancing power grid resilience and
its capacity to endure, recover, and adapt to such inevitable
extreme events is crucial. Diverse approaches are available
to manage and mitigate the consequences of different ex-
treme events [8], [9]. For example, addressing earthquakes
often involves post-event recovery efforts due to limited pre-
incident preparations [10]. Handling hurricanes that disrupt
transmission lines often centers on employing stochastic unit
commitment methods to minimize load shedding and devising
effective recovery strategies [11]. The impacts of flooding can
be mitigated through the adoption of protective actions prior
to the occurrence, as well as through restorative actions. [12],
[13].

In the pursuit of improving power grid resiliency, long-term
infrastructure hardening is a viable option [13]-[18]. However,
recent events have proved that long-term hardening is not
sufficient and needs to be augmented by short-term operational
actions. Identifying vulnerable components and tripping them
out before an incident would reduce load shedding [19], [20].
Network reconfiguration is also an effective solution to reduce
energy not supplied [21]. Optimal pre-positioning of mobile
generators and crew teams is another effective short-term
operational strategy for load shedding reduction [22]. Demand
response and energy storage scheduling can be used to reduce
load curtailment [23]. Cascading outages can be mitigated
by islanding [24]. Optimal restoration actions are critical for
effectively restoring the power system to its pre-event state.
Allocating crew teams in the restoration stage and scheduling
generators and energy storage to quickly restore the power
system while minimizing load shedding is another effective
short-term operational action [25], [26].

Flooding is the primary hazard to the power system in terms
of cost and loss of life [16]. Flooding can cause severe damage
to electrical components, particularly substations, resulting in
prolonged power outages. Elevating electrical substations and
long-term power system hardening have proven to be effective,
but they cannot be relied upon as standalone solutions. Long-
term planning for substation hardening is presented in [13].
A resiliency index to assess the impact of flooding in levee-
protected areas under a changing climate is presented in [27],
[28]. [29] presents a strategy to redirect floodwaters from
flood-prone utility poles which frequently result in power
outages during flood events. In [30], a two-stage optimization
model is introduced to effectively establish multiple islands



within the system following flooding and serve loads through
mobile generation units. [31] presents a scenario-based two-
stage stochastic optimization approach to determine the opti-
mal investment budget to enhance grid resiliency and minimize
the total costs across a multi-year planning period.

Abstracting flood data, substation failure rate and expected
costs of the system from historical data is an important
preliminary step in developing a model. Flood data abstraction
and its impact on individual substations are presented in [12],
[32]-[34]. Installing temporary barriers such as sandbags and
Tiger Dams prior to a flood incident is an effective yet practical
solution to mitigate substations’ vulnerability and enhance
power grid resilience [12]. Crew team allocation for installing
Tiger Dams one day prior to flooding is presented in [12],
[35]. A two-stage stochastic approach is presented in [36], [37]
to perform proactive protection actions. Authors of [36], [37]
assume that varying levels of resiliency can be achieved for
substations by installing different numbers of layers of Tiger
Dams. However, it is important to note that installing layers of
Tiger Dams less than the expected flood level will not protect
substations while installing more layers than necessary will
not enhance resiliency beyond an expected level.

Nevertheless, limited studies are available on system-level
analysis of flood-induced hazards on power systems and sys-
tematic protection of substations against flooding. The lack of
understanding and modeling of the impact of floods on power
systems has hindered the development of effective mitigation
strategies to protect critical infrastructure. In addition, the
lack of coordination between transmission and distribution
substations protection may yield inefficient management of
resources to protect the grid and, thus, resilience degradation.
A systematic decision-making approach is needed to proac-
tively protect transmission and distribution substations in a
coordinated manner.

To address this gap, this paper presents a resource alloca-
tion optimization problem to protect power transmission and
distribution substations against flood-induced hazards using
Tiger Dams. The proposed approach focuses on short-term
operational actions. Installing Tiger Dams around substations
reduces the vulnerability of substations, resulting in fewer
failures during a flood event and a more resilient system that
can return to its normal state more quickly. The installation of
Tiger Dams occurs a few days prior to anticipated flooding,
ensuring that the entire process is completed before the flood
event commences. As a result, the challenges faced during
the grid restoration phase following flooding, such as road
closures and travel disruptions, do not apply to this specific
problem. The proposed optimization model serves as a guide,
aiding operators in resource allocation decisions in the days
prior to a flood while also allowing them to make real-
time adjustments during the flood event. By conducting a
system-level analysis of flood-induced hazards and strate-
gically distributing resources, our model aims to maximize
the resilience of transmission and distribution systems. By
system-level analysis, we mean a decision-making model that
takes the entire power system into account and finds the best
set of proactive actions for substation protection. The main
contributions of the paper are summarized as follows:
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Fig. 1: Flowchart of the proposed framework.

o A two-stage stochastic optimization model, customized
to coordinate proactive protection of transmission and
distribution systems a day before anticipated flood occur-
rences, is formulated. This model integrates a flood-aware
optimal power flow by taking substation availability into
account. Flood-related constraints within the transmission
and distribution (T&D) systems, in addition to coupling
constraints between the two, as well as limitations of
crew team resources are developed. This comprehensive
model, to the best of our knowledge, represents a novel
advancement absent from prior literature.

o Power transfer capability through normally open switches
located within the distribution system is formulated. This
aspect is incorporated into our decision-making processes
to optimize the utilization of available resources within
the power system.

o To facilitate efficient execution, a set of linearization
techniques is proposed to cast the resource allocation
optimization as a mixed-integer linear problem.

