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Abstract— The contact of overhead lines with vegetation
represents a significant cause of failures, also as secondary
effects of weather events such as strong wind, ice/snow
accumulation. Thus, the management of the right of ways
(ROW) of overhead lines is a key aspect to improve grid
resilience. This paper proposes a probabilistic vulnerability
model of overhead line failure due to inadvertent contact with
vegetation, supporting the assessment of loss of load risk. The
model can help TSOs to plan vegetation trimming campaigns
and to alert operators in case of extreme weather events.
Simulations on a realistic electric system demonstrate how the
vulnerability model identifies the areas subject to tree fall.
Moreover, its application within a resilience assessment
methodology allows to relate the load interruption risk with
both weather conditions (wind and snow loads) and deviations
from ROW management standards.
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1. INTRODUCTION

Vegetation is a significant cause of overhead line (OHL)
failures in High Voltage (HV) and Medium Voltage (MV)
grids [1] and should be considered in resilience assessment
analyses [2]. Tree-related failures may be caused by (1)
vertical contact due to tree growth, possibly combined with
increased line sag (responsible for only 2-15% of the total
number of outages [3]), (2) fall of trees or branches on poles
or conductors, (3) Ilateral contact of branches with
conductors due to wind force, and possibly involve trees
from outside the right of way (ROW) of the lines. These
events typically occur during extreme weather events,
whose frequency, extension, and severity is generally
increasing [2]. Technical guidelines help operators
determine the suitable ROW distance for each category of
lines. As far as maintenance is concerned, adequate
measures are to be deployed to keep the ROW clear from
potential interferences due to vegetation or other objects.
The availability of land cover data (CORINE database [4] in
Europe) and of tree induced outage data may allow to
characterize the tree contact threat and the relevant
vulnerability of electric infrastructure. In [5] a proactive tool
is proposed to anticipate the potential risks due to tree
contacts, on the basis of weather forecasts, line
vulnerability, tree cover and tree typologies derived from
georeferenced datasets. However, such vulnerability models
may be affected by inaccurate reporting from maintenance
teams and by the low probability of the events. Moreover, as
these models are based on statistics of past events, they do
not provide information about the root causes of failures and
on how the vulnerabilities and risks may change in future
scenarios.

This paper proposes a physics-inspired analytical model
of the line vulnerability to contact with trees. The model is
probabilistic and has been integrated into the probabilistic
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risk and resilience assessment methodology described in [6].
The methodology thus enhanced is suitable to support
operators by assessing the benefits of specific
countermeasures (e.g. trimming campaigns) to increase
power system resilience to tree-related threats.

The paper is organized as follows: Section II describes
the analytical model of the OHL vulnerability to tree contact.
Section III presents and discusses the application results on a
case study referring to a realistic T&D (Transmission and
Distribution) system. Conclusions are drawn in Section I'V.

II.  VULNERABILITY OF OHLS TO TREE CONTACTS

This section describes the probabilistic vulnerability model
of MV and HV lines to tree contact.

A. Overall physical model

As reported in [1], the main factors affecting tree
induced outages are: tree linear coverage density (no. of
trees per km), clearance distance (horizontal distance
between tree line and the closest phase conductor), tree
species (trunk height, coniferous or broad leaf, maximum
breaking strength), soil features (humidity, etc.), possible
diseases of the trees, weather conditions (wind, snow, ice
etc.), orography (terrain slope). The model of OHL
vulnerability to tree contacts considers the interaction
between the geometry and the operating condition of the
line (e.g. support height, span length, flowing current),
environmental factors (e.g. air temperature, wind speed,
precipitation rate), tree characteristics (e.g. its weight) and
the spatial relationships between the tree and the line.

Let us consider a line (see Fig. 1a) surrounded by trees
with a linear coverage density 0. outside the ROW and
possibly a density 0, inside the ROW in case maintenance
was not carried out properly. Let us define Prthe probability
of event F, i.e. failure of a line span due to the contact of a
tree. Event F' can be caused by the lateral contact (event C)
due to the tree fall or the lateral swing of the conductor onto
a tree branch, and/or to a vertical contact (event V):

F=CuV (1)
Considering that trees can be inside (event /) and/or outside
(event O) the ROW leads to (2) and then to (3).

