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Resilient Operation of Electric Power Distribution
Grids Under Progressive Wildfires

Mostafa Nazemi
Mohannad Alhazmi

Abstract—Wildfires have been growingly recognized as a promi-
nent threat in regions with high temperatures during the summer.
Power distribution systems, especially those passing through for-
est regions, are exposed and highly vulnerable to wildfires. This
article provides a general formulation to enhance the operational
resilience of power distribution networks equipped with renewable
energy resources, e.g., wind and solar energy, micro turbines as well
as energy storage systems when exposed to progressive wildfires.
The wildfire incident is characterized comprehensively and the
dynamic heat balance equations of power distribution branches are
used to model the impacts of wildfires on overhead line conductors.
A mixed-integer quadratic optimization formulation is applied to
optimally operate and coordinate all local energy resources to
reduce load outages and enhance the system resilience. The applied
framework is evaluated on the IEEE 33-node test system. Com-
prehensive sensitivity analyses are conducted to assess the efficacy
of the applied framework, where the numerical results reveal the
resilient operation of power distribution networks in the face of
wildfire emergencies.

Index Terms—Distributed energy resources, power distribution
systems, resilience, wildfire hazards,.
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A. Abbreviations
DHB Dynamic heat balance
ESSs Energy storage systems
RESs Renewable energy resources
MTs Micro-turbines

Manuscript received July 31, 2021; revised November 8, 2021; accepted
December 10, 2021. Date of publication January 25, 2022; date of current
version March 20, 2022. This work was supported by the US National Science
Foundation (NSF) under Grants ICER-2022505 and ECCS-2114100. Paper
2021-PSEC-0883.R1, presented at the 2021 IEEE Industry Applications Society
Annual Meeting, Vancouver, BC Canada, Oct. 10-14, and approved for publi-
cation in the IEEE TRANSACTIONS ON INDUSTRY APPLICATIONS by the Power
Systems Engineering Committee of the IEEE Industry Application Society.
(Corresponding author: Payman Dehghanian.)

Mostafa Nazemi and Payman Dehghanian are with the Department of Elec-
trical and Computer Engineering, George Washington University, Washington,
DC 20052 USA (e-mail: mostafa_nazemi@gwu.edu; payman @ gwu.edu).

Mohannad Alhazmi is with the Department of Electrical and Computer
Engineering, George Washington University, Washington, DC 20052 USA, and
also with the Department of Electrical Engineering, College of Engineering,
King Saud University, Riyadh 11421, Saudi Arabia (e-mail: alhazmi @ gwu.edu).

Yousef Darestani is with the Department of Civil and Environmental Engi-
neering, Michigan Technological University, Houghton, M1 49931 USA (e-mail:
ydaresta@mtu.edu).

Color versions of one or more figures in this article are available at
https://doi.org/10.1109/TIA.2022.3145780.

Digital Object Identifier 10.1109/TIA.2022.3145780

, Student Member, IEEE, Payman Dehghanian
, Student Member, IEEE, and Yousef Darestani

, Senior Member, IEEE,

PV Photovoltaic energy
WT Wind turbine
SoC State of charge

B. Sets and Indices
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Indices/set of nodes.
Set of nodes adjacent to node .
Indices/set of distribution lines between

nodes ¢ and j.

ij el

Indices/set of power distribution lines be-

tween nodes ¢ and j affected by wildfire.
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C. Parameters and Constants
1) Fire Parameters
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2) Environmental Conditions
-
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3) Conductor Specifications
mC)

D

Indices/set of time periods.
Indices/set of scenarios.

Flame zone temperature (K).
Fire front length (m).

Fire tilt angle (rad).

The bulk density of the fuel
(kg/m?).

Flame zone emissivity.

Dimensionless atmospheric
transmissivity.
Stefan—Boltzman constant
(W/m2K*).

Wind speed (m/s).

Angle between the wind direc-
tion and conductor axis (rad).
Ambient temperature (K).
Thermal conductivity of air
(W/mK).

Air dynamic viscosity (kg/ms).
Air density (kg/m?).

Shape index of the Weibull dis-
tribution.

Scale index of the Weibull dis-
tribution.

Total heat capacity of conductor
(J/mK).
Conductor diameter (m).
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D. Functions and Variables

1) Fire Model
of.
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2) Heat Gain and Loss
line
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3) Power System Model
D D

Pie> iy

Solar absorptivity.

Solar radiation rate (W /m?).
Ambient line resistance.
Maximum permitted conductor
temperature (/).

Value of lost load ($/MWh).
Selling electricity price to cus-
tomers ($/MWh).

MTs generation cost ($/MW).
Startup/Shutdown cost of MTs
($).

Electricity price at time ¢
($/MWh).

Real power demand at node ¢ at
time t (MW).

Reactive power demand at node
¢ at time ¢ (M Var).

Active power capacity limit of
line 75 at time ¢ (MW).
Reactive power capacity limit of
line 7 at time ¢ (M Var).
Minimum and maximum square

voltage of node i (kV?).

Conversion efficiency of ESSs.
Energy capacity of ESSs
(MWh).

View angle between fire and
conductor line ¢ at time ¢ (rad).
Distance between fire and line
ij at time t (m).

Fire spread rate (m/s) at time ¢.
Conductor temperature of line
17 at time ¢ (K).

Radiative heat flux at time ¢
(W/m?).

Resistance heat gain rate of line
ij at time t (W/m).

Solar heat gain rate of line ¢7 at
time ¢ (W/m).

Fire heat gain rate of line j at
time ¢ (W/m).

Convection heat loss rate of line
ij attime ¢ (W/m).

Radiation heat loss rate of line
17 at time ¢ (W /m).

Real and reactive power sup-
plied at node ¢ at time ¢ (MW,
MVar).

fl fl i
P Qi Real and reactive power flow on

branch ¢j at time £t (MW, M Var).

SoCSY SoC of ESS at time ¢.