The simulation results show the effectiveness of the pro-
posed approach to enhance grid resilience against flooding.
The adaptable nature of the proposed model extends beyond
flood events. With minor adjustments, it holds the potential to
identify critical substations in different applications, such as
cyber-attacks, thereby showcasing its versatility and broader
applicability. Table I provides a comprehensive comparison
between this paper and existing literature.

The rest of this paper is organized as follows. The proposed
two-stage optimization problem is formulated in Section II.
Grid resilience improvement by normally open switches is
included in the model in Section III. The model is linearized in
Section I'V. Numerical simulations are discussed in Section V.
Concluding remarks and future work are provided in Sections
VI and VII.

II. PROPOSED OPTIMIZATION MODEL

An overview of the proposed day-ahead substation pro-
tection framework is shown in Fig. 1. In the middle block,
transmission and distribution decisions are coordinated. As
shown in Fig. 2, transmission substations feed distribution
substations. Uncoordinated protection of transmission and



TABLE I: Comparison of the proposed model with relevant literature

Ref.

Model

Flood impact
on substation

Long term
plans

Short term
plans

Switching

T&D co-
ordination

[13]

[23]

[27], [28]

[29]

[30]

[32], [33]

[31], [34]

[12]

[36], [37]

This study

It minimizes the expected cost of transmission system across a
multi-year time frame to enhance substations resiliency through
long-term hardening.

It presents a strategy to use demand response, energy storage
scheduling, and network reconfiguration during flooding to reduce
load curtailment.

It presents a resiliency index to assess the impact of flooding in
levee-protected areas under a changing climate.

It presents a strategy to redirect floodwaters from flood-prone
utility poles which frequently result in power outages during flood
events.

It introduces a two-stage optimization model to effectively es-
tablish multiple islands within the system following flooding and
serve loads through mobile generation units.

It evaluates flood impacts on individual substations and outlines
the process of abstracting substation data using a probabilistic
approach.

It assesses the financial aspects of long-term hardening strategies.

It presents a stochastic approach to minimize the expected cost
and allocate resources for substations protection with Tiger Dam,
without considering network connections.

It presents a two-stage stochastic approach to minimize load shed-
ding through the installation of Tiger Dams around substations.
Different levels of resiliency are considered and determined by
the number of Tiger Dam’s layers that are installed.

It presents a two-stage stochastic optimization approach to pro-
tect substations in transmission and distribution systems in a
coordinated manner by Tiger Dam. Normally open switches are
incorporated in the model to improve power grid resiliency. A
set of linearization techniques is proposed to cast the resource
allocation optimization as mixed-integer linear programming.
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distribution substations may lead to ineffective decisions and
overall system resilience degradation. Assume protecting a
distribution substation j whose upstream transmission substa-

tion k£ has failed. Although protecting distribution substation
7 reduces the structural damage cost, it does not prevent the
outage of loads connected to this substation.

We consider protection, structural damage, and load-
shedding costs as indicators of the criticality of a substa-
tion. The proposed framework is formulated as a two-stage
stochastic optimization problem. Stage one refers to the time
before a flood event, and stage two refers to the time after
the realization of the flood scenario. Decisions corresponding
to protecting substations with Tiger Dams are the first-stage
variables, known as here-and-now decisions. These decisions
are made by the system operator a day before an incident,
based on the available resources and taking into account
flood uncertainty. Given the first-stage protection decisions,
the second-stage wait-and-see decisions are adjustments of
generating unit production and load curtailment to mitigate
damages after the realization of a flood scenario. A compact
formulation of the proposed two-stage stochastic model is



presented in (1a)-(1b):
min f(z) + Ei[z]

s.t. h(zr) <0 (la)

x €{0,1}

Rs = {Hﬁnf(ya)
st. gs(z,ys) <0 (1b)

ys € R}, Vs

f(x) is the first stage cost. Fg[zs] is the second-stage ex-
pected costs. (1b), which constraints problem (la), represents
operational decisions per scenario s. x are binary variables
representing protection decisions of transmission and distribu-
tion substations and the status of normally open switches. y
are flood scenario-dependent variables, such as thermal unit
generations, availability of substations, and load shedding.
h(zx) are the first-stage equality and inequality constraints,
such as crew team constraints. gs(x,ys) are the second-
stage scenario-dependent operational constraints, such as nodal
power balance and generation boundaries.