F=(CuV)n(Oulr) )

F=(Cno)u(lCnl)u(Fno)u(VnlI) (3)

Events (C n 1) and (¥ N O) can be assumed as empty ()

because negligible harm can be provoked by the fall of trees
inside the ROW or by the vertical contact of trees outside
the ROW. Thus equation (3) can be simplified as (4).
F=(Cno)u(rnlI) (4)
where (C~0) and (V' 1) respectively represent the
independent events that a tree inside the ROW has a vertical
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contact with a phase conductor, and that a tree outside the
ROW has a lateral contact with the phase conductor. Thus
the probability of F'i.e. Prcan be written as:

P, =1-[1-Pr(CnO))x(1-Pr(r nI)] (5

B. Model of vertical contact

The growth of the trees inside the ROW can make the
clearing distance between the lowest point of the line
conductors and the tree become lower than the minimum
admissible value depending on the voltage level. The lowest
point of the line conductor depends on the flowing current
and on environmental conditions. The exploitation of the
heat balance equation of the conductor [7] allows to derive a
probability distribution of the line sag. Each tree height is
characterized by a Gaussian probabilistic model whose
CDF,, , .y 18 centered on the expected height depending on

the height at time t; (latest trimming time) and variance
increases proportionally from t; [8]. The vulnerability of the
line to vertical contacts is assessed by the following steps:
1) Apply forecast ambient conditions (with uncertainties)
to the heat balance equation of the conductors
2) Derive the probability distribution of line sag pdf’

sag
3) Compare the tree height against the height of the
lowest point of the line. In particular, check if the sum
of the stochastic variables sag and tree height %, i.row
is higher than quantity 7'S = HS — br- sin(slope):
htﬁinROW + sag > N (6)

where br is the width of the lowest cross-arm and HS is
the height of the corresponding connection point of the
conductors. Term br- sin(slope) represents the effect of
slope and assumes that tree inside the ROW grow on
the uphill side of ROW.
If condition (6) holds true, the tree causes the line to
contact the ground due to vertical contact.
The ambient variables considered in step 1 are the ambient
temperature, the wind speed and direction, the possible
precipitation rate and the solar irradiation. The probability
distribution of the sum y of the two variables sag and
hi inrow 1s evaluated by applying the convolution between
the two densities pdf . and pd| as in (7):

'ht_inROW

S0)=(pdf * 0l on)= [ Pl (v=E)- 1l o (EME (7

Condition (6) can be expressed with the integral TS ().

Term Pr (V' ~ I) representing the probability that any of

the trees in the ROW of one line span with length L has a
vertical contact is the probability of the OR of all the
potential contacts on the basis of the number of trees inside
the ROW and it can be formulated as in (8):

Pr(v n1)=1-(1-©)*" )

where 0= T S(v)dy 9)

Oin is the linear coverage density of trees inside the ROW (in
number of trees/km) and @ is the probability that a single
tree has a vertical contact with the conductor.

C. Model of lateral contact due to tree fall
Term Pr(C mO) represents the probability that a tree

(or part of it) from outside the ROW comes into contact

with the phase conductor causing line failure, i.e. it
represents the failure probability of the line due to the lateral
contact of any of the trees along the ROW of the line span.
The diversity of possible situations (fall of the whole tree,
rupture of branches, etc.) imposes to set some assumptions:

- the focus is on the following phenomena:

o the fall of the whole tree (due the stem breakage or
the failure of the root-soil anchoring system),
o the lateral swinging of conductors

- the soil is characterized only in terms of its slope

- the wind which tends to overturn the tree towards the
line also causes the conductor on the opposite side of the
line to approach to the boundary of ROW. In order to
simulate the tree fall mechanism, the most pessimistic
position of the conductor during its swinging i.e. the
vertical position of the line sag, is assumed (condition at
zero wind). The dynamics of the conductor oscillations
which can bring temporarily the conductor closer to the
ROW boundary is neglected.

The probability of failure due to the fall of trees along the
ROW depends on many factors:

- the features of tree species (height, weight, and
mechanical properties like the overturning limit moment,
maximum breaking load of the branches),

- the soil features (slope, humidity),

- the weather conditions (wind, wet snow load).

Fig. 1a shows the force diagram.
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Fig. 1. Interaction environment- line: (a) Diagram of the forces acting on
the {line, environment} system, (b) tree structure with crown and stem [14]

The resulting forces on the tree and on the conductor
include both horizontal components (subscript “o0”) of wind
induced forces F), and F,,. and vertical components N and
N, which may include also possible vertical components
(subscript “v”) of F,, and F,,.. Starting from a probability
distribution CDF}, ,.zow defined for the height of a single
tree outside the ROW, the failure probability due to lateral
fall corresponds to the probability that
(7) the overturning moment Moyenming due to combined wind

and wet snow action on the tree exceeds the limit

moment for overturning M ,, or the limit moment for
stem breakage Mg preakage , and

(ii) the tree height is higher than distance (k. +la’+ cl?)®>
where /. is the height of the lowest point of the phase
conductor from the terrain, ¢/ is the clearance distance

(see Fig. 1a) and /a is the distance along the direction of

the line.