Py i Charging and  discharging
power of ESS at node ¢ at time
t (MW).

ay Reactive power of ESS at node
¢ at time ¢ (M Var).

ey Real and reactive power output

of MT at node : (MW, M Var).
Start-up/Shut-down costs of
MTs at node i at time ¢ ($)

MT . JMT
[Sui,t ’Sdi,t

[V Real power output of WT and
/ PV at node 7 at time t (MW).
VSqu . Squared voltage magnitude at

node 7 at time ¢ (kV?).
P2 a2, Real and reactive load outage at
node ¢ at time t (MW, M Var).
poP Active power exchange with
the upstream network at time ¢
(MW).
E. Binary Variables
Qg Connection status of branch 75 at time ¢ (1
if the branch is connected, O otherwise).
Uit Charging and discharging status of ESS
at node ¢ at time ¢ (1 if charging, O other-
wise).
Kit Status of MT at node 7 at time ¢ (1 if the
MT is generating, 0 otherwise).
oF Buying or selling energy from/to the up
stream network at time ¢ (1 if buying, 0
otherwise).

1. INTRODUCTION

HE growing severity and duration of power outages trig-

gered by wildfires impose an adverse impact on the op-
eration of multiple life-line networks and results in significant
financial risks. For instance, in May 2016, a wildfire was initi-
ated in Alberta, Canada. The direct financial loss to insurance
providers from the great Alberta fire was estimated at about $3.7
billion [1]. In October 2017, a series of wildfires started to burn
across the wine county of Northern California. These wildfires
caused at least $9.4 billion in insured damages and the death
of 44 people [2]. In fiscal year 2017, the cost of battling blazes
topped $2.4 billion [3]. For the first time in its 110-year history,
the U.S. Forest Service is spending more than 50% of its budget
fighting wildfires [4]. The California Department of Forestry and
Fire Protection reports that the 2018 Woolsey and Camp fires
caused $4 billion and $11 billion in damages, respectively [5].
In addition, wildfire risks in October 2018 and 2019 forced
Pacific Gas and Electric to anticipatively cut off electricity
to a sizable number of end-use consumers in high-risk areas
in northern California, resulting in missed opportunity costs
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though no wildfires happened [6]. Therefore, one can notice
that maintaining the nation’s electric power system resilience
against wildfires and ensuring a reliable, secure, and sustainable
supply of electricity during such threatening events are among
the top priorities for the electric power industry.

Research efforts in the literature have studied the power
system’s resistance to severe fire conditions. Among, the thermal
rating of the at-risk power lines was dynamically adjusted in [7]
to reduce the line heat gained from the fire. In order to model
the effect of wildfires on overhead conductor temperature and
consequently on the flowing current, reference [8] suggested a
dynamic line rating mechanism for overhead lines. Reference [9]
proposed a technique for quantifying the destruction caused by
wildfires to electric power distribution grids. In [10] and [11],
a strategy for optimal distribution system operation in the face
of a huge fire is introduced, where the operating performance
of microgrids and the role of demand response programs are
investigated. Reference [12] examines different faults and con-
ditions that contribute to wildfire ignition, establishing the math-
ematical relation between the wind speed and the fire ignition
risk. A statistical characterization model is developed in [13] to
demonstrate the relationship between continuous ignition of a
dry fuel bed and multiple determining parameters such as wind
speed, fuel moisture content, and arc length. While the models
in [11]-[15] are important to understand the wildfire ignition
problem, the literature still needs to explore deeply the wildfire
propagation models, which impact power distribution networks
in general and the overhead power distribution conductors in
particular.

The wildfire impacts on power distribution lines are not
limited to the actual destruction of the structures. The wooden
poles would most certainly catch fire and the conductors would
melt in the event of a significant wildfire, such as one in a forest.
However, there are many small to moderate wildfires that pose
thermal stress on overhead wires even if there is no physical
damage to the system [16]. Furthermore, the pace of annealing of
the conductor will be affected by arise in its surface temperature,
and its tensile strength will be reduced.

This article focuses on resilient operation of power distribu-
tion systems in the face of approaching wildfires. Our approach
to system resilience enhancement in this article is through ef-
fective mitigation, response, and recovery. This article provides
power system operators with a comprehensive mitigation so-
lution approach that once a wildfire occurs, analyzes the vul-
nerability of overhead power distribution branches by applying
the dynamic heat balance (DHB) equations. Particularly, the
temperature rise of overhead power line conductors is computed
by adding the heat gained by wildfire to the other sources of
heat that cause temperature rise of the conductors. Once the
conductor temperature surpasses the threshold, the distribution
line will become out of service resulting in load outage across
the network depending on the location of unavailable lines.
Under such circumstances, the role of local energy resources,
i.e., renewable energy resources (RESs), micro turbines (MTs),
and energy storage systems (ESSs), becomes imperative as they
can mitigate the load outages by fully or partially supplying
the demanded loads. This calls for an optimal operation and
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coordination of local energy resources to mitigate the wildfire
impacts on power distribution grid and, hence, boost the system
resilience by reducing the load outages during such emergencies.
The contributions of this article are summarized as follows.

1) Inspired by [8], a comprehensive wildfire modeling ap-
proach is applied to capture the impacts of progressive
wildfires on overhead power distribution lines.

2) The DHB concept is applied to model and account for the
temperature rise of the overhead power line conductors in
the face of progressive wildfires.

3) An optimization framework for resilient operation and
optimal coordination of local energy resources is applied
to mitigate the load outages and ensure a resilient system
operation during wildfire emergencies.

4) Comprehensive sensitivity analyses are presented to
highlight the accuracy of the results and to evaluate
the generality of the applied resilience enhancement
framework.

The rest of this article is organized as follows. The big
picture of the proposed framework is illustrated in Section II.
Wildfire modeling is formulated in Section III, while the power
system problem formulation is provided in Section IV. Numer-
ical case study, simulation results on a modified IEEE 33-bus
test system, and comprehensive sensitivity analyses are demon-
strated in Section V. This article is eventually concluded in
Section VI.