We generate a set of substation failure scenarios and refor-
mulate (1) as follows:

mwin f(x) + ZWSf(yS)
Vs

s.t. h(z) <0

x € {0,1} &)
9s(x,ys) < 0,Vs

ys € R, Vs

We explain uncertainty modeling, objective function, and
constraints in the next sections.

A. Uncertainty Modeling

The level of flood severity in substation locations may vary
considerably as transmission and distribution substations cover
a large geographic area. Assuming that all substations are
subject to the same flooding conditions simplifies the model
but makes it unrealistic. The vulnerability of a substation to
flooding depends on its structure and elevation as well as
flood depth and duration. Knowing substations that would
fail due to a flood allows system operators to plan preventive
operational actions effectively for the upcoming day. However,
this information is unavailable due to the unpredictable nature
of flooding.

We employ a stochastic approach and generate a set of sub-
station failure scenarios. In each failure scenario, we consider
two mutually exclusive conditions for each substation, "fail"
and "survive." The fail condition is labeled with “1” and the
survive condition with “0”. We use index k for transmission
and j for distribution. F};, refers to the condition of distribution
substation j in scenario s, and F} refers to the condition of
transmission substation k in scenario s. 277X scenarios can
be generated for J + K substations, where J and K are the
total numbers of distribution and transmission substations in
the flooded region. Generating all possible scenarios makes the
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Fig. 3: Scenario reduction method based on substations
failure rates and importance levels.

problem computationally expensive and is unnecessary due to
the low probability of many of these scenarios. Generating a
smaller set of scenarios that represent all possible scenarios is
more efficient. We generate a set of representative scenarios
using a scenario reduction method presented in [12]. First,
required data for the scenario reduction method, including
substation failure rates, expected damage, damage cost, and
repair time, are abstracted from flood depth and substation
characteristics such as fragility, damage curve, and price. The
substation importance level for the grid is defined and evalu-
ated by substation load, repair time, and damage cost. A two-
dimensional space is created by placing the importance level
of substations on the y-axis and the failure rate on the x-axis as
shown in Fig. 3. By defining multiple horizontal and vertical
thresholds, the 2-D space is divided into smaller regions.
The intersections of thresholds are called scenario points. A
substation failure scenario can be generated for each scenario
point. To do so, substations located on the right and above
a scenario point are considered failed and the rest survived.
Using this method, substations with higher failure rates and
importance levels are considered "failed" in more scenarios.
The proposed two-stage stochastic optimization is designed to
protect substations considered "failed" in multiple scenarios.
Therefore, the proposed approach selects substations with high
failure rates and importance levels as critical substations to be
protected.

We use the substation outage modeling of [12] to calculate
substation failure rates. The probability of each scenario s is
calculated based on the substation failure rate.

Ts = H(Fjsﬂ'j +(1—-Fj) (1
Vi

X H (stﬁk + (1 — st) (1 - '/Tk))
VEk

)
3

where 7, is the probability of scenario s. ; and 7, are the
failure rate of distribution substation j and transmission sub-
station k, respectively. (1 — ;) and (1 — 7y,) are the survival
probabilities of substations j and k, respectively. The first
term of (3) is the product of distribution substation condition
rates. If the condition of substation j is fail, F;; = 1, with a
probability of ;. If the condition of substation j is survive,



F;s = 0, with a probability of (1 — m;). The second term of
(3) is the product of transmission substation condition rates.
In this study, the correlation between substation failure rates
is neglected. This serves as a limitation of our work and offers
an opportunity for future research improvement.

B. Objective function

The proposed model is designed to minimize the overall
expected cost, which includes both transmission and distribu-
tion systems costs. To achieve this, we have adopted a flood-
aware optimal power flow analysis approach specifically for
the transmission network. Within this framework, distribution
substations function as loads for the transmission substations.
It is important to highlight that while our model embraces the
power flow of the transmission network, we have deliberately
excluded power flow considerations at the distribution level.
This approach enhances the pragmatic utility of our model for
real-world power utility operations.

The objective function of (2) is formulated by (4), which
includes costs related to distribution and transmission substa-
tions. The first-stage cost f(x) is negligible, and (4) is the
second-stage cost. The first term is the expected costs imposed
on the distribution system due to flooding, and the second
and third terms model the expected costs imposed on the
transmission system.

miHZZ’ITSFjsﬁj + Z Z’/Tstsﬁk

Vj Vs Vk Vs (4)
+Y 7Y Y VOLL x Lig
Vs Vi Vit

where VOLL is the monetary value of load shedding. L;4; is
the load shedding on bus 4 in scenario s at time ¢. 3; and (3, are
respectively costs associated with distribution and transmission
substations. 3; is calculated as follows:

B =0;C; + (1 —-6;)C; (5)

where the binary variable 0; is 1 if substation j is protected,
and 0 otherwise. The system cost varies depending on whether
the substation is protected or not. If substation j is protected,
the cost is equal to C;, which is the cost of protecting
the substation including Tiger Dam expenses and crew team
salaries. C; is negligible compared with other costs. C; is the
distribution system cost due to failure to protect substation j
against flooding.

