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Abstract—Windstorms represent a particular class of high-
impact, low-probability events that is highly likely to damage
distribution poles and pull down overhead lines in vulnerable
areas. As a result, when a windstorm occurs, the costs associated
with damaged overhead corridors and energy not supplied may
be too high. Conversely, the costs associated with the installation
of underground distribution lines are expensive in comparison
to overhead distribution lines and may not compensate for the
penalties avoided for the loads lost. In this scenario, this article
assesses the costs and risks associated with underground and
overhead power lines for a resilient, cost-effective planning and
operation of power distribution networks under windstorms.
Thus, it calculates the accumulated costs associated with in-
stallation, operation, and repair of power distribution lines, as
well as the penalties for the energy not supplied, subject to
the probability of failure of individual components over time,
to determine which power line setting is the most appropriate in
terms of resilience and costs.

Index Terms—extreme weather, fragility curve, power distri-
bution networks, power system resilience, uncertainty modeling

I. INTRODUCTION

NATURAL disasters result in huge monetary losses and
damages to critical infrastructures, including electric

power systems. The frequency and intensity of natural dis-
asters has increased in the last decades and is expected to rise
even more in the future due to climate change, resulting in
potentially catastrophic impacts to economy and society [1].
Therefore, enhancing resilience of power systems is crucial to
withstand and recover from these high-impact, low-probability
events, maintaining quality of supply and minimizing perfor-
mance degradation.

Among all power system components, overhead power
distribution lines are particularly vulnerable to outages caused
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by different extreme events, for their manufacturing and as-
sembling, insofar as they transport electricity from generation
sites and distribution substations to consumers across relatively
long distances. Moreover, the design principles that enable
transmission lines to withstand natural disasters, such as ice
and wind loads [2], do not apply to power distribution lines
[3]. As a consequence, their failure rates are expected to be
high in comparison with other grid components and can put
the grid operation at a higher risk of collapsing under extreme
weather events [4].

Among all natural disasters, strong winds represent a par-
ticular class of high-impact, low-probability events that are
highly likely to damage distribution poles and pull down
overhead lines in vulnerable areas. Methodologies aimed at
enhancing power system resilience under strong winds have
been previously presented in [5], which proposed a defensive
islanding strategy, whereas [6] modeled hurricane exposure,
fragility curves, and restoration costs. To this extent, [7] eval-
uated hardening and operational resilience strategies and [8]
proposed a robust operation framework. In addition, [9]–[12]
performed a quantitative assessment of critical components to
prioritize resilience enhancements.

As an option, overhead lines could be replaced with un-
derground lines to enhance the ability of the system to with-
stand high-impact, low-probability events and thereby reduce
interruption times. Underground lines present low failure rates
and cheap operational costs in comparison with overhead
lines. However, this choice takes its toll with high installation
costs and long restoration times in the event of an outage.
Therefore, it is necessary to evaluate the pros and cons of
choosing between overhead and underground power lines for
a resilient, cost-effective planning and operation of power
systems under extreme weather events. In this context, a
methodology capable of providing support in the decision-
making process is attractively aligned with the task. However,
none of the previous efforts has compared the performance of
underground versus overhead power lines in terms of resilience
and costs.

Fitting into this context, this article assesses the costs



and risks associated with installation, operation, and repair
of underground and overhead power lines for a resilient,
cost-effective power system planning and operation under
windstorms. The penalty costs for the energy not supplied
are also taken into account within the problem formulation to
determine the most appropriate power line setting in terms of
resilience and costs. Furthermore, the methodology is tested
in different case studies based on a real power distribution
network in Catalonia, Spain, modeled and simulated in MAT-
LAB/Simulink.

The text is organized as follows. The methodology is
described in Section II, the case studies are depicted in
Section III, results and discussions are described in Section IV,
and conclusions are finally presented in Section V.

II. METHODOLOGY

The choice between overhead and underground power lines
is formulated as a long-term cost minimization function,
considering the costs associated with the installation, oper-
ation, and repair of individual components together with their
probability of failure. Thus, consider a distribution grid with
E lines and N poles (in case of overhead lines) and let Xi be
the set of overhead and underground lines available for each
distribution corridor i, with xi ∈ Xi, i = 1, . . . , E. Let cinstxi

,
copxi

, crexi
, and coutxi

be the costs of installation, operation, repair,
and penalty for the energy not supplied due to an outage of the
ith corridor, i = 1, . . . , E, and consider a finite time horizon
denoted by τ .