II. BIG-PICTURE OF THE PROPOSED FRAMEWORK

The big picture of the proposed framework for resilient opera-
tion of power distribution networks in the face of wildfire events
is depicted in Fig. 1. Stochastic parameters, i.e., solar radiation,
wind speed, and wind direction, are represented by different
probability distribution functions to be integrated into the op-
timization problem as the inputs. Wildfire modeling is applied
where progressive wildfires are characterized by different pa-
rameters, including fuel types, vegetation, slope, and elevation of
landscapes, wind speed and directions, ambient temperature, air
density and dynamic velocity as environmental parameters; type
and diameter of conductors, solar absorptivity, solar radiation
rate, total heat capacity, and ambient line resistance as conductor
parameters; and flame zone temperature, fire front length, fire tilt
angle, and flame zone emissivity as fire parameters. The DHB is
determined per the heat gains and losses in different time periods.
The temperature of an overhead power line conductor is then
obtained based on the DHB equations. Once the temperature
surpasses the safety threshold, the impacted lines will become
out of service resulting in some load outages. To reduce the
load outages and enhance the network resilience, different local
energy resources, i.e., RESs, ESSs, and MTs, should be opti-
mally and cost-efficiently operated and coordinated. Therefore,
the proposed framework applies a comprehensive optimization
formulation in which different types of power system operation
constraints as well as those for distributed energy resources are
included. Subsequently, the formulation is linearized, and then
convexified to be solved by off-the-shelf optimization solvers.
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Fig. 1.  Big picture of the proposed framework for resilient operation of power
distribution networks in the face of wildfire events.

Further details on each of the presented steps are provided in the
following.

III. WILDFIRE MODELING FORMULATION

A. Wildfire Model

The applied wildfire model used in this article is compre-
hensively introduced for the first time in [8]. Wildfire heat is
transferred through radiation and convection. Convective trans-
mission is not of concern in this article, since it influences the
temperature of the conductors only when the fire is exactly
under the overhead line. It is worth to mention that this article
does not consider moderate to extreme wildfires that can burn
the conductors and power line towers. Instead, small wildfires
with short flame length and small rate of spread are considered
to model the effect of heat transferred from wildfire to the
conductors when fires are not in a very close distance to the
overhead conductors. The radiative heat flux x/ from the entire
flame transmitted to a conductor is then calculated using the
geometry of the flame and the fire front properties as follows:

¥ 7-.‘c:f.B.j_'f4

Xijut = 5 G (1)
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Fig.2. Illustration of different types of heat gain and heat loss for an overhead
line conductor in the event of a wildfire.

where 7,7, and B are all parameters related to the environment.
T/ is the temperature of the fire front set as 1200 K [17], and o
is the view angle between the threatened line and the fire front
expressed in the following.

. vf - cos(af)
vl - sin(af))

o)

17,w,t = tan (2)
ijw,t (
where v/ represents the length of the fire and d indicates the
distance between wildfire and the affected conductor, which is

computed in (3)

d{j_’w_’t = dl]-cj’w’tf1 . Vu{t - At - cos(ar’ji"f}t) 3)
ko (1+ V)
Vof,t = Tt (4)

According to [14], VI (m/s) is the rate of flame spread
in wildland on a flat ground that depends on the wind speed
Vvind(m/s). p® is the bulk density of the fuel equal to 40 kg/m?3
in the forest. & is equal to 0.07 for wildland fire [7].

B. On the Concept of DHB

According to [8], the power line conductor’s total heat is
the multiplication of coefficients and heat loss rates—i.e., the
convective heat loss rate ¢°°", the radiative heat loss rate q“‘d—,
as well as heat gain rates—i.e., ohmic losses resistance of the
power line ¢''", radiative heat flux from fire ¢", and solar heat
gain rate ¢*"". Fig. 2 illustrates different types of heat gains and
losses for a power line conductor. Therefore, any changes in the
temperature at any time interval is calculated using the following
nonsteady-state heat equation:

At -
_ line sun fire
(Tij w1 — Tijwt) = e (@it T Gjnot T Dot
mtyp
con rad
— Gttt — Qigwt) (5)

Each of the above terms are explained as follows.

1) Heat Gain: In the given equation, the heating terms are
the solar heat energy that the conductor can absorb, the resistive
thermal energy produced by currents flowing through the power
line conductor, and the fire radiation heat measured as follows:

sun _ . 9., . 4sun
Qijwit = D;; aza ij,w,t (6)
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0w = B (Tijt) - (Lija)? @)
q?jreo.) ¢ =Dij - Xij,w,t- ®)

In (6), D;j; is the diameter of the conductors and ¢;37, , is the
sunradiationrate. J;; is the solar absorptivity that varies between
0.27 for the bright stranded aluminum conductor and 0.95 for
the weathered conductor in an industrial environment. A value
of 0.5 is often used if nothing is known about the conductor
absorptivity [18]. In (7), R"“e( ijw ) reflects a function that
describes the relationship between the resistance of the power
line conductor and its temperature which can be defined as (9),
where R;; , is the resistance of the line at ambient temperature

T (298K). d;; is the conductor thermal resistant coefficient

Rhne( L],w t) Ta)). (9)

2) Heat Loss: The last two terms in (5) account for the
cooling down of the power line conductor. The convection loss
in this article is considered as the conductor is cooled down
via a cylinder of moving air around the conductor. The con-
vection heat loss is the largest value between high-speed wind
Q7,1 and low-speed wind ¢;7", ; ) according to the IEEE
standard [19]. Equations (10) and (11) represent the calculation
of the convection loss

Rij,a : (1 +dt_] ( i7,w,t

qg;i),t,(l) = Kangle 0.754 - N%6 k- ( ijw,t — Ta) (10)
@ 1) = Kangle - [1.01 + 1.35 - Np22| - k% - (Tij 00 — T°).
(11)

The magnitude of the equation depends on Ng., the Reynolds
number and wind direction factor Ky,ge given by

Dij 3 pa ) Vojwtnd
‘LLOC
Kangle = 1.194 — cos(o

Nre = 12)

wind
17,w,t

) +0.194 cos(20 )

17,w,t

+0.368 sin (2071 ).