C;j =D;+T, (6)

where D; is the damage cost to the structure of distribution
substation j and is assumed a given input. I'; is the energy
not supplied cost of substation j and is calculated by (7).

out
T;

L= wPA, (7
t

where w; is a weighting coefficient to model the importance
level of load connected to substation j. Pj?*¢ is load of
substation j at time ¢. A; is the price of load connected to
substation j. T;’“t is the duration of the substation outage.

The cost associated with transmission substation k is cal-
culated by (8).

Br = 0xCr + (1 — 0r) Dy, ®)

where (), represents the cost related to transmission substa-
tion k. The binary variable 6 is the protection decision of
substation k, which is 1 if it is protected, and O otherwise. Cy,
is the protection cost of substation k, which is negligible as
compared to other costs. Dy shows the structural damage cost
of substation k. Since load shedding due to transmission sub-
station failures depends on network connections, load shedding
cost is considered separately in the objective function.

C. Distribution System Constraints

The availability of distribution substation j in scenario s,
represented by b;, in (9), depends on its failure condition and
protection decision. b;, is 1 if substation j is available and 0
otherwise. For instance, if substation j is considered failed in
scenario s and not protected, it is unavailable and b;, = 0.

The availability of distribution substation j in scenario s im-
pacts the load on transmission buses, which makes distribution
and transmission systems correlated, as explained in Section
II-E.

hjszl_Fjs(l_

D. Transmission System Constraints

The availability of transmission substations impacts dis-
tribution system protection decisions. Also, the generation
of thermal units and the availability of transmission lines
connected to them depend on the availability of transmission
substations. Expression (10) shows the availability of trans-
mission substation k in scenario s.

bks =1- Fps (l_ak)v Vkvvs (10)

If transmission substation k is unavailable, the generation
output of the thermal unit connected to this substation must
be zero. This is modeled by multiplying the thermal unit
generation boundaries by substation availability, as shown in
(11). The ramp limitations of thermal units are enforced by
(12) and (13).

hksP;nin < Pgst < kaP;nam’ ngvsvv{; (11)
Pgst — Pgst—1 < RUg, Vg,Vs, V1 12)
Pgst—1 — Pgst S RDQ? vg7v/57vlt (13)

where pgg; is the power generation of unit g in scenario s at
time ¢. P, and P}"** are generation boundaries. RU, and
RD, are the ramp up and ramp down capabilities.

The availability of line [ in scenario s, represented by
bhis, depends on the availability of its origin and destination
substations. The line will be unavailable if at least one terminal
is unavailable. f;s is modeled by (14) as the product of the
availability of origin and destination substations. If line [ is
not available, its power flow must be zero, and the voltage
angles of origin and destination nodes need to be independent



as enforced by (15)-(17). The nodal power balance is enforced
by (18). The load shedding on node ¢ must be limited by (19).

bis = br,sDrgs, VI, Vs (14)

—bis " < frse < s T, VI Vs, VE (15)

fist + M (1 =bys) > By (Abg), VI,Vs, ¥t  (16)

fist <M (1 —bys) + By (Adgy), VI, Vs, ¥t (17)

D Pyst+ Lise =Py = Y fist, Vi, Vs,V (18)
YgeQi vieQi

0 < List < pl,, Vi, Vs,Vt (19)

where by and by, s are respectively the origin and destination
substation availability. f;,; is power flow in line [ in scenario s
at time ¢. ;"% is the capacity of line . B; is line susceptance.
Adg; is the difference between ending terminal voltage angles
in scenario s. M is a big constant, making voltage angles
independent if line [ is unavailable, i.e., h;s = 0. p&, is the
total load connected to node 7 in scenario s at time £. Nonlinear
constraint (14) is linearized in Section IV.

E. Transmission and Distribution Systems Coupling Con-
straints

The protection decisions of transmission and distribution
substations are interdependent. The load on a transmission
substation k is affected by the availability of downstream
distribution substations, and vice versa. The interdependency
between the transmission and distribution systems becomes
apparent through their operational status. In simpler terms,
the availability of distribution substations directly affects the
amount of load carried by transmission substations. Addition-
ally, the availability of transmission substations determines
whether the load can be successfully delivered. We formulate
constraints (20) and (21) to model interconnections between
distribution and transmission systems.

Ple <) b P, Vi, Vs, Yt (20)
FjEQFK
(]' - hks) Z hJ'SP}?ad S pfiism Viavsth (21)

jeQr

If transmission substation k is available, his = 1 and we
have 0 < pfl,, < 37 qn hjs Pjp*¢, meaning that the demand of
substation k can vary between zero and the summation of load
of available downstream distribution substations connected to
substation k. If substation k is not available, his = 0 and
we have P, = 3. o h;sPj7*. According to (11), (15)
and (18), if substation % is not available, we have pgs; = 0,
fist =0 and L = pf’st. Therefore, the load of substation &
is equal t0 > o f)jstf“d all of which will be shed given
that substation £ is not available.