Thus the two conditions in (10) must be met.
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M()verturning > MRﬁov OR Moverturning > MRﬁbreakage
AND

htﬁoutROW - (hcz +la2 + 012)0'5 > 0 (10)

where &, ¢l and Moyeruming depend on weather conditions
(specifically, the k hour ahead forecasts for operational
planning studies, the conditions associated with a specific
return time for long term planning analyses). Mz o, and
MR breakage are set as Gaussian distributions with an expected
value representing an average behavior for each member of
the tree species and an uncertainty due to the various
conditions (such as weather hazards, tree age, diseases etc.)
affecting it over the years.

The tree [9]-[15] is characterized in terms of height 4 (m),
density & (kg/m®), Young’s modulus £ (Pa), Modulus Of
Rupture MOR (Pa), root rotational stiffness & (kN-m/rad),
width of root—soil plate /r (m). The tree width dbk in cm is
correlated to the tree height [10] as in (11).

dbh =ag+a; * h (In
Crown diameter ¢ can be derived from dbh using (12).
c=2-(b,+b,-dbh) (12)

where parameters ao, ai, bp and b; depend on the type of
tree. The root-soil system [11][12] acts as an anchorage for
the tree and applies a resistive moment to avoid the
overturning of the tree.

The wind force depends on the wind speed profile above
the ground. The model assumes the wind force and the
normal force are applied to the center of gravity of the tree.
Modeling the tree as a cone (the tree crown) superimposed
to a cylinder (the stem, see Fig. 1b for coniferous species),
the height of the center of gravity z, is given in [10] by
(H+2h)/3 where H is the total height of the tree and 4 is the
stem base height.

The intensity of the wind-induced force is given by the
dynamic pressure of the wind multiplied by the combined
area of the tree crown and stem as in (13).

F,=0.5XC, XGX pX A, xw" (13)
A=A, +A,,, =dbhxh+Sxcx(H—h)x0.5

stem crown

where

10 . .. .
N =;—0-1 takes into account the streamlining of wind

through crown branches: this relationship holds valid for
wind speeds w between 10 and 20 m/s. G is the gust factor
which takes into account the distance of the tree from the
edge of the forest and the spacing among trees, and is given
in [13]. Cys is the drag coefficient and it is given by
1.77 w™ " [13]. w is the wind speed computed at center of

gravity height z,, following the wind speed profile curve
with a reference speed w,.rat reference height z,.r and terrain
rugosity zo

Zg Zref
w=w, XIn Z In Z (14)

The wind-induced lateral force determines a horizontal
displacement of the tree associated to the bending of the
stem due to its elasticity, and the rotation of the root system
according to the root stiffness [9].

The first contribution to displacement is computed in
(15) where E is the Young’s modulus of the tree and 7 is the

inertia moment defined as 64 Where d is the stem width
at the height of gravity center (assumed equal to dbh) [9]:

X1=F, x22xHx(3~z,/H-3x(1-z,)/H)J6ET (15)

The second term superimposed to X1 is due to the
rotation of the root system caused by the bending moment of
the force F\,, as in (16).

M,

X2=ZgXT (16)

where M, =F Xz,

The total displacement is given by X = X1+ X 2.

The vertical force is due to the tree’s own weight, to the
potential snow load on top of it, and to a potential vertical
component F,,, of wind induced force:

N=N,,+N,,tF,, a7

tree snow

Tree’s weight N,

.. includes the stem weight and the

crown weight which is estimated as a fraction of the stem

weight (ranging from 0.44 to 1 for most trees) [10]. The

total overturning moment is given by (18).

M =F,, Xlzg Xcos¢+lh><sin(slope+(p)J+ (18)

+ N x[X —Ihx cos(slope + @)

where /A is the hinge length which corresponds to half of the

width of the root-soil plate /1.

For the breakage or the overturning of the tree, at least one

of the following conditions must be verified from (10):
Moverlurn[ng > MRJ)V (193)
Moverturning > MRﬁbr‘eakage (lgb)

The limit moments are Mg o, and Mg preakage. The former is
calculated according to [13] as in (20).
M, , =gx R, %Rdfpth (20)
- Ssw

where Ry 1s the mass of root-soil plate, Raeyn is the depth
of the root-soil plate, and fsi is the fraction of the total
resistive root moment due to the root-soil system mass,
normally ranging between 0.2-0.3. Limit moment Mz preakage
is a function of MOR (Modulus of Rupture, in Pa) as
reported in (21) [13].

M — 7x MOR xdbh%z 21

When the overturning of the tree has occurred, it is
assumed that the soil-root system is no longer connected to
the ground, thus the resistive moment of this system
becomes null. Accordingly, the force scheme changes and
the overturned tree can be considered as an object laying on
an inclined plane. This means that the slope reacts to the
component of force N which is normal to the inclined plane,
while the components of wind induced force F,, and N
parallel to the plane act on the tree determining the
trajectory of the tree during the fall. This allows to
determine the potential interception with the line. Distance
D>= (h? + la*+ )" must take into account the sag of the
line (computed in the previous subsection) but also the
available clearance distance cl, see (22).