The impact of windstorms on the system resilience is
assessed through fragility modeling of individual poles and
lines, whenever applicable, as in [13]. This procedure allows
for a probabilistic evaluation of system outages as a function of
the time-varying wind speed w (t) (time dependency omitted
from the equations for clarity and simplification). The fragility
curves are given by (1) for a single pole and (2) for an
overhead line, considering a critical speed wcrit above which
the probability of failure increases and a collapse speed wcoll
from which the failure is certain:

PT (w) =

 0, if w < wcrit
PT,hw, if wcrit ≤ w < wcoll
1, if w ≥ wcoll

, (1)

PL (w) =

 PL,std, if w < wcrit
PL,hw, if wcrit ≤ w < wcoll
1, if w ≥ wcoll

. (2)

The outage of each pole is supposed to be independent
of the condition of adjacent poles in the ith corridor (that
is, the failures of different components in the same corridor
are regarded as independent events and not conditioned to the
status of other components). Likewise, the failure of a power
line is independent from the failure of poles in the ith corridor.
Considering that Ni poles are connected in series along the ith

corridor, the failure of a single component will trip the entire
corridor i. Let FL,xi

be the failure function of a line, equivalent
to (2), and FT,j be the failure function of a pole, equivalent to

(1), j = 1, . . . , Ni. It holds that the joint probability of failure
as a function of the wind speed, denoted by Pxi

(w), is such
that (3) holds as follows:

Pxi
(w) = 1−P [(FL,xi

= 0) ∩ (FT,1 = 0) ∩ . . . ∩ (FT,Ni
= 0)] ,
(3)

with

{
P [FL,xi = 0] = 1− PL (w)
P [FT,j = 0] = 1− PT (w) , j = 1, . . . , Ni

. (4)

For underground lines, (2) is replaced with PL (w) = PL,std
constant and (1) does not apply. Thereby, (3) is equivalent to
Pxi (w) = PL,std, ∀ w.

The wind speed profile over time is defined as a stochastic
function, as in [14], following the Weibull probability distri-
bution function f (w) given by

f (w) = k
wk−1

ck
exp

(
−
(w
c

)k)
, (5)

where c is a scale parameter and k is a shape parameter.
Then, considering that the cost estimates are made every

hour t and that w is time-dependent, i.e. w = w (t), the
accumulated cost of a single corridor over τ is given by

cxi
= cinstxi

+

τ∑
t=1

[
copxi

(t)+

+Pxi
(w (t))

(
crexi

(w (t)) + coutxi
(t)
)]
. (6)

In (6), cinstxi
is proportional to the line length, denoted by

dL, whereas copxi
is proportional to the contracted power of all

customers and the line length divided by the total length of the
network. The penalty applied for the energy not supplied is
calculated with the contracted power of each affected customer
(robust scenario), which is assumed to be time-independent
and weather-independent. However, coutxi

is time-varying due
to the out-of-service loads changing over time. In turn, crexi

is
assumed to be a function of w to reflect that the damage and
time to repair increase with the wind speed, according to [13].

Alternatively, the value of lost load resulting from the failure
of the ith corridor can be denoted by V oLLxi

and calculated
in separate with

V oLLxi
=

τ∑
t=1

Pxi
(w (t)) coutxi

(t) . (7)

Considering the accumulated cost, the long-term cost mini-
mization problem is given by (8) as follows, with ci∗ denoting
the optimal solution in terms of accumulated costs for the ith

corridor

ci∗ = min
xi∈Xi

cxi
. (8)

Alternatively, considering the value of load lost, the long-
term cost minimization problem is given by (9) as follows,



with V oLLi∗ denoting the optimal solution in terms of the
value of load lost for the ith corridor

V oLLi∗ = min
xi∈Xi

V oLLxi
. (9)

III. CASE STUDY

The proposed methodology is demonstrated in a real-based
rural distribution network, whose topology is illustrated in
Fig. 1. In total, the network has 2 distribution substations,
24 feeders, 3 switches, and 20 different energy consumers
(among them, 1 industrial, three-phase and 19 residential,
single-phase). The sizing of substation transformers is 500
kVA at SS-1 and 250 kVA at SS-2, whereas the contracted
power is 100 kW for the industrial customer (power factor
0.96) and 10 kW for each single-phase residential customer
(power factor 0.92).

The switches connecting the distribution substation with the
external grid are normally closed, whereas the switch con-
necting the two parts of the distribution network is normally
open. In the event of a component failure, they enable grid
reconfiguration and disconnection whenever needed in order
to minimize the total load shedding. The present analysis
considers one component failure at a time, complying with the
N−1 reliability criterion (in other words, it does not consider
multiple component failures occurring simultaneously).

The following situations are considered in the specification
of this grid: underground lines, overhead lines without hard-
ening, and overhead lines with additional hardening. The costs
and failure rates of the power lines in use are approximations
from [15] and [16], whereas the cost of energy not supplied,
given by the electricity price multiplied by the load lost, is
an approximation from [17]. In addition, the duration of an
outage (thereupon denoted by tout) is assumed to be longer
in underground lines than in overhead lines, in accordance
to [15]. The costs are assumed to be constant over the time
horizon of the analysis. For simplification, the calculations
neglect capacity expansion and interest rates, as the effect
on the costs associated with different line settings would be
proportional to the results calculated in the reference year.