F. Transmission and Distribution Systems Common Con-
straints

The number of substations that can be protected depends on
available crew teams, Tiger Dam installation time, and avail-
able protection window before flooding. We assume that trans-
mission and distribution systems have their own resources,
such as crew teams, and separately determine the optimal crew
schedule. The constraints pertaining to crew team scheduling
are similar for transmission and distribution systems. We
explain these constraints for transmission substations using
index k. The same set of constraints must be incorporated into
the optimization model for the distribution system. We assume
a single distribution company that consolidates resources for
all distribution-level substations.

The time required to install Tiger Dams, 7, is determined
based on the average flood depth at the substation location and
crew team availability.

4410 (FDy, — 0.45)
_ .

where 71 is the time to install Tiger Dams at substation k.
FDy, is the average flood depth at substation k. M,, is the
number of team members in crew n.

Allocation of crew teams a day before a flood event depends
on the total hours available for performing protection actions
and the number of crew teams. Only one crew team performs
protection actions at a substation. Each crew team would finish
installing Tiger Dams at a substation before moving on to
the next one. After spending the required time to install the
Tiger Dam, each crew team would complete the installation
actions. Traveling time between substations is neglected. The
limitations described above are modeled by (23)-(28).

Th L 045 < FDL <15  (22)

) 9 WINENCEE SN
vn VEk vi
5t = s @
vn o Vi
St < 1, Vn, Vi @3
vk
M — € < oy V0, Vk, Vi (26)
1 7 Upkf r
0,5 < +unkt2 Upki—1 + e, Vn’Vk7vt 27
S o<1, v @
vn o vE

where index t is the time intervals showing crew scheduling.
n is the index for crew teams. 7 is the total available time to
perform protection actions. N'*“*™ is the number of available
crew teams. u,,,; i a binary variable for crew team dispatch.
For instance, if u,,;,; = 1, crew team n is scheduled to perform
protection action at substation k at time £. € is a small positive
number. o,,; is an auxiliary binary variable enforcing the
number of teams dispatched to a substation location to be at
most one.



III. RESILIENCY IMPROVEMENT THROUGH SWITCHING

Transferring loads between neighboring distribution sub-
stations using normally open points can reduce energy not
supplied. We model load transfer capability in the proposed
two-stage substation protection approach. Leveraging such re-
sources enhances grid resilience against flooding. A normally
open switch between two distribution substations j and j can
transfer a portion of the load from substation j to substation
7 if the switch is closed. We modify (7) by replacing the load
of substation j, P}f“d, with pﬁ“d:

Pl = Plged - AyPleet, ]

(29)
where A is a constant representing the percentage of the load
from substation j that can be transferred to substation j. 7y
is a binary variable that indicates the status of the normally

open switch and is equal to 1 if the switch is closed. P;;"“i is

the load of neighboring substation j. The load of substation j
also changes as follows:

plosd = (1= A)Ple*d + A1 —4)Pled, G (30)

If the switch is open, v = 0 and the load of substation j is
equal to Pﬁ’ad. If the normally open switch is closed, the load

of substation j will reduce by APff“d. When the normally
open switch is closed, another switch will open, disconnecting
the transferred load from substation ;.

According to (29) and (30), the load of distribution sub-
stations depends on binary variables ~ and thus are variables.
This makes C_j and I'; calculated in (6) and (7), variables and
thus the model nonlinear.

IV. MODEL LINEARIZATION

Several nonlinear terms appear in the proposed two-stage
model making it a mixed-integer nonlinear program that is
hard to solve. We linearize the model to make it a mixed-
integer linear program solvable by standard solvers.

A. Linearization Without Switching

Constraint (14): The availability of line [ in scenario s is
calculated as the product of two binary variables. We linearize
(14) by replacing it with (31)-(33).

bis < bk,s, VI, Vs (31
hls § hkdsa Vl,Vs (32)
bls Z hkos + hkds - 17 VZ,VS (33)

Constraint (21): The term by > ;cor bjs Pjee? is non-
linear as it includes the product of two binary variables
brs and bjs. We introduce an auxiliary variable as A\;s; =
Brs > jear D) stg“d and linearize the nonlinear term as fol-
lows:

)\ist S bksM7 VZ7VS7Vt (34)

Nist < Y by P, Vi, Vs, Vi (35)
JEQFk

(36)

Nist = D by Pl — (1= b )M, Vi, Vs, Vi
jeQk

Nist > 0, Vi, Vs, Vt (37)

Substituting auxiliary variable \;4:, we rewrite (21) by (38).