Dz:\/(RO”%—hr)z~[1+[ta;q))z}—(HS—sagiROW'Sin(‘vl"p%)z (22)

where br is the cross-arm width supporting the conductor,
while sag is the conductor sag affected by the ambient

conditions and described by pdf,,, derived in subsection

overturning

R _ breakage

II.B, and the sign “+” (“-“) is used in case the wind is
oriented in downhill (uphill) direction. Angle @ is the
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arctangent of the ratio between the two components of the
resulting force projected on the slope plane, as in (23).

(Nsm(slope)+F ] 23)

o SIN QX cos(slope)
F,,cosx

® = arctan

The probability F,. that a single tree falls and
intercepts the line is given by the probability of the AND of
the two conditions in (10). A Monte Carlo sampling
technique is used to estimate the two terms of (24).

e =PI i =M g > 0PI i =M e > 01X (24)
XPHCh, pupon ~(h +1a” + )" >0)
Term Pr(C N 0) represents the probability that a tree
outside the ROW and along line span with length L falls and
intercepts the line. This term also accounts for relevant
linear coverage density of the trees outside the ROW, &, as
in (25):
6’,“’

PI‘(C M 0) - 1 - (1 Ctree ) ‘ (25)
Adequate derating factors are derived from [10] for
overturning limit moment and hinge length, and applied to
the model, in order to assess the effects of water content on
the root-soil plate.

D. Model of lateral contact due to line conductor swing
Fig. 1a reports the configuration and the force scheme to

describe the lateral contact of the conductor with a tree close

to the ROW boundary. The resulting force R, acting on the

conductor is composed by:

- a vertical component given by the own weight of the
conductor (Nc,pp)’ by the ice/wet snow load (N, ), and by

the vertical component of the wind induced force

- ahorizontal component due to wind on conductor F
The wind induced force F is computed using the

formula in EN 50341-1 standard [16]. The line sag will be
inclined by an angle & with respect to the vertical axis where
€ is given by (26).
. arctan[ F,. ,sino ] (26)
F,,*+N_ ,+N_,

The conditions for the lateral contact are two-fold:
- the inclined sag must satisfy (27);

W _ b (27)

- the tree at the ROW boundary must be higher than the
minimum point of crossing z...ss of the sag through the
ROW boundary, see (28), accounting for the slope and
the wind direction:

I o £ ROV sinsiope) = 15 — (022} ~ ROV -ir] (28)
i Q0.99 > ROW ; by

sagxsiné > RO

e
where O is the 99" quantile of the sag of the line. The

sign “+” (“-”) is used in case the wind blows in the uphill
(downhill) direction. The line sag and angle & are computed
as stochastic output of the mechanistic model of the heat
balance of the bare conductors fed by stochastic inputs such
as ambient temperature and wind speed, in the same way as
in subsection II.B. The probability of failure due to lateral
contact is given by the product of the probability of
occurrence of the two abovementioned conditions i.e.
equation (29) holds valid.

Pr[sag xsiné > R

OW*erx
Pr[h[ RO _ROW sin(slope) > HS — (Q(wn) (ROW br)zj

In case 07 < ROW /2 - br the relevant probability is

zero because under this condition the lateral swing of the
conductor is limited and cannot reach the ROW boundary.
Thus, the final probability of failure of a line span due to
vertical contact and/or lateral fall of the trees inside and
outside the ROW is given by (30).

[1— ;[.S(y)dyT”L X...

1-Px(M,,. -M

overturning lim

0)x Gl
2 . X
Pr(hlioulR(IW -(h + la® + Clz)o'a >0) (30)
W_ brj
hz ourRow * ROW sin(slope)> .

..>HS \/ (o} ROW br)Z

(29)

P =1- -

1- Pr(sag xsin & > RO

The failure probability Prror of the whole line composed by
N; spans each with a failure probability Py; is given by (31).

Py ror 11‘[( P, 31)

E. Data requirements

The role of the data is essential to properly characterize
the interaction between the lines and the surrounding
environment, thus the vulnerability models soundness. To
this aim, the vulnerability model herein developed exploits
both national and international design standards for lines
[17] as well as publicly available databases in order to
retrieve realistic information about the slope of the terrain,
the forecasts of weather conditions, and the tree coverage.
The slope of the terrain is derived by geometric
interpolation from the level curves of the terrain. The
forecasts of weather conditions are provided from numerical
weather prediction models and the tree coverage maps are
extracted from CORINE database [4].

III. STUDY CASE

The vulnerability model, integrated into a risk-based
resilience assessment tool [6], was applied to a real world
study case. The vulnerability models of MV and HV lines
are parametrized using standard