17,w,t

13)

Next, the cable radiated heat rate can be described by the
following equation:

¢, =17.8D% . (14)

Tijw,t N T
100 100

More detailed information is available in [8] and [20].

IV. PROBLEM FORMULATION
A. Optimization Model for Wildfire Mitigation

Based on [8] and [20], an optimization model is provided to
boost the power distribution system resilience in the face of pro-
gressive wildfires. Although resilience is directly linked to load
outages [21], operating costs should also be considered to ensure
the most cost-effective solution during the emergency operating
conditions when facing a progressive wildfire. Therefore, the
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objective function introduced in this article is to minimize the
expected cost as expressed follows:

T Q B
n (Z > Y (VoL -pf, ; —

t=1 w=I i=l1

CD : p?wﬁt)

B T B
+ZZ7M'Z p“,t +ZZ(su%T+sd]ftT)
t=1 w=l1 =1 t=1 i=1
+ZZFW ngtB _ngts)>. (15)
t=1 w=1

In the first line, 7, is the probability of each scenario,
VoLL; - pgw’t represents the load outage cost and ¢ - pfw)t in-
dicates the revenue from providing energy to the end customers.
The second and third terms represent the generation, start-up,
and shut down costs of MTs. The last term represents the power
exchange cost with the upstream network. For simplicity, all
costs associated to ESSs, e.g., degradation costs, as well as RESs
operation costs are not considered in this article as such costs are
far smaller values compared to other cost terms in the objective
function [22]. To optimally operate the power distribution net-
work during a progressive wildfire event, multiple constraints
should be considered as described in the following.

1) Distributed Energy Resource Constraints: RESs, i.e
wind and solar energy, can be employed in the distribution
network to supply some portions of the load demands across the
network. According to [8], Weibull distribution is considered for
both wind speed and wind direction while normal distribution is
considered for solar radiation. Suppose that the wind speed V *i"4
is a stochastic quantity with the following probability density
function:

K°
Ok
where K° and C are the shape index and the scale index of the
Weibull distribution. In this article, a k-factor of 2 and standard
deviation equal to 15% of the mean value are considered for
wind speed and direction as well as solar illumination, which can
be used as inputs to the optimization engine. The relationship
between the output power of a wind generating unit and the wind
speed can be formulated as follows:

f(vwmd) VKO 1 6(7V/C)KO (16)

py =0, 0SV <V, or Vo<V  VieBjteT
(17)

) V-V, )
Py =B <M>7VCZ'SVSVT VieB,teT
(18)
pyﬂT=Prw7 Ve <V <V, VieB,teT
(19)

where V' is the wind speed at the hub height of the wind unit; V;,
V.o, and V. are, respectively, the cut-in wind speed, the cut-out
wind speed, and the rated wind speed; and P is the rated output
power of the wind unit [23]. It is worth mentioning that this
article does not consider the temporal and spatial correlation of
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wind farms and, accordingly, the same wind predication data
is considered for all wind farms since the distribution system
covers a small geographic region.

Regarding the solar power, the illumination intensity is usu-
ally considered the dominant factor affecting the output power
of the solar panel. The relationship between the illumination
intensity and the output power of a solar generating unit can be
described as follows:

S

pgt:RS(S), 0<S<S,VieBtcT (20)
T

Py =B’ S, <S,WieB,teT (1)

where S is the illumination intensity, S, is the rated value, and
P? indicates the rated output power of the solar cells.

2) MTs Constraints: The active and reactive output power of
MTs and their start-up and shut-down costs have to be considered
as follows to guarantee the power balance in the system at the
minimum cost.

pliv([gﬁn) cKig < p?/fg)t < pliv(liax) “RigVieB,weQ,teT

(22)

Gmin) * Firt < Gt < Gimay)  FitVi €B,w € Rt €T
(23)

sdif >0, s > 8% (kg — ki )Vi€EBteT  (24)
sulz\/[;r >0, sullvﬂtT > (Rig — kip—)Vi e Bt e T (25)

where (22) and (23) determine the maximum and minimum lim-
its for active and reactive power of MTs, respectively; equations
(24) and (25) reflect the start up and shut down costs of the
MTs, respectively. The binary variable x; ; is used to determine
the status of MTs, e.g., 1 for start up and O for shut down,
which ensures that if there is a change of status at any time
interval, only either start-up or shut-down cost is accounted for
in the total cost in the objective function. According to [24],
it is considered that the start-up cost parameter, i.e., ¢*", is
10 times greater than the shut-down cost parameter, i.e., ¢*?.
Besides, the startup/shutdown time of MTs is highly dependent
on the size, type, manufacturer, environmental conditions, etc.
For the sake of simplicity, this article does not consider the
start-up/shut-down time of MTs as the test case is a distribution
system and the focus is to temporarily supply the customers as
quickest as possible in the face of a wildfire incident.

3) ESSs Constraints: The operation constraints of ESSs can
be expressed as follows:

w

A
(B, ()
77%S‘T . EFT

ST . pCh (AL
SOCET’tZSOCSE’t1+<nz Do (36°°)>

ST
E;

VieBweQteT

(26)
SOC;‘S:(Tmin) < SOCi,w,t < SOC;S:,(I;naX)
VieB,weQ,teT (27)

1637
0< pg:.z,t < pic,}:u,t,(max) Wit
Vie BweQ,teT
0< p;i,cajl,t < 77{9T . pgg],t,(max) : (1 - uiﬁw,t) (28)
VieBweQteT (29
Gomm) S it < Qi) Vi €B,w € Q1 €T (30)
SoCSL , > SoCuVi € B,w € Q. 31)

In the equations above, (26) calculates the SoC of ESSs. The
limitation on the SoC of ESSs is set by (27). Constraints (28)
and (29) guarantee that the active charged or discharged power
by ESSs is within the limits considering their operation mode.
Note that the binary variable wu; ,; is inherently correlated to
SoC of ESSs as shown in constraints (26)—(29). Constraint (30)
represents the reactive power limits of ESSs. Constraint (31)
is to ensure that the SoC of ESSs is above a certain threshold,
i.e., SOCyye, at the end of the simulation. 73T is the conversion
efficiency of the ESSs, T represents the energy capacity, p$", |
and p{<", are, respectively, the charging and discharging active
power of the ESS, and At is the duration of time intervals.

4) Power Balance Constraints: Each node should maintain
a real and reactive power balance between the generated power
and the demanded electricity.

B;

§ : fl __ . MT WT S UP Ch
Pij,w,t - pi,w,t +p1ﬁ,w,t + pi,w,t +pw,t +pi,w,t

j=1

— i, —pl,, VieBweQteT (32)

B;

fl MT ESS D .
Z Qijwt = Giwt T Gt — Giwe ViEBweRteT
—

— Pl * o <Pl <Pl aijn (33)
Vije L we Q,teT

— Q¥ Qijuot < Qs < Qlfj * Vit (34)
Vij e LweQteT. (35)

Constraints (34) and (35) allow the power flow through each
line only when «;; , ¢ is equal to 1 meaning the line is online.
It should be noted that this article considers that the capacity
limit of the lines does not change with the temperature in real
time. The thermal capacity limits are predefined parameters in
advance to running the optimization problem.

The variables pP, , and g7, are the supplied active and
reactive power to the customers, which are calculated by the
load outage p?)w’t subtracted from the original demand at each
node P%mand jn (36) and (37)

7,w,t
pi[,)w,t = Pic}iln,lgnd - pgw,t Vi € Baw S Qat eT (36)
ab = QN — 2, VieBweQteT (37)
0<pp,, < Pl VieBweQ,teT (38)

Authorized licensed use limited to: The George Washington University. Downloaded on August 05,2022 at 03:56:01 UTC from IEEE Xplore. Restrictions apply.



1638

demand
1,w,t
demand
7,w,t

@t = DS VieBweQteT. (39)

In (32), the active power pgf’t represents the power exchange
with the upstream network during the optimization horizon.
It depends on the energy purchases from or sold to the main
grid and needs to be limited as shown in (40)—(42). The binary
variable V¥, is used to determine buying (1) or selling (0) energy
during the considered time horizon

P, = po e — pUhe VueQteT (40)
0<por < pra” - 000 VweQteT (4
0<poy" <ppet-(1—-9lf,) VYweQteT. @2

5) DHB Constraints: The following constraints determine
the temperature rise of overhead power line conductors impacted
by the radiated heat flux of a progressive wildfire.

At : :
line sun fire
mcp [( 17,w,t 17,w,t 17,w,t

(Tijwtrt — Tijwt) =

— g — a0 VijelweQteT
(43)

Gjuot = Dij - 0ij - d35" VijeliweQteT
(44)

g, = RT3 ) - (Tijws)?  VijelweQteT

(45)

VijeliweQteT
(46)

fire _ S
Gijow,t = Dij Xij,w,t

con _
Gijwit =

e [ Kangte - [101 4 1.35 - N2 ke (T — T
Kangle - 0.754 - N8 - k- (Tijp — T°)

T\ (T%\°
100 100
Vijeliwe,teT (48)

Ej,w,t < T4 (1 — aij,w,t) * M VZJ S €,w S Q,t eT
(49)

(50)

¢, =17.8D;; - €-

(47)

aij,w,t S aij,w,t—l VZ] € E,w S Q,t S T.

Constraint (43) indicates the nonsteady-state heat balance
equation. Constraints (44)—(46) show the heat gain by the
conductor, whereas constraints (47) and (48) demonstrate
the heat loss by the conductor. Constraint (49) reflects that
when the conductor temperature surpasses the maximum per-
mitted temperature, the associated overhead line will be-
come out of service. Once the overhead line gets unavail-
able, it will remain out of service then after as indicated in
constraint (50).
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B. Convexification and Linearization

The heat gain due to the ohmic losses presented in (45), is the
multiplication of current flow square and conductor resistance.
For an ohmic conductor, as shown in (9), the resistance can
be calculated by a function of conductor temperature. In order
to convexify the heat caused by the current, we consider that
the resistance of the conductor is a constant value equal to its
maximum at the highest temperature 7™*. Also, the voltage is
considered close to 1 p.u.. Applying this method, the current
flow is equal to the apparent power flow and constraint (45) is
relaxed to the following inequality [25]:

s = BI(T™) - (1Pl + QY wal)- D

The radiation heat loss depends on the fourth power of the
conductor temperature as shown in (48). According to [25], the
radiative heat loss rate can be linearly approximated as

qi@‘-‘fw,t =a-Tijwe+0b (52)

where a = 0.9517 and b = —269.98 are the coefficients used in
the radiated heat loss rate.

Based on the DistFlow branch equations in [26], constraint
(53) and (54) represent the power flow equation. The large-
enough positive number M is a relaxation parameter to relax
these two constraints for open (offline) branches. Constraint (55)
states the boundary for the nodal voltage magnitudes across the
power distribution network

Vs Vi < (1 —gjuwe) - M

At~ VSt —

+ 2 (rij - Pl + @i Q)
Vs Vs > (@ijewe — 1) M

sqrj7w7t -

Vij e LweQteT
(53)

qarg.w,t
+2-(rij Pl +m Q) VijELweQteT

(54)

Vsqri <V < Vsqu-a

> Vsarj o =

Vie B,weQ,teT. (55)

V. CASE STUDY AND NUMERICAL RESULTS

A. Test System Characteristics and Simulation Data

A modified IEEE 33-node test system [27] is considered
to illustrate the effectiveness of the mitigation framework for
resilient operation of power distribution grids when facing wild-
fires. The single-line diagram of the considered test system is
illustrated in Fig. 3. The test system is assumed to be a bal-
anced distribution grid with active peak demand equal to 13.35
MW. Since the distribution grid covers a small geographical
area, its components are all subjected to similar environmental
conditions. The location of ESSs, MTs, and RESs are depicted in
Fig. 3. According to [8], the capacity of WTs, PVs, MTs, and the
ESSs are tabulated in Table I. The electricity price and the power
demand are depicted in Fig. 4. It is assumed that buying and sell-
ing energy from/to the upstream network has the same price. The
value of lost load (VoLL) is randomly generated between 1000
to 5000 MWh to prioritize the critical loads [28]. It is considered
that the price of selling energy to end customers is 270 $/MWh,
the operation cost of MTs is 80 $/MWh, and the start-up and
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Fig. 3. Modified IEEE 33-node test system: The studied test system extracted
from [8].
TABLE I
CAPACITY OF ESSs, RESS, AND MTS
Element Node Capacity (MW)

ESS 19/26 0.5/0.5

PV 11 0.55

WT 14/16/31 0.85

MT 8/13/16/25 3/2/2/3

120 r 16

Electricity Price

——Power Demand

Price ($/MWh)
3 8

B
(=]
Power Demand (MW)

1011121314151617 181920212223 24

Time (hr)

Fig. 4. Power demand and the electricity exchange price.

shut-down costs of MTs are, respectively, 300 $/MWh and 30
$/MWh. The cut-in, cut-out, and rated wind speeds for WTs are
4, 20, and 12 m/s, respectively. The PVs have a rated illumi-
nation intensity of 1000 W/m? and the solar radiation has the
mean value of 316 W /m?. The weather parameters and wildfire
information are derived from [7] and the wind and solar data are
taken from [29], [30]. The standard deviation is calculated to be
15% of the mean value for wind speed and solar radiation. The
time step is considered 1 h and the studied emergency horizon
is 24 h. The initial distance of the fire from the affected power
lines are assumed as 1000 m and it is also assumed that the
affected lines will be out of service until the end of the time
horizon (i.e., until which the fire will be suppressed). The SoC
of the ESSs is expected to remain greater than 30% of the full
potential at the end of the simulation time, in order to further
contribute to demand fulfillment for the next hours beyond the
analysis time horizon. An ACSR type of power line conductor
is considered. The diameter and the emissivity of conductors
are considered as 28 mm and 0.5, respectively. The maximum
acceptable temperature of the power line is considered 353 K.
All other data can be found in [8] and [20]. The optimization
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TABLE IT
SIMULATION RESULTS: BENCHMARK CASE
# of Objective Load outage Computation
Scenarios | Function ($x103) | Cost ($x103) Time (s)
10 -30.25 25.00 75
100 -33.14 22.23 1080
500 -31.57 22.57 3750

problem runs on a programming platform using CPLEX solver
to handle the mixed integer quadratic programming formulation.
A General Algebraic Modeling System (GAMS) environment,
using a PC with an Intel Xeon E5-2620 v2 processor, 16 GB
of memory, and 64-b operating system is used to solve and
numerically analyze the results.

B. Resilient Operation of the Test System

Different number of scenarios have to be considered to ac-
count for the inherent variability of the stochastic parame-
ters, i.e., wind speed, wind direction, and solar radiation. All
stochastic parameters are here considered uncorrelated. The
same uniform environmental conditions are applied to the test
system as power distribution test systems usually cover a small
geographical region. For the Benchmark Case, it is assumed
that the wildfire approaches overhead lines 1-2 and 2-3. The
radiative heat flux emitted from the wildfire can change with
the wind speed and direction as explained in equations (1)—(4).
Wildfire spread rate is also highly dependent on wind speed
according to (4). Solar radiation as a source of heat gain can also
change the temperature of the conductors. Therefore, different
number of scenarios representing stochastic parameters will
result in different temperature rise of conductors and change
the optimal solution. Different simulation results are tabulated in
Table II. One can observe that increasing the number of scenarios
changes the computation time significantly, while there is no
much difference neither in the the objective function nor in the
expected value of the load shedding outcome. Considering the
fact that the applied approach is used when a wildfire impacts the
power distribution system and prompt judgments and swift deci-
sions are required, 10 number of scenarios appear to be the best
option to represent the variation in the stochastic parameters. For
10 number of scenarios, the optimization is solved in 75 s, quick
enough to satisfy the requirement of a rapid response, while the
objective function and the load outage remain almost the same
as that in the other cases when more number of scenarios are
considered. Therefore, for the following analyses in this article,
only 10 number of uncertainty scenarios are considered. Fig. 5
shows the box-plot of the wind speed with Weibull distribution
for 10 number of scenarios. It can be observed that for instance,
at time 21:00, the minimum, median, and maximum value of the
wind speed are, respectively: 7.5, 11.80, and 16.07 m/s.

For the Benchmark Case, where the fire hits overhead lines
1-2 and 2-3 for example, the wildfire is assumed to be ignited
at time 18:00 with the initial distance of 1000 m with overhead
lines 1-2 and 2-3. The conductor temperature of the lines 1-2
and 2-3 is obviously higher than other conductors since the flow
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Fig. 5. Box-plot of wind speed for different time periods and for 10 number

of scenarios: Benchmark Case.

TABLE III
EXPECTED CONDUCTOR TEMPERATURE OF IMPACTED LINES FOR AN
APPROACHING WILDFIRE: BENCHMARK CASE

Conductor Temperature (K)

Line | t13  ti4a  t15  tie  tiz  tig  tig  too t2>21
1-2 315 316 317 320 323 327 331 348 Out
2-3 314 316 317 319 321 324 329 349 Out

of electricity in these lines is higher. The temperature profiles
of overhead lines 1-2 and 2-3 are obtained in Table III. One
can observe that the conductor temperature of lines 1-2 and
2-3 increases slightly after 13:00 since the ambient temperature
starts increasing; however, there is a jump in the conductor
temperature at 19:00 when the fire reaches to a closer distance,
e.g., 500 m. Eventually at 21:00, the conductor temperature
exceeds its acceptable safety threshold of 353 K, resulting in
the lines becoming out of service then after. Once the overhead
line becomes out of service, the conductor temperature can be
cooled down as the resistive heat is taken out from the sources
of heat for the conductors.

Once overhead power lines 1-2 and 2-3 get unavailable and
the power distribution grid becomes isolated from the upstream
network, the role of local energy resources, e.g., MTs, RESs,
and ESSs, becomes imperative. Portions of demanded loads
could be partially or fully supplied by the available local energy
resources if their operation decisions are optimally coordinated.
The demanded loads, expected generated power by all local
energy resources, and the expected load shedding are tabulated
in Table IV for t5; — tos4 when overhead lines 1-2 and 2-3 are
out of service. During the period of 21:00-24:00, the demanded
energy is 48 MWh with the peak of 13.35 MW at 22:00 and
the average of 12 MW. It is realized that approximately 83%
of all the demanded loads could be supplied by all local energy
resources when the grid is isolated from the upstream network
if and only if each available resource is resiliently operated and
optimally coordinated with other resources. In other words, only
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TABLE IV
DEMANDED LOAD, GENERATED POWER, AND LOAD OUTAGE:
BENCHMARK CASE

[ to1 [ ta2 [ ta3 [ tog
Load Demand (MW) 13 13.35 | 11.5 | 10.15
MTs (MW) 6.85 9.05 7.50 | 6.34

PVs (MW) 0 0 0 0

WTs (MW) 2.02 2.13 220 | 221

ESSs (MW) 0.31 043 0.40 | 0.38

Upstream Network (MW) 0 0 0 0
Load Outage (MW) 3.82 1.73 1.40 1.21

0.5 1.2

0.4 | Discharge Power

go03\ ot =s 1
S 02
5 0.1 b =
E 0 0.6 g
téo -0.1 Tow
02 04
= -0.3
2
& 04 0.2
-0.5
-0.6 : 0
Time (hr)
Fig. 6. Expected discharging power and SoC of ESS located at node 19:

Benchmark Case.

TABLE V
EXPECTED COSTS AND EXPECTED REVENUE: BENCHMARK CASE

Load Outage | MTs Generation Exchanged Revenue
Cost ($ x 10%) | Cost (3 x 103) | Power Cost ($ x 10%) | ($ x 103)
25.00204 6.31496 4.8153 66.383

8.16 MWh of the total 48 MWh demanded loads are not supplied
which can be interpreted as 83% resilience enhancement in the
system. Particularly, one can see that approximately 62% of the
loads are supplied by MTs, 18% are supplied by WTs, and
4% are supplied by ESSs discharging during 21:00-24:00. It
is also obvious that after ¢,;, and since there is no sun light,
PVs cannot contribute to load recovery. However, PVs along
with other sources, charge the ESSs to their full capacity so
they can be discharged when the distribution grid is isolated
from the upstream network. Fig. 6 shows the expected operation
profile of ESS located at node 19. One can see that the ESS gets
charged from ¢; until ¢ty when it gets to its full SoC capacity.
Starting at t;7, it gets discharged to help reduce the cost of
electricity purchase from the upstream network in time intervals
when the electricity price is higher. During ¢,;—t,4, the ESS also
contributes to reducing the load outage and at ¢4, it reaches to its
predefined threshold SoC set to 30%. Table V summarizes the
expected value of the load shedding cost, the MTs generation
cost, the exchanged power cost with the upstream network, and
the revenue from selling energy to the customers. It is observed
that the more the outage time, the less revenue from selling
energy to the customers and the higher the load shedding cost.
In addition, one can observe that although MTs play a big role in
restoring the loads, they are expensive solutions. Therefore, to
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TABLE VI
SENSITIVITY ANALYSES ON THE NUMBER AND LOCATION OF IMPACTED LINES

Impacted

Cost Function ($ x 103)

Load Outage Supplied Loads (%)

MTs
Cost

Lines Load Outage

Total Cost
otal Cos Cost

Exchanged Power

(MWh)

Revenue MTs RESs  ESS

Cost

1-2

Bench
enc 23

-30.25 25.00 6.32

4.82 66.38 8.1591 6197 1798 3.16

34

Sce 2
ce 45

-47.78 8.38 5.70

Case 1

5.51 67.34 2.9688 51.55 1798 1.28

31-32

See3 1 553

-50.51 593 4.00

6.90 67.34 3.1549 16.48 17.98 147

1-2
Sce 1 2-3
34

-26.02 28.89 6.16

4.83 65.89 8.5349 61.02 17.98

8-9
9-10
10-11

Sce 2 -46.47 9.89 4.39

Case 11

6.59 67.34 3.1549 2459 1798 147

2-19
19-20
20-21

Sce 3 -37.64 18.43 4.00

6.84 66.90 4.7769 1648 1798 3.26

12
2-3
3-4
45

Sce 1 -22.96 31.81 6.11

4.82 65.71 9.2071 59.97 1798  3.26

8-9
9-10
10-11
11-12

Sce 2 -40.45 15.56 4.27

Case III

6.59 66.92 4.7324 21.99 1798 147

2-3
3-4
2-19
3-23

Sce 3 -24.22 30.70 6.04

493 65.89 8.5349 5842  17.98

have an optimal, resilient, and yet cost-effective solution, MTs
should be optimally operated and strategically coordinated with
RESs and ESSs units.