D b Pt — N < iy, Vi, Vs, Vi
JEQK

(38)

Model Summary: The proposed mixed-integer linear pro-
gram is summarized as follows:
min(4)
x!ys
s.t. (3), (5)-(13), (15)-(20), (22)-(28), (31)-(38)
z = {05, 55, Ok Brs Ty Upgefs Onit }
Ys = {bjsa hks;pgsta hlsa flst7 A(Ssta ﬁistapgstv )\ist}

(39)

where x are the first-stage here-and-now decision variables,
and y, are the second-stage wait-and-see variables.

B. Linearization With Switching

Expression (5): @ is a variable if load transfer is considered.
We introduce a continuous auxiliary variable C/»,_replace 5)
by (40), and linearize the nonlinear product term C;0; by (41)-
(44).

Bj =0,C;+C; —Cj, Vj (40)
C; <O;M, Vj (41)

C. <C;, Vj (42)
Ci>C;—(1—0;)M, Vj (43)
C; >0,V (44)

Constraints (20) and (21): Constant P/?°? is replaced by

variable p3*¢ if normally open switches are considered. We

define p;5 = hjspﬁad and ogp = 3 st and formulate
(45)-(48).

Hijst < hjst VJ7VS7Vt (45)

stt S pé'(zad, V], VS7Vt (46)

fjse > P = (1= b;5) M, Vj, Vs, Vit (47)

,u/jst 2 07 VJ, V57Vt (48)

The term by, Zjem hjspé-‘zad in (21) is now bisas:, which
is nonlinear as it includes the product of a binary variable
brs and a continuous variable a;. We introduce an auxiliary

variable 7y = hrsse and linearize it as follows:

Mist < brsM, Vk, Vs, Vit (49)

Nist < agy, Yk, Vs, Vit (50)

Nst > st — (1 — brs) M, Vk, Vs, Vit (51)
kst > 0, Vk, Vs, Vt (52)

Using (45)-(52), we rewrite (20) and (21) with (53) and
(54).

Pl < o, Vi, Vs, Vi (53)

st — st < Py, Vi, Vs,V (54)



Model Summary: The linearized model considering nor-
mally open points is summarized as follows:
min(4)
z,Ys
s.t. (3), (6)-(13), (15)-(19), (22)-(33),(40)-(54)
T = {9j7 Bj? ekta Bka Tk Upkis Onkis 77pé‘?fad7 C_;}
Ys = {hjsv bksa pgsta blS) flsta Aésta ‘Cist)pglsﬁ Aist;
Hijsts Ost, Nist }

(55)

V. NUMERICAL SIMULATIONS

The proposed methodology is put to the test using the IEEE
24-bus system [38]. This network includes 24 transmission
substations and 40 distribution substations, their interconnec-
tions elaborated in Table II. The protection of transmission and
distribution substations is performed by three and five teams,
respectively, each team comprising four crew members. This
proactive approach is executed within a ten-hour window the
day prior to a potential incident. The process of substation
data abstraction and failure scenario generation are thoroughly
presented in our prior work [12]. For the sake of brevity,
we assume that these data have been supplied as inputs for
this study. Substation data, encompassing failure probabilities,
expected damage percentages, expected damage costs, and
repair times, are extrapolated from flood data and substation-
specific fragility curves, damage curves, repair time curves,
and cost considerations. Due to the unavailability of real-world
data, we made assumptions regarding average flood data in
substation locations [12]. Using the scenarios generation and
reduction explained in Section II-A, eleven substation failure
scenarios are generated and tabulated in Table III. These
scenarios, which offer a nuanced outlook, are harnessed to
formulate the foundation of our two-stage stochastic model.

A. Crew Team Dispatch Schedule

The model identifies critical transmission and distribution
substations and allocates crew teams over the 10-hour pro-
tection horizon, taking into account the required time for
Tiger Dam installation. Figures 4 and 5 show the crew team
scheduling. Each team completes the protection action at one
substation and moves on to another location. For the sake of
simplicity, the travel time between substations is ignored. Nine
transmissions and 17 distribution substations are protected
over the 10-hour horizon. No crew team is dispatched to more
than one substation at a time. Also, at most one crew team is
assigned to a substation.

B. Stochastic Model vs. No Protection

The proposed two-stage stochastic approach is compared
with a case without protective action. Expected power outage,
outage duration, and costs are reported in Table IV. Power
outage is evaluated by aggregating the load shedding across
both transmission and distribution substations. Similarly, out-
age duration is computed through the summation of outage
time, assumed to equate to their respective repair times, for
both the transmission and distribution substations. Moreover,

the expected cost corresponds to the value of the objective
function as detailed in (4).

The proposed approach leads to a substantial enhancement
in power system resilience as compared to taking no protective
action. The power outage is reduced by 61.93%, and the outage
duration and system cost are lowered by 84.63% and 87.81%,
respectively. These results highlight the significance of the
proposed model in mitigating the negative impacts of flooding
and reducing power system vulnerability to such events.