For comparison, a ten-year and twenty-year time horizon
are considered to compute the costs associated with operation,
repair, and out-of-service loads of the grid. In addition, penalty
costs equivalent to coutxi

= 7.0 $/kWh and coutxi
= 35.0 $/kWh

are analyzed over τ = 10 years. The other costs in use for
individual overhead and underground lines are summarized in
Table I, whereas the lengths of the lines highlighted in Fig. 1
and load shedding resulting from a failure along them are listed
in Table II. The following scenarios are analyzed:

1) τ = 10 years and coutxi
= 7.0 $/kWh,

2) τ = 20 years and coutxi
= 7.0 $/kWh, and

3) τ = 10 years and coutxi
= 35.0 $/kWh

The fragility curves are given by (10) and (11) for an
overhead corridor without hardening, by (10) and (12) for an
overhead corridor with additional hardening along the lines,
and by (13) for an underground corridor. The wind speeds are

TABLE I
COST PARAMETERS

Light Overhead Hardened Overhead Underground
cinst
xi

100, 000 $/mi 200, 000 $/mi 400, 000 $/mi
copxi

0.10 $/kWh 0.10 $/kWh 0.05 $/kWh
crexi

1, 000 $/mi 2, 000 $/mi 10, 000 $/mi
tout 12 h 12 h 72 h

TABLE II
LINE PARAMETERS

#Line Length [mi] Number of poles Shedding [kW]
1 21 2 50
2 28 3 10
3 36 4 0
4 42 4 0
5 25 3 0
6 36 4 0
7 15 2 0
8 42 4 30

measured in miles per hour, as the line lengths are given in
miles.

PT (w) =


0, if w < 40
w−40
60−40 , if 40 ≤ w < 60

1, if w ≥ 60
(10)

PL1 (w) =


1.25×dL

8760 h−1, if w < 25
w−25
40−25

(
1− 1.25×dL

8760

)
+ 1.25×dL

8760 , if 25 ≤ w < 40

1, if w ≥ 40
(11)

PL2 (w) =


0.75×dL

8760 h−1, if w < 40
w−40
60−40

(
1− 0.75×dL

8760

)
+ 0.75×dL

8760 , if 40 ≤ w < 60

1, if w ≥ 60
(12)

PL3 (w) =
0.25× dL

8760
h−1, ∀ w (13)

The probability distribution function of the wind speed is
calculated with (5) using c = 10 and k = 1.2. The wind
speed over time is drawn randomly from (5) using MATLAB.
A one-week interval is considered to calculate the costs over
the outage times defined in Table I.

IV. RESULTS AND DISCUSSION

This section presents the results calculated for the scenarios
described in Section III. The value of load lost and the accu-
mulated costs calculated for overhead lines without hardening,
with hardening, and underground lines are shown in Tables III
and IV for τ = 10 years and Tables V and VI for τ = 20
years with coutxi

= 7.0 US$/kWh and in Tables VII and VIII
for τ = 10 years with coutxi

= 35.0 US$/kWh. Additionally,
Fig. 2 illustrates the chosen lines in terms of accumulated costs
according to the scenarios enumerated in Section III.
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Fig. 1. Single-line diagram of the radial distribution network, with 2 distribution substations (SS-1 and SS-2), 24 feeders drawn to scale, 3 switches, 1
industrial three-phase customer (S̄40,A−B−C ), and 19 residential single-phase customers (S̄10,A, S̄10,C , S̄20,A, S̄20,C , S̄30,A, S̄50,C , S̄60,A, S̄60,C ,
S̄70,B , S̄80,B , S̄90,B , S̄100,C , S̄110,A, S̄120,C , S̄130,A, S̄140,B , S̄150,A, S̄150,C , S̄160,B).

TABLE III
RESULTS: VALUE OF LOAD LOST WITH τ = 10 YEARS AND

coutxi
= 7.0 $/KWH (IN $)

i Light Overhead Hardened Overhead Underground
1 29, 343 4, 142 7
2 5, 869 895 2
3 0 0 0
4 0 0 0
5 0 0 0
6 0 0 0
7 0 0 0
8 17, 610 2, 825 9

It can be noticed that the overhead corridors without hard-
ening present the highest values of load lost when a failure
causes load shedding, whereas underground lines present the
lowest values of load lost when a failure causes load shedding
in all simulations. This evinces the high impact of windstorms
on overhead corridors in terms of damage and load lost.

On the other hand, the accumulated costs calculated with (6)
are the lowest for overhead lines without hardening and the
highest for underground cables for all corridors when when

TABLE IV
RESULTS: ACCUMULATED COSTS WITH τ = 10 YEARS AND

coutxi
= 7.0 $/KWH (IN $)

Number Light Overhead Hardened Overhead Underground
1 31, 807 8, 601 8, 517
2 9, 155 6, 845 11, 347
3 4, 224 7, 653 14, 472
4 4, 928 8, 929 17, 018
5 2, 933 5, 312 10, 129
6 4, 224 7, 653 14, 472
7 1, 760 3, 185 6, 078
8 22, 539 11, 754 17, 027

a component failure produces no load shedding (that is, all
lines except 1, 2, and 8 in all scenarios). Conversely, for line
number 1, (6) is the lowest with use of underground cables
for all scenarios due to the relatively high load shedding; for
line number 2, (6) is the lowest with use of overhead lines
with hardening for all scenarios due to the relatively low load
shedding; and for line number 8, (6) is the lowest with use of
overhead lines with hardening when coutxi

= 7.0 US$/kWh and
the lowest with use of underground cables when the penalty is
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Fig. 2. Single-line diagram of the radial distribution network showing the lines chosen in terms of accumulated costs.

TABLE V
RESULTS: VALUE OF LOAD LOST WITH τ = 20 YEARS AND

coutxi
= 7.0 $/KWH (IN $)

Number Light Overhead Hardened Overhead Underground
1 57, 181 8, 319 15
2 11, 437 1, 735 4
3 0 0 0
4 0 0 0
5 0 0 0
6 0 0 0
7 0 0 0
8 34, 316 5, 348 18

TABLE VI
RESULTS: ACCUMULATED COSTS WITH τ = 20 YEARS AND

coutxi
= 7.0 $/KWH (IN $)

Number Light Overhead Hardened Overhead Underground
1 60, 002 13, 037 8, 634
2 15, 199 8, 031 11, 494
3 4, 837 8, 099 14, 774
4 5, 643 9, 449 17, 236
5 3, 359 5, 622 10, 260
6 4, 837 8, 099 14, 774
7 2, 015 3, 373 6, 156
8 39, 959 14, 797 17, 255

TABLE VII
RESULTS: VALUE OF LOAD LOST WITH τ = 10 YEARS AND

coutxi
= 35.0 $/KWH (IN $)

i Light Overhead Hardened Overhead Underground
1 146, 720 20, 710 39
2 29, 345 4, 476 10
3 0 0 0
4 0 0 0
5 0 0 0
6 0 0 0
7 0 0 0
8 88, 049 14, 122 47

TABLE VIII
RESULTS: ACCUMULATED COSTS WITH τ = 10 YEARS AND

coutxi
= 35.0 $/KWH (IN $)

Number Light Overhead Hardened Overhead Underground
1 149, 184 25, 168 8, 548
2 32, 631 10, 425 11, 356
3 4, 224 7, 653 14, 587
4 4, 929 8, 930 17, 018
5 2, 933 5, 312 10, 129
6 4, 224 7, 653 14, 587
7 1, 760 3, 185 6, 078
8 92, 979 23, 052 17, 065



increased to coutxi
= 35.0 US$/kWh due to the costs associated

with load shedding in different scenarios.
It is noteworthy that the small values of load lost calculated

for the underground lines reflect the small failure rate of
these components and their reduced length, as well as the
load demand and the time horizon of the analysis. Unlike
overhead lines, underground lines do not face outages caused
by strong winds, which result in with longer interruption times
and higher costs associated with the out-of-service loads. Were
higher failure rates to be used, the value of loads lost would
be more expensive for underground lines.

To conclude, the results indicate that the accumulated costs
associated with operation, repair, and penalties for the energy
not supplied may compensate the installation costs in a long
time horizon. In some cases, depending on the length of the
line and load shedding caused by a failure, the installation
of more reliable, but expensive power lines may be the best
option when it comes to both resilience increase and cost
reduction in the long run. Furthermore, the results suggest that
a high penalty for the energy not supplied may be an effective
policy mechanism to incentive resilience-, cost-effective power
system planning.

V. CONCLUSION

This article has assessed the costs and risks associated
with underground and overhead power lines for a resilient,
cost-effective power system planning and operation under
windstorms. The method evaluated the cost associated with
installation, operation, and repair of power lines, as well as the
penalties for the energy not supplied (value of lost load) over
the time horizon of the analysis, to determine which power line
setting is the most appropriate in terms of resilience and costs
for different case studies. It also considers the failure probabil-
ity as a function of the wind speed and fragility modeling of
individual components for a probabilistic impact assessment.
Then, for each distribution corridor, the algorithm searches
for the alternative which presents the minimum accumulated
costs and/or value of load lost. The results show that there is a
trade-off between resilience and costs, as the installation costs
are the highest for underground lines, whereas the value of
lost load is the highest for overhead lines without hardening
in most cases.
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