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Parameterized Wildfire Fragility Functions
for Overhead Power Line Conductors
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Abstract—Wildfires have been, recently more-frequently, posing
significant threats to the safety and reliahility of electric power
delivery infrastructure, calling for the development of dedicated
risk and vulnerability assessment frameworks. Fragility functions
are essential tools for probabilistic risk assessment to estimate
the failure likelihood of the system components as a function of
hazard intensity. Widely exposed to the environment and atmo-
spheric stressors, overhead power line conductors are among the
maost susceptible electric delivery infrastructure to approaching
wildfires. Beyond the state-of-the-art fragility models, this arti-
cle proposes novel parameterized wildfire fragility functions that
can capture the impact of different environmental conditions and
wildfire severity measures on overhead power line conductors. In
doing so, wildfire behaviour is comprehensively characterized in
order to model the temperature change in overhead conductors
in the face of progressing wildfires. A novel parametric fragility
maodel, which is a function of a set of physical and environmental
features (e.g., conductor height, landscape slope, the dryness of
fuel, fuel depth, wind speed, flame length), is then suggested to
assess the failure likelihood of conductors given a permissible safety
conductor temperature rise. A set of fire features (e.g., fire line
intensity, fire rate of spread, and the angle of the fire approaching
the conductors) is embedded in the proposed fragility model to
capture the wildfire uncertainties. The numerical results reveal
that, unlike the commonly-used fragility models, the proposed
parameterized fragility function is able to accurately represent
the impact of critical physical, environmental, and fire features
in determining the vulnerability of power distribution lines when
facing wildfire emergencies.

Index Terms—Wildfire hazards, parameterized fragility funct-
ions, risk assessment, power distribution systems, overhead power
line conductors.
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I. INTRODUCTION
A. Motivation and Rationale

HE world has been witnessing more-frequent higher-
Tinlensity wildfire incidents resulting in death, massive
economic losses, and the destruction of facilities and assets. Over
200,000 wildfire incidents were reported in the United States
between 2017 and 2020, scorching over 25 million acres [1].
Only between January and July 2020, there were over 27,770
wildfires that torched over 1.7 million acres. Due to climate
change and global warming, and with the resulting dryness and
drought conditions, fire seasons have been observed to start
earlier and last longer [2]. By mid-2021, California’s drought
situation had already witnessed a 26% spike in wildfire incidents
and a 58% increase in burnt landscape compared to 2020, putting
the state on track for another record-breaking year [3]. This
year-over-year increase in wildfire risk has reached a tipping
point which calls for new solutions for enhanced situational
awareness and informed asset inspections to ensure reliable and
resilient delivery of electricity to the end-use consumers.

Power distribution systems are particularly vulnerable to
wildfire risks, where overhead power lines are routed through
fire-prone geographical regions with dense vegetation. The
pole—which is often made of wood, the overhead conductor,
and the insulator are the three basic components of a power
distribution line. In case of an intensive fire, it is likely that
the wood pole would catch fire and the conductor would melt.
There are, however, several minor to moderate wildfires with
varying flame lengths that might cause thermal stress on the
overhead power line conductors [4]. The increased temperature
of the conductor produced by wildfires may compromise ground
clearance owing to sag. The conductor also may lose its ultimate
tensile strength when exposed to high temperature [5]. In addi-
tion, annealing a conductor will cause line failure under heavy
loads [6]. Therefore, the resulting thermal siress on overhead
power line conductors must be included in failure risk evalua-
tions and reliability analysis of power distribution conductors to
ensure a safe and desired operation.

B. Literature Review

Several studies have investigated the impact of heat stress on
the mechanical strength of Aluminum Conductor Steel Rein-
forced (ACSR) power distribution lines. The annealing prop-
erties of the aluminum component of ACSR due to thermal
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overloading were first analyzed in [7]. In [8] investigates the
mechanical characteristics of ACSR conductors in the presence
of forest fires. To assess the failure probability of the ACSR-type
power lines near a larpe-scale jet fire of ruptured high-pressure
pases, a thermal failure model is provided in [9] and a new
approach is used for heat transmission from jet fires as well as a
distribution model for conductor failure probability. In [10] ex-
plores how fire conditions alter ACSR-type conductors, inducing
elongation of the lines and underlying vegetation. Estimation of
thermal energy transmitted to an object from a wildfire is more
complicated due to the complex interactions of the landscape
features, e.g., fuel depth, slope, type of vegetation, and meteo-
rological conditions, e.g., wind speed, wind direction, ambient
temperature [11]. A comprehensive model is introduced in [4]
that estimates the temperature rise (and not the failure likelihood)
of the power line conductors with some knowledge on the fire
characteristics.

Focused on the aftermath of fires, in [12] develops an opti-
mization framework for mitigating wildfire disruptions in power
grids capturing its spatiotemporal behavior and characteristics.
Diynamic line rating of overhead conductors is considered in [ 13]
to determine the optimal resilient operation of a power grid
exposed to an approaching wildfire. Through applying dynamic
heat balance equations to evaluate the temperature rise of over-
head conductors, a study in [ 14] proposes an optimization frame-
work for resilient operation and optimal coordination of local
energy sources during wildfire incidents. The study in [15] in-
troduces a probabilistic proactive generation re-dispatch strategy
to boost the operational resilience of power grids during wild-
fires by capturing the propagation properties and spatiotemporal
characteristics of wildfires.

Additionally, some references use the fragility concept to
determine power system component failure likelihoods during
adverse weather events. In [16] develops a resilience assess-
ment framework with a computational algorithm to evaluate
the response of the power grid during hurricane incidents. The
framework quantifies the performance of electrical components
against hurricanes via a fragility function solely driven by wind
speed. With the application of fragility assessment method-
ologies, the study in [17] introduces a stochastic approach to
prioritize the inspection timeline of aging wood poles. A stochas-
tic modeling approach involving hurricane hazard, component
fragility, power system performance, and system restoration
models is presented in [18]. In [19] provides a set of mult-
dimensional fragility functions to estimate risk and perform cost
analysis for wood utility poles under wind hazards. A set of
parameterized fragility functions capturing multi-hazard effects
along with the utility pole’s failure modes is proposed in [20].

C. Problem Statement and Contribution

Previous studies on electrical infrastructure risk analysis have
mainly focused on simple empirical fragility models which
solely predict the failure likelihood of transmission towers,
distribution poles, and overhead power line conductors as a
function of one single parameter, e.g., age of wood pole [21]
and wind speed [16], [17], [18]. [22], [23]. [24]. In the case
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of wildfires, employing such one-dimensional fragility curves
may not accurately represent the likelihood of failure due to
the complex interactions of physical features, environmental
features, and fire features. Physical and environmental features
usually refer to a set of quantities that can be directly determined
and measured (e.g., wind speed, fuel depth, and conductor
height). Fire features refer to those parameters that are difficult to
calculate or are naturally characterized with uncertainties (e.g.,
fire rate of spread or fire line intensity).

To the best of our knowledge, there is no existing wildfire
fragility model in the literature for power line conductors. To
fill in the knowledge gap, we introduce a novel parameterized
wildfire fragility model that takes into account the complex
relationships among physical, environmental, and fire features,
providing dynamic estimates of the likelihood of failure for
overhead power line conductors as wildfires progress. This
contributes to a better understanding of the interplay impact
of these factors on the conductors’ failure likelihood during
wildfires. An efficient logistic regression model is applied to
construct a closed-form expression for the likelihood of failure
of overhead power line conductors in the face of progressing
wildfires, where various environmental features are intertwined
with fire uncertainties. This article aims to serve as a starting
point in the literature to develop multi-dimensional wildfire
fragility models that surpass the limitations of the simple one-
dimensional empirical fragility models commonly relied on in
previous research.

The rest of the article is organized as follows. Section 11
employs the wildfire heat transfer model to determine the rise
in temperature of overhead power line conductors in the face
of progressing wildfires. The parameterized wildfire fragility
functions for ACSR-type conductors are introduced in Section
III. Numerical case study and simulation results are presented
and discussed in Section IV. Section V illustrates the applica-
tion of the proposed fragility function in a power distribution
system facing an approaching wildfire. The article is eventually
concluded in Section V1.

1. TEMPERATURE RISE ESTIMATION OF THE OVERHEAD
PoweRr LINE CONDUCTORS

A. Background

In the United States, ACSR composite conductors are favored
for use in power distribution systems due to their economic
viability and mechanical robustness. In case of wildfires, three
forms of heat transferred to an object may be distinguished:
conduction, convection, and radiation. Thermal conduction is
the flow of internal energy through small particle collisions and
electron movement within a substance. Thermal convection is
the transfer of energy through fluid motion. Thermal radiation
is related to energy transmission via electromagnetic waves.
Conduction type of heat transmission only contributes to an
increased conductor temperature when the fire directly contacts
the conductor, which occurs when the flame height is substantial.
This article only considers fires with small to moderate flame
length, i.e., 10 cm to 4 m, as more intense wildfires will most
likely burn the wood pole and will melt the conductor. Therefore,
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only convection and radiation forms of heat transmission are
here considered [4]. Note that heat transmission through con-
vection tends to flow upward because hot air rises. During wild-
fires, burning materials on the land cause convection currents,
which warm anything above the fire. Therefore, convection heat
transferred from wildfire to the conductor can only contribute

to an increased conductor temperature when the fire is exactly
under the conductor.

B. Conductor Temperature Change Model

Based on the wildfire model presented in [4], we calculate the
value of the temperature rise in ACSR-type overhead conductors
exposed to approaching wildfires. Fig. 1 presents several param-
eters that will be used to characterize the conductor temperature
change model. The fire rate of spread -, (m/s) can be accordingly
assessed as [25]:

yp = 0.773V,0 ™ exp(0.0625 — 0.030M)F5™, (1)

where V', indicates wind speed (m/min), S represents the land-
scape slope (*), M, states the fuel aridity index (%), and Fpp
indicates the fuel depth (cm).

Considering Iy (m) as the fire depth, the time during which
the fire is passing under the conductor is D'y /. Derived from
the convective heat equation (see Appendix A), the following (2)
can be used to compute the conductive heat energy W, (kJ/m?)
when the fire is right beneath the overhead power line conductor:

Dy

2/ Ig
vp VRS’

where Iy is the fire line intensity (W /m) and can be calculated
as follows [25]:

W, =22.C4. (2)

Ig = 185.2.L;%%, 3)

where L represents the length of fire (m).

Considering the wildfire approaches the conductor with the
rate of spread ~y and the distance that fire passes through is
from (+1/2) to (—{/2) on the y axis, the radiative heat energy
W, (kJ/m?) can be presented as follows (see Appendix B for

+L,/2: Initial Distance
between Fire and Conductor

Representation of parameters for a wildfire approaching toward overhead power distribution line conductors.

more detail):
Ig.cosf I R\®
T=W.|:]II(E)+]J1 1+ 1+(T) ]

(4)

As discussed in Section II-A, the total heat energy Wi
(k.J /m?) transferred from wildfire to the conductor surface is the
summation of conductive heat energy and radiative heat energy
as follows:

Wr=W.+ W, 5)

Focusing on the ACSR-type overhead line conductors, the
temperature rise of the conductor in the face of wildfires can be
obtained as [26]:

4.Wr.
A — W de -

(2 Sar s .03 + Far.canwarT.dg)

The definition and the value of each parameter in the above
equation are explained in Table VII in Appendix C.

(6)

III. THE PROPOSED PARAMETERIZED FRAGILITY FUNCTION
FOR OVERHEAD POWER LINE CONDUCTORS

A Overview

The temperature rise of the ACSR-type overhead line con-
ductors under a wildfire event depends on a set of physical,
environmental, and fire features. In this study, physical features
are defined by a set of quantities that can be easily determined
and measured from the conductor configuration. The sample
spaces of such features are characterized uniformly in the experi-
ment designed for the proposed fragility function. With the same
sample space characteristics as physical features, environmental
features refer to some parameters that help evaluate the hazard
severity, such as wind speed and flame length. Since the Halton
quasi-random point set is an efficient sampling method on a
probabilistic space following a uniform distribution [27], we
utilize the Halton quasi-random point set to generate realizations
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Fig.2. Designspace gencrated by (a) the Halton Quasi-Random point method,
and (b} the LHS method.

of physical and environmental features for the proposed fragility
function.

The proposed fragility function also captures fire features
which are uncertain parameters due to epistemic (lack of knowl-
edge) or aleatory (natural randomness) uncertainty. Further-
more, fire features such as fire intensity or rate of spread are
stochastic and nonlinear in nature, making it difficult to capture
their dynamics. Due to the dense and efficient stratification
across the range of each random variable, LHS is effective
in sensitivity analysis and model verification [28]. Compared
with random sampling and fast probability integration sampling,
LHS is more stable (i.e., less variation in estimated distribu-
tion functions from sample to sample) for sampling uncertain
parameters [28]. Therefore, the LHS technique is employed
to generate realizations of fire features that follow a specific
distribution. It should be noted that there are indeed a variety of
ways introduced in the literature to generate the training points
including the LHS method, the Centroidal Voronoi Tessellation
(CVT) method [29], and the Halton quasi-random point set.
While the CVT technique provides consistent coverage of the
design space, it is computationally demanding for problems
with a large number of training points and high dimensionality.
The LHS approach, on the other hand, is not computationally
intensive but does not yield a design space with consistent
coverage for high-dimensional inputs. Fig. 2 compares the LHS
with Halton quasi-random point set techniques for a set of two
physical features ranging between zero to one per unit. One can
realize that the LHS approach does not perform as well as the
Halton method because the generated sample space produced
by LHS usually includes numerous empty patches, whereas the
Halton technique provides a much more consistent design space.

B. Failure Mode of Overhead Line Conductors

According to electric utilities [30] and [31], a continuous
operating temperature range of 75 “C' is considered for ACSR-
type bare overhead conductors. ACSR-type conductors have
an industry-accepted maximum operation temperature rating of
100 °C'. Operating at maximum temperature can cause substan-
tial damages to the conductor, such as an increase in conductor
sag or a decrease in conductor tensile strength. Therefore, the
following equation characterizes the failure or survival mode of
the overhead line conductors when facing wildfire incidents.

F{Xr,d] = ﬂe{Xr,d} — 25° )]
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TABLE1
PHYSICAL AND ENVIRONMENTAL FEATURES IN THE PROPOSED FRAGILITY
Furcnion [23]
Features Motation | Min Max
Slope (%) 5 -6 17
Fuel Aridity Index (%) M, 3.7 41.7
Fuel Depth (cm) Fp 0.1 55
Conductor Height (m) h 6.1 38.1
Wind Speed (km/h) Vi 05 | 8047
Flame Length (m) Ly 0.1 4.2

TABLEII
FirE FEATURES IN THE PROPOSED FRAGILITY FUuNCTION

Distribution
Features Motation | [Min Max] /
(1 SD)*
Unifatm
[}
Fire Path Length (m) [130]
Angle between Fire 6 Uniform
and Conductor (6} [0 50]
- . EW , Normal
Air Heat Coefficient (Z557) | CF | 06 o

* b aned 5D reilect the mean e stamedard deviation of normal distribution,

The failure mode of the conductor is defined if the conductor
temperature rise is more than 25 “C' assuming that the normal
operating temperature of the conductor in a sunny day and in
full capacity is 75 °C. X, denotes the contribution of the fire
features to the temperature rise and X, refers to the physi-
cal/fenvironmental features of wildfires.

C. Parameterized Fragility Functions

As mentioned previously, the wildfire fragility function devel-
oped in this study is based on a set of physical, environmental,
and fire features. According to (1)}—(4), physical features involve
landscape slope, fuel aridity index, fuel depth, and conductor
height, while emvironmenial features are wind speed and flame
length. The list of physical and environmental features along
with their associated minimum and maximum values are pre-
sented in Table L. Fire features include fire path length, air heat
coefficient, as well as the angle between fire and the conductor,
which are presented in Table II with the information on their
specific distributions.

To develop parameterized fragility functions, a set of 20,000
training points for each single physical and environmental fea-
ture are generated using the Halton quasi-random point set. The
LHS technique is employed to generate 20,000 realizations for
each uncertain parameter comresponding to fire features. The
samples generated by Halton and LHS techniques are integrated
into one giant data pool where one binary variable w, represent-
ing the failure and survival mode of overhand conductors, is
assigned to each realization to evaluate the failure likelihood of
overhead conductors at each data point based on (7).

[0 ifF(Xpq) <0
v {1 ifF(X,.q) >0 ®

where w = 0 denotes the survival mode, and w = 1 indicates a
failure mode. If the response outcome is binary, logistic regres-
sioncan be suitably utilized to estimate the occurrence likelihood
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Algorithm 1: The Proposed Parameterized Wildfire
Fragility Algorithm for Overhead Power Line Conductors.
1: Generate n samples for X using the Halton technique
2: Generate n samples for X using the LHS technique
3: Define K as set of all realizations of X, and X4
d:forall k € K do

5: Initialize 7 = 0, F(X,q) =0, and wy =0
6: Calculate AS(X, 4) based on (6)

Ty +— AB( X, 4)

B: F(Xrg) «e—25

9: ifF{X,g4) = 0then

10: we = 1

11: else

12: we =10

13:  endif

14: end for

15: Run the logistic regression model based on values of wy,
16: Obtain the coefficients of (10)
17: Output: P(failure|S, M, Fp, h,Vy, Ly)

of an event [32]. A logistic regression model is developed to
obtain the failure likelihood of the conductors given the specific
physical and environmental features as follows:

P(failure|S, M., Fp, Vi, h,Ly)
- 1
1 + exp [—E{S:. M;,Fp,Vi, h, Ly }]

where £(5, M;, Fp,h,Vy,Ly) is the logarithm of the odds
which can be represented in the following format.

€S, Ms, Fp, h,Vu, Ly) = ag + a1(S5) + aa(Ms) + aa(Fp)

+ ag(Vw) + as(h) + as(Ly)
(10)

The coefficients ap to a; can be obtained using the logistic
regression over 20,000 generated samples for physical, environ-
mental, and fire features. Algorithm | summarizes the proposed
process to achieve the failure likelihood of overhead line con-
ductors given a set of physical and environmental features as
stated in model (9).

9

IV. NUMERICAL RESULTS

The proposed fragility model (9) which is a function of 6
dimensions, i.e., slope, fuel aridity index, fuel depth, conductor
height, wind speed, and flame length is penerated and numeri-
cally investigated in this Section. We used MATLAR R2021b
software platform to conduct all studied tests experimented on
a PC with an Intel i7-8700 processor and 32 GB RAM.

A. Model Evaluation

Each corresponding coefficients used in the failure likelihood
expression (10) are estimated in Table III using the logistic
regression model. It should be noted that p-value reflects the
importance of each coefficient, highlighting that the closer the
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TABLE I
TrE COEFACIENTS IN THE FAILURE LIKFLIHOOD FUNCTION CHARACTERIZED
Usm THE LocisTic REGRESSION MopEL

Coefficients | Estimate  p-value
Intercept -0.5417 0,000
ay L1101 0,000
g 0066312 0,000
ag -(0.13069 0,000
ag ~0.040483 0,000
ag -0.084872 0,000
[ 1.7325 0,000
I —— |
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Fig. 3.  Arca under the ROC curve for the studied logistic regression case.

value is to zero and less than 0.03, the more significant the coef-
ficient will be. Since logistic regression is a classification model,
the area under Receiver Operation Characteristics (ROC) curve
is here utilized to assess the goodness of fit for the suggested
regression approach [20]. ROC curve is a graphical plot that val-
idates the ability of a binary classifier (i.e., the logistic regression
model) with varied discrimination thresholds [33]. This curve is
constructed by graphing the true positive rate (sensitivity) vs.
the false positive rate (specificity) at various threshold levels. In
ROC curve, the closer both sensitivity and specificity are to 1, the
better the performance of the classification method. As shown
in Fig. 3, the area under the ROC curve gets a value between 0.5
{which represents the random classifier) and 1 (which represents
the perfect classifier). In order to validate the accuracy of the
proposed parameterized wildfire fragility functions, the ROC
curve for the model (%) is provided in Fig. 3 (i.e., red solid
line). The area under the ROC curve is equal to 0.9088, which
indicates that the logistic regression model in this study is highly
accurate. In this study, the number of samples for X;, and
X were increased from 5,000, 10,000, and 20,000, 30,000 in
order to conduct a convergence study. Due to the insignificant
difference in the results when experimenting 20,000 and 30,000
samples, the values listed in Table III are generated based on the
experiment with 20,000 number of samples.

B. Sensitivity Analysis

Fig. 4 illustrates the generated 20,000 samples, which were
classified into two categories (failure vs. not failure) in order to
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(c) conductor height vs. flame length.

TABLE IV
PARAMETERS OF THE FRAGILITY CUrRvES 1IN FiG. 5

Parameters
Fig. [ §(e) M, (%) Fplm) Vikmh) &(m} Ly (m)
Sa 0 1] 3 575 15 -
5b - 10 3 575 15 0.5
Sc 0 [v] - 5-T75 15 1]
sd 0 . 3 5-75 15 ]
Se 0 10 3 40 0254
S| 617 10 3 - 15 0.5

analyze the conductor failure possibilities under four random
parameters. Firstly, One can realize from Fig. 4(a) that the
failure scenario occurs most likely when the wind speed is
not very strong, ie., Vy < 20 km/h and the flame length is
more than 1 m. This observation is because according to (1),
the slower wind speed leads in a reduced fire rate of spread
giving the conductor more time to absorb both W, and W,—(2)
and (4)—resulting in higher conductor temperature. Secondly,
Fig. 4(b) demonstrates that the dryer the fuel is, the more severe
the wildfire would be regardless of the fuel depth which resulis
in more failure scenarios. One can notice that fuel depth—which
is assumed to vary between 0.1 to 5.5 cm—has minor impact
on the conductor failure. Eventually, one can see from Fig. 4(c)
that the taller conductors are less at risk of failure by wildfires.
It can also be realized that for flame lengths more than 2.5 m,
the wildfire will be highly severe, resulting in failure scenarios
less dependent on the conductor height.

Fig. 5 represents the fragility curves of the overhead power
line conductors in the face of an approaching wildfire consider-
ing 6 different dimensions: length of fire, slope, fuel depth, fuel
aridity index, conductor height, and wind speed. In Fig. 5(a)-{(d),
the likelihood of conductor failure, i.e., when the probability of
conductor temperature increment is found greater than 25 “C,
is obtained for different wind speed scenarios, whereas the
failure likelihood is investigated in Fig. 5(e) and (f) for different
scenarios of flame length and slope, respectively. The physical
features that are used to achieve each 2-dimensional fragility
curve in Fig. 5 are tabulated in Table I'V. One can realize from
Fig. 5(a)-{d) that the slower wind speed results in a higher

5
Fueel Aridity Index {5}
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Sensitivity analyses conducted for 20000 gencrated random samples: (a) wind speed vs. flame length, (b) fuel andity index vs. foel depth, and