The resilience curves are depicted in Fig. 6. The area under
the curve, denoted as R, is an indicator of system resiliency
against the flood event. A smaller R means a more resilient
system and better preparation for flooding. The area under
the resilience curve is the product of power outage time
outage duration, meaning R is energy. The proposed two-stage
stochastic approach leads to a much smaller outage magnitude
and duration than the no-protection strategy. In other words,
less load curtailment occurs, and the system returns to pre-
flood normal status faster.

C. Coordinated T&D vs. Uncoordinated Protection

Two cases are studied. In case 1, transmission and distribu-
tion systems are protected independently, with no awareness of
each other’s substation availability. The uncoordinated strategy
is two stochastic optimization problems, one corresponding to
the transmission system and another to the distribution system.
In transmission system optimization, we assume all connected
distribution substations are fully operational. Similarly, in
distribution system optimization, all transmission substations
are assumed to be intact and functioning. Case 2 is the
proposed coordinated T&D substation protection. We assume
that the same transmission substation failure scenarios of the
T&D approach occur for the transmission system optimization
problem of the uncoordinated approach. The same assumption
is made for the uncoordinated distribution system problem
as well. The failure scenario rates, as presented in (3), are
modified to only consider either transmission or distribution
substations for each optimization problem. However, for a fair
comparison between cases 1 and 2, results calculations such
as power outage and cost utilize the scenario rates obtained
from the coordinated T&D approach.

The simulation results are reported in Table V. The coor-
dinated approach leads to a 9.17% reduction in power outage
magnitude. However, the total outage duration increases by
15.37%. Despite this trade-off, the coordinated strategy results
in an overall cost reduction of 24.07%, which is the primary
objective of the proposed model. The improved performance
of the coordinated model over the uncoordinated approach can
be attributed to the enhanced information-sharing and coor-
dination between the transmission and distribution systems.
This leads to better utilization of available resources and more
effective decision-making. For example, in the coordinated
strategy, both j40 and k20, which are interconnected substa-
tions, are protected, whereas only j40 is protected in the un-
coordinated strategy. Substation k20 has a failure rate of 0.36,
and protecting j40, while the supplying transmission substation
k20 may fail, is an inefficient allocation of resources. Given



TABLE II: Transmission and Distribution Substations Connections

Transmission Distribution Transmission Distribution Transmission Distribution
k1 jl-j2 k7 j13-j14 k15 j27-j28-j29

k2 j3-j4 k8 jl5-j16 k16 j30-j31

k3 j5-j6 k9 j17-j18 k18 j32-j33-j34

k4 i7-i8 k10 j19-20 k19 j35-j36-j37

k5 j9-j10 k13 j21-j22-j23 k20 j38-j39-j40

k6 jl1-j12 k14 j24-j25-j26 - -

TABLE III: Substation Failure Scenarios

Scenario  Failed substations Rates
S1 K24 0.323
S2 k22-k23-k24 0.254
S3 k24-j15-j30 0.379
S4 Kk6-k7-k8-k9-k10-k21-k22-k23-k24-j12-j13-j14-j15-j27-j28-j29-j30 0.034
S5 k6-k7-k8-k9-k10-k18-k19-k20-k21-k22-k23-k24-j12-j13-j14-j15-j27-j28-j29-j30 0.005
S6 k6-k7-k8-k9-k10-k21-k22-k23-k24-10-j11-j12-j13-j14-j15-j25-j26-j27-j28-j29-j30 0.004
57 k3-k4-k5-k6-k7-k8-k9-k 10-k 18-k 19-k20-k21-k22-k23-k24-j7-j8-j9-j10-j11-)12j13-j14-j15-]22-j23-j24-j25-j26-j27-j28- 367
29-j30-j37-j38-j39-j40
S8 k1-k2-k3-k4-k5-k6-k7-k8-k9-k10-k15-k16-k17-k18-k19-k20-k21-k22-k23-k24-j7-8-]9-j10-j11-j12-j13-j14-j15-j22-j23- 26-9
24-j25-26-j27-j28-29-j30-j37-38-j39-j40
So k1-k2-k3-k4-k5-k6-k7-k8-k9-k 10-k15-K16-k17-k 18-k 19-k20-k21-k22-k23-k24-j4-j5-16-7-]8-19-10-11-j12-j13-j14-j15- e 13
119-j20-j21-j22-j23-124-j25-26-j27-j28-129-j30-j33-]34-j35-36-j37-j38-]39-j40
s10 Kk12-K13-K14-2-j3-j4-j5-16-7-j8-j9-110-j11-j12-113-j14-j15-117-j18-j19-j20-j21-]22-j23-j24-25-j26-j27-j28-j29-30-j32- 3615
33-j34-35-j36-j37-j38-j39-j40
S11 All 2e-22
®) i15 () j32 &) 18 i34
@ o j22 OB 1
®) i36 j17 33 23
@i B ®
® 30 ® 35 i21
Time (hour)
Fig. 4: Distribution system crew team schedule.
® X @ 9
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Time (hour)
Fig. 5: Transmission system crew team schedule.
TABLE IV: Results of the Stochastic vs. No Protection Case TABLE V: Results of the Coordinated T&D vs.
Model Power outage (MW)  Outage duration (h)  Cost ($) Uncoordinated Approach
Stochastic. 2397 13.66 239,236 Model Power outage (MW)  Outage duration (h)  Cost ($)
No protection ~ 62.97 88.88 1,961,855 Coordinated
Improvement  61.93% 84.63% 87.81% T&D 23.97 13.66 239,286
Uncoordinated 26.39 11.84 315,147
Improvement  9.17% -15.37% 24.07%

o o ) D. Resiliency Improvement Via Switching
that transmission and distribution systems are not sharing

information in the uncoordinated strategy, they might not make To evaluate the impact of load transfer between neighbor-
well-informed decisions, resulting in suboptimal outcomes. ing distribution substations, we compare the expected power
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Fig. 6: Resilience curve of the two-stage stochastic approach
VS. no protection case.

outage magnitude and cost with and without normally open
switches. Four cases are studied: the two-stage approach
without power transfer modeling, incorporating power transfer
into proactive protection with two normally open switches,
three switches, and four switches. In the two-switch case,
one switch is considered between each substation pair (j16,
j15) and (j30, j31). These switches enable transferring 30%
of power from the second substation to the first substation in
each pair during a flood event. The optimal solution is to close
the switch connecting (j16, j15) and leave the switch linking
(30, j31) open. Table VI shows the expected power outage
magnitude and cost improvement as compared to the case
without power transfer. Leveraging normally open switches
reduces the outage magnitude and cost by 1.83% and 0.35% as
compared to the case without power transfer. These resilience
improvements are due to more flexibility in load management
and being able to serve demand by operational substations.

In the three-switch case, switches are located between each
substation pair (j16, j15), (j27, j28), and (j30, j31). The optimal
solution is to close the switches connecting (j16, j15) and (j27,
j28) and leave the switch linking (j30, j31) open. The expected
power outage magnitude and cost reduce by 3.13% and 0.55%.
In the four-switch case, the expected power outage magnitude
and cost reduce by 5.63% and 1.34%. Having more normally
open switches and load transfer capability are expected to
enhance resilience.

TABLE VI: Resilience Improvement with Load Transfer

Model

Two Switches
Three Switches
Four Switches

Power outage (MW)
23.53 (-1.83%)
23.22 (-3.13%)
22.62 (-5.63%)

Cost ($)

238,458 (-0.35%)
237,978 (-0.55%)
236,017 (-1.34%)

VI. CONCLUSION

Protecting critical substations with Tiger Dam a day before
the incident enhances power system resilience significantly. A
two-stage stochastic resource allocation optimization problem
is formulated to identify critical substations and protect them
against flood hazards. Flood uncertainty is included in the
decision-making in the form of substation failure scenarios.
The probability of protecting substations located in more

severely flooded regions is higher. Also, substations supplying
a significant amount of demand or with expensive structures
whose damage would cause substantial losses are given a
higher priority for protection. The model incorporates both
transmission and distribution substations and takes into ac-
count their interdependency. This accounts for the potential
impact of one substation on decisions made for other intercon-
nected substations. Substation protection decisions are consid-
ered first-stage decision variables, whereas power flow-related
variables, such as the amount of power transmitted through
transmission lines, are regarded as second-stage variables.

A 24-bus system with 24 transmission and 40 distribution
substations is used to evaluate the model’s effectiveness.
Optimal crew team scheduling is determined to install Tiger
Dam for transmission and distribution systems protection.
The proposed approach significantly improves power system
resilience, as demonstrated by a 61.93% reduction in the power
outage magnitude, 84.63% reduction in outage duration, and
87.81% reduction in cost as compared to the no-protective
action scenario. The impact of coordinating transmission and
distribution systems is evaluated by comparing the results with
an uncoordinated approach. The coordinated approach leads to
a reduction of 9.17% in power outage magnitude and 24.07%
in cost. The resiliency improvement through switching is
tested considering two, three, and four normally open switches.
Load curtailment and cost are reduced by 1.83% and 0.35%
in the two-switch case, 3.23% and 0.55% in the three-switch
case, and 5.63% and 1.34% in the four-switch case. Integrat-
ing normally open switches into the model provides more
flexibility in load management and enhances grid resilience.
This allows transfer load between neighboring substations and
enables demand to be served by safer substations.

VII. FUTURE WORK

As the frequency and intensity of weather events continue
to increase due to climate change, it is crucial to consider the
potential compounding effects of multiple weather events, par-
ticularly in vulnerable regions such as coastal areas, low-lying
regions, and areas prone to natural disasters. For instance,
compound flood and wind events would be more hazardous,
and various proactive operational actions may be needed to
enhance grid resilience.
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