C. Sensitivity Analyses

1) Sensitivity Analyses on the Number and Location of Im-
pacted Overhead Lines: In order to evaluate the generality of
the applied framework, comprehensive sensitivity analyses on
the number and location of impacted lines are conducted in this
section. Different cases are introduced where in Case I, only 2
overhead power lines are impacted by the wildfire event while
in Case II and Case III, three and four lines are, respectively,
impacted by the wildfire. It is assumed that the wildfire char-
acteristics do not change when the fire approaches different
lines. For each case, three different Scenarios are defined in
which the locations of impacted lines are changed randomly.
Table VI illustrates the simulation results for all studied Cases
and Scenarios. It should be noted that the percentage of supplied
loads by each local energy resource, i.e., RESs, MTs, and ESSs,
is computed only for the period of times when the impacted lines
are unavailable. For instance, in Case [-Scenario 2, 51.55% of
all loads are supplied by MTs for the period of 21:00-24:00
when lines 3—4 and 4-5 are out of service. In addition, the load
shedding is computed for the entire period of lines unavailability.
For example, in Case III-Scenario 1, lines 1-2,2-3,3-4, and 4-5
will be out of service during 20:00-24:00 time intervals, where
the total load shedding for this period is 9.2071 MWh. One can

observe that RESs, e.g., PVs and WTs, always supply 17.98%
of the loads during the period of times when the impacted lines
are out of service. That is because in all the studied Cases and
Scenarios, WTs and PVs are connected to at least one node and
the same nodes are always supported by these resources. In other
words, WTs located at node 14, 16, 31, supply 674.9739 kW
at 21:00, 711.5615 kW at 22:00, 734.5844 kW at 23:00, and
738.8061 kW at 24:00 while the PVs output located at node
11 is always zero for these periods of time. Therefore, since
WTs are always available in the considered Scenarios, their
contribution in all Cases and Scenarios is the same. It is also
observed that the role of MTs is significant in supplying loads in
all Cases. Nonetheless, since the MTs are expensive resources,
the optimization framework only picks up MTs for supplying
loads either when the electricity price is higher than the operation
cost of MTs or when there is a critical load outage with high
VoLL that could be supplied by MTs. This can be observed in
Case [-Scenario 2, where only 16% of loads are supplied by MTs
for the period of 21:00-24:00. That is because a big portion of
demand can be supplied by either the upstream network or RESs.
Particularly in this case, MTs only supply 10 MWh in total for
the period of 16:00-20:00, where the electricity price is much
higher than other time intervals—see Fig. 4. From Table VI, it
is also realized that the load shedding cost in Case III is much
higher than that in other cases primarily due to the unavailability
of four lines at the same time. However, the total cost of the
system does not change exponentially and that is because the
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TABLE VII
SENSITIVITY ANALYSES RESULTS ON THE NUMBER OF MT$S

Number MTs Exchanged Load Outage | Supplied Loads
of MTs| Costs ($)] Power Cost ($) (MWh) by MTs (%)
1 1796 8072 31 17
2 3251 7144 22 34
3 4698 6240 13 51
4 6320 4820 8 62
5 7086 3890 6 63

load outages are really reduced by local energy resources when
they are optimally operated and coordinated. For instance, in
Case III-Scenario 1, where the load shedding has the highest
value, nearly 81.21% of the load demand are supplied by local
energy resources during the outage time periods when fire hits
the power network. In summary, one can conclude that the
optimal operation and coordination of all local energy resources
are needed for effective recovery and to enhance the power
distribution system resilience when facing wildfire incidents.

2) Sensitivity Analyses on the Number of MTs: This section
conducts sensitivity analyses on the number of MTs in the
distribution grid as MTs play a major role in supplying loads.
Different number of MTs is considered in the network to analyze
the MTs associated costs, the exchanged power cost with the
upstream network, the total load shedding, and the percentage
of supplied loads by MTs. Table VII tabulates the expected value
of the results for Benchmark Case when the approaching fire hits
lines 1-2 and 2-3 and make them out of service for the period of
21:00-24:00. One can see that by increasing the number of MTs,
the operation costs of MTs will increase as expected, while the
exchanged power with the upstream network will decrease. That
is because during the normal operating time before the wildfire
hits the network, when the purchase cost of electricity from the
upstream network is higher than the operation costs of MTs and
the load demand is less, MTs can generate power not only to
supply some portions of the load, but also to sell energy to the
upstream network for revenue. Therefore, the more available
MTs in the network, the less exchanged power cost and the less
load shedding as a consequence. Comparing the studied cases
with four and five number of MTs in the system, it is observed
that the percentage of load supplied by MTs during 21:00-24:00
does not change significantly. Therefore, four number of MTs
seems to be acceptable and sufficient for the studied test system
to achieve a resilient operation during wildfire events.

VI. CONCLUSION

This article presented a general framework to enhance the
power distribution system’s operational resilience in the face of
wildfire hazards. In particular, different aspects of wildfire are
characterized first where DHB equations were used to mathe-
matically model the impacts of wildfire on overhead power line
conductor’s temperature. A mitigation optimization model was
then introduced that aimed to minimize the load outages and
the corresponding consequences in the grid during wildfires.
The numerical results revealed that the load outage could be
remarkably reduced if the progressive wildfire is characterized
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in advance and all local energy resources, i.e., RESs, MTs, and
ESSs, are strategically and optimally coordinated.

A promising future research direction could be exploring
quantitative models that can capture the thermal capacity of
the power lines (both transmission and distribution) changing
dynamically based on the conductor temperature in the face
of a progressive wildfire incident. Another potential future
research direction could be on the tradeoff between investing
new distributed energy resources, e.g., RESs, ESSs, MTs, in
the distribution network and the load outage reduction for more
resilience benefits during wildfire emergencies. Also, investigat-
ing the characteristics and dynamic behaviour of different types
of MTs and exploring the deployment of fast-response MTs
for enhancing the power system resilience to wildfires could be
pursued. The last but not least potential future research direction
could be targetted on the analysis of the spatial-temporal fire
behavior, i.e., the fire intensity, flame length, and rate of spread
that are dependent on different uncertain variables including
ignition time and location, the fuel type, slope, elevation, canopy
cover, moisture, wind speed and wind direction, along with other
parameters to tackle the inherent and exogenous uncertainties in
wildfires behavior.
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