failure likelihood since, according to (1), slower wind speed
leads to slower fire rate of spread giving the conductor more
time to absorb both W, and Wy—see (2) and (4), resulting in
a higher rise in the conductor temperature. Fig. 5(a) reveals
that the length of fire, as a severity measure of wildfire, has
a substantial influence on the conductor temperature rise since
severe wildfires with high intensity typically have longer flame
lengths, which can exceed 4 meters in our examined example.
Considering negative slopes for downhill landscapes, zero slope
for flat landscapes, and positive slopes for uphill landscapes,
Fig. 5(b) illustrates that fire can grow quicker and become a
massive one for negative slopes, increasing the likelihood of
conductor failure. Fig. 5(c) shows that it is likely to see that the
failure likelihood varies slightly depending on the fuel depth.
The deeper the fuel depth, the more impurity may be contained,
resulting in a smaller fire and a lesser likelihood of failure. On the
other hand, one can see from Fig. 5(d) that the dryer the fuel, the
bigger the fire, leading to a higher failure likelihood. In the face
of impending fires, taller conductors had a substantially lower
likelihood of failure than shorter ones, according to Fig. 5(e).
For example, the failure likelihood for taller conductors, e.g.,
with the height of 20 m to 38 m, is less than 108 for flames with
a length of less than 1 m. Fig. 5(f) demonstrates that as wind
speed increases, the likelihood of failure decreases dramatically.
Furthermore, for negative slopes, fires might have a significant
influence on the failure likelihood. For instance, for wind speed
of 20 km/h, the likelihood of failure varies between 4% and 28%
for slope of 15° and —5°, respectively.

Fig. 6 illustrates three-dimensional fragility curves of over-
head power line conductors. One can realize from Fig. 6(a) that
an increase in the flame length and a decrease in the conductor
height result in a higher failure likelihood. For instance, for
flame length of 2.6 m, if the conductor height changes from
11 m to 28 m, the failure likelihood decreases from 0.84303
to 0.55925. According to Fig. 6(b), it can also be shown that
the flame length and fuel aridity index have a significant impact
on the conductor’s likelihood of failure. For example, Fig. 6(b)
shows that for a flame length of 1.7 m, increasing the fuel aridity
index from 17% to 30% raises the likelihood of overhead power
line failure from 0.56129 to 0.75184.

Authorized icensed use limited to: The George Washington University. Downloaded on February 25,2024 at 04:38:50 UTC from |IEEE ¥plore. Restrictions apply.



NAZEMI et al.: PARAMETERIZED WILDFIRE FRAGILITY FUNCTIONS

Likelihood of Failure

00 I 1.3 T 1% 3 3% 4 4%
Length of Fire {m)
(a)
a4 T
T —Cl
LEEY e - - =Cl
™~ — 1
T T R P

= = —(‘l.]

023r

o
ba

g (NE S

Likelihood of Failure

[ N

{c)

=

e
in

s
™

Likelihood of Failure
s o

e

k]
Conductor II|..1EI1.I {m}
{e}

20 5

Fig. 5.

Likelilwsod of Failure

nA45

R
i = far =
& & &

[ X)

=
s

0lE,

Likelihood of Failure

Likelihood of Failure

n

513

—Cl-I
- -=Cl-2

C1-3
—Cl4
===
=== Cl-6

5 1 15 20 23 k1 15 410
Fuel Aridity Index (%)
()

k11
Wind Speed (km/h)
i

k][] 4

Parameterized fragility curves for overhead power line conductors: (a) Likelihood of failure given the length of fire, (b) likelihood of failure given the

slope of landscape, (c) likelihood of failure given the fuel depth, and (d) likelihood of failure given the fuel aridity index for different wind speed cases with 10 km/h
increments (C1-1=5 km'h to C1-8=75 km/h); (e} likelihood of failure given the conductor height for different flame length cases (C2-1=0.25 m, C2-2=0.5 m,
C2-3=0.75 m, C2-4=1 m, C2-5=1.5 m, C2-6=2 m... C2-10=4 m}; and (f) likelihood of failure given wind speed for different slopes (C3-1=-5°, C3-2=-3°,

C3-3=1°, C34=5", C3-5=10°, C3-6=15).

Authorized icensed use limited to: The George Washington University. Downloaded on February 25,2024 at 04:38:50 UTC from IEEE Xplore. Resfrictions apply.



51

ELE
1"

X168
¥ I8 T 0.8430 29
Z0.555240 B b

LA

Likelihood of Fallure

aA

-
=

I OSEIzE e
L]

a4

Likelihul of Failure

-

Fig. 6. Three-dimensional fragility curves to estimate the failure likelihood of
overhead conductors given: (a) lame length and conductor height, and (b) Aame
length and fuel andity index.

Fig. 7. Two Different wildfire scenanos approaching overhead conductors
A-B1-Cl and A-B2-C2 in a power distribution gnd.

V. APPLICATION OF THE PROPOSED FRAGILITY MODELS IN
WILDFIRE-ATTACKED POWER DISTRIBUTION SYSTEMS

The suggested parameterized fragility curves can be used by
power distribution system operators to estimate the vulnerability
of overhead power lines in the face of wildfire incidents. Fig. 7
depicts two sets of overhead power line conductors and two
distinct pathways wildfires take to reach the conductors. To

IEEE TRANSACTIONS ON POWER SYSTEMS, VOL. 39, NO. 2, MARCH 2024

TABLE YV
PARAMETERS FOR A WILDFIRE APPROACHING OVERHEAD CONDUCTORS
A-B2-Cl AND THE ASSOCIATED TIME-VARIANT FAILURE LIKELIHOOD

Physical/Environmental Features
Time 5 M, Fp Vi h Ly  P{Failure)
() (%) (cm) (kmh) (m) (m)
ty 10 5 1 10 15 0.3 0.0651
tg 12 3 05 15 15 0.4 00513
ity 11 8 1 20 15 0.5 0.0711
tq 15 4 1 25 15 0.6 0.0354
iy 15 4 L.5 28 15 065 0.0322

TABLE VI
PARAMETERS FOR A WILDFIRE APPROACHING OVERHEAD CONDUCTORS
A-B1-C2 aND THE ASSOCIATED TIME-VARIANT FAILURE LIKELIHOOD

Physical Features/Environmental Features
Time | & Ms  Fp Ve h Ly  P(Failure)
{e) (%) (cm) Ckmh) (m) (m)
ty -5 15 4 10 15 [ 0.4180
ta -4 20 35 15 15 06 0.4817
ty -1 5 3 20 15 075 0.5401
ty -3 30 2 25 15 1 0.7239
ts -1 25 2 40 15 135 0.6618

evaluate the likelihood of failure of conductors dynamically,
five different sample time periods are assumed when the fires
approach the power lines. It is also considered that the type
of vegetation, the aridity index of vegetation, the fuel depth,
the landscape slope, the wind speed, and the flame length vary
at each different time period. One can realize from Tables V
and VI that the set of overhead conductors A-B1-C1 has a
substantially greater failure likelihood than conductors A-B2-C2
because the evaluated physical and environmental features for
flames approaching conductors A-B 1-C1 result in a more intense
wildfire. For instance, at 2, a negative slope of —4° with a fuel
aridity index of 204 is far more likely to yield a larger fire near
conductors A-B1-C1 than a positive slope of +12° with a fuel
aridity index of 3% for flames approaching conductors A-B2-C2.
It should also be noted that, while the flame length does play a
significant role in the likelihood of conductor failure, longer
flames do not necessarily result in a higher failure likelihood.
For example, Table VI reveals that despite the fire flame length
is 0.5 m longer at ¢5 than it was at ¢, the likelihood of failure
is 6.21% lower. As a result, various criteria such as wind speed,
fuel aridity index, terrain slope, etc. must be jointly considered in
order to precisely assess the conductor’s increased temperature
and its failure likelihood. A performance comparison between
the proposed parameterized wildfire fragility model and the
existing alternatives is presented in Appendix D. This clearly
highlights the underlying rationale and emphasizes the need for
employing the suggested parameterized wildfire fragility models
for overhead power line conductors rather than the existing prac-
tice often relying on the conservative two-dimensional fragility
models.
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VI CoNCLUSION

Power distribution networks in general and overhead power
line conductors in particular are vulnerable to wildfires, jeopar-
dizing the operation reliability in supplying energy to end-use
customers. Given the hazard intensity, fragility curves are com-
monly used in the literature to analyze the equipment failure
likelihood in order to estimate the vulnerability of power delivery
infrastructure and the system performance reliability. However,
since power distribution lines run through wide geographical
areas with varying vepetation coverage, establishing a fragility
curve that precisely describes the likelihood of failure for each
individual conductor is time expensive and practically not viable.
This article first characterized the wildfire behaviour approach-
ing the power delivery infrastructure and then modeled its influ-
ence on the temperature rise of the overhead ACSR-type power
line conductors. Accordingly, a parameterized wildfire fragility
function, for the first time, was proposed for overhead power
line conductors when facing wildfire incidents. The suggested
fragility model is function of a set of influencing (competing or
supporting) factors including 1) land slope, fuel aridity index,
fuel depth, conductor height (physical features), 2) fire path
length, angle between fire and conductor, and air heat coefficient
(fire features), and 3) wind speed and flame length (emvironmen-
tal features). To assess the likelihood of conductor failure in the
face of an approaching wildfire, the Halton quasi-random points
methodology was utilized to generate 20,000 training sample
points for the physical and environmental parameters, while the
LHS method was employed to generate 20,000 random realiza-
tions for the fire parameters. Based on the generated samples,
a logistic regression model was used to construct a closed-form
expression for the conductor likelihood of failure. The numerical
results demonstrated that the proposed parameterized wildfire
fragility function could offer the likelihood of failure for each
individual overhead conductor more precisely than the conven-
tional two-dimensional fragility curves commonly used in the
literature. The proposed parameterized wildfire fragility func-
tion can assist electric power distribution utilities in investigating
power lines physical vulnerability in the face of progressing
wildfires, evaluating replacement options, and determining the
most cost-effective hardening practices to achieve a more re-
silient power distribution network against future wildfires.

APPENDIX A
CONVECTIVE HEAT EQUATION

According to [34], the convective heat gained by overhead
power line conductors that are exposed to a progressing wildfire
can be expressed as follows.

3
k1
Q. = Cp.(T —Ty) = f.AT, = 22.0,.%
where Q. denotes the convective heat flux (KW /m?), C'y re-
flects the convective heat transfer coefficient (—£), T, is the
ambient temperature (K'), p indicates the total heat release rate
from the source (EKW), and h is the conductor height from the
ground (). It should be noted that the convective heat transfer
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coefficient is always uncertain and its value varies depending on
the geometry of the objective, and the fluid’s characteristics [4].

APPENDIX B
RADIATIVE HEAT EQUATIONS

According to [4], [35], for fires with small to moderate flame
length, the radiation heat flux can be estimated as follows:

_ r-p
Qr = 4w B2

where Q, indicates the radiative heat flux (kW /m?), R (m) is
the distance between the progressing wildfire and the conductor
surface, &, is the radiative fraction of heat that transfers through
electromagnetic waves, and p represents the overall heat release
rate (W), The value of £, changes from 0.60 for small fires to
0.15 for fires with high intensity with black smokes [34], [35],
[36]. [37]. In this article, £ = 0.40 is considered for small to
moderate wildfires.

A wildfire with angle #; is approaching toward an overhead
power line conductor of height h. The initial distance of fire
from the conductor is considered as +{/2 on y axis (see Fig. 1),
and the farthest distance between wildfire and the conductor is
considered as —1/2 at which the wildfire effect on the conductor
temperature is approximately zero. The radiative heat flux on the
conductor for dx of the fire front can be estimated as follows:

04p 0.4Jg.cosf.dc
Qran = rp = 4xm2

R*=h*+a® =h?+ (=7 +47).

Assuming that the fire front is longer than the line span [4], the
total radiative heat flux on the conductor is calculated in the
following:

040g.cosf
4.7

dr’
e e
Considering the wildfire approaches the conductor with the
rate of spread -, and the distance that fire passes through is
from (+1/2) to (—I/2) on the y axis, the radiative heat energy
W, (kJ/m?) can be presented as follows [4]:

- uug cosf [77 [T dr' .df
T f f h? + 2 + (y;.1)?
_ Ig.cos@ T e df Eﬂ
10w f f 22(t) + 22
;7 mdt  Ip.cosh fJT dt
A(t) 10 o W
T

2
_Incost (e t9+(i)
10.9¢ Y o

I 2
_IB.GDGH ET E
— 027 .|:]Il(-_h—)+]n(1+ 1+(£) ]

Tr

Qriar) =

_ Ip.cosf
10.x " Jy
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TABLE VII
CHARACTERISTICS OF THE BARE ACSE 95 ConpucToR [4]

Notation | Definition | Value
Fr MNumber of Strands of Stes] 7
a MNumber of Strands of Alwminom 6
& Specific Weight of Steel 7800 { kg/m)
Sal Specific Weight of Aluminum 2700 (kg/m™}
Wt Specific Heat Coefficient of Stezl 0.502 (kJ/kg."C)
wa | Specific Heat Coefficient of Aluminum | 1637 (kJ/ kg 27
dat Strand Diameter of Steel 000211 ()
da Strand Diameter of Aluminum 000272 (m)
de External Diameter of the Conductor 0.01724 (m)

TABLE VIII
PerroRMANCE CoMPARISON BETWEEN THE PROPOSED FrRAGILITY MODEL V5.
STATE-OF-THE-ART MODELS

Proposed Method | Ref [38] Ref [39] | Ref [40]
Failure
Likeli 0.4180 < 0.01 < .01 < 0.01
Ig. 1
_Tpcost ) (DY i1
10y h

APPENDIX C
DEFINITION OF PARAMETERS IN EQUATION (6)

Table V1I tabulates the definition and the value of each pa-
rameter in (6).

ApPPENDIX D
PERFORMANCE COMPARISON

The performance of the proposed multi-dimensional wildfire
fragility model in this article is compared to the existing one-
dimensional wind fragility models in the literature, which pri-
marily consider wind speed as the severity index. To emphasize
the significance of the contribution of environmental parameters
(e.g., landscape slope, fuel aridity index, etc.), wind speed, which
is the most common severity index for existing one-dimensional
fragility curves in the literature, is considered to be very low
(2.77 mfs). The likelihood of failure for a power line with a
height of h = 15 m in a landscape with a slope of § = —5°,
fuel aridity index of M, = 15%, fuel depth of F; = 4 cm, and
assuming the fire length of L ; = 0.5 m is shown in Table VIIL

It is evident that relying solely on one-dimensional fragility
models, which consider the probability of failure based solely
on wind speed, is insufficient for predicting power line failures
during wildfires. The findings indicate that even with low wind
speeds, factors such as slope, fuel aridity index, fuel depth,
and fire characteristics significantly contribute to the likelihood
of power line failures during wildfires. The comparison resulis
provide clear evidence that wind intensity alone is inadequate,
and it is crucial to consider other environmental parameters for
an effective wildfire fragility assessment of power lines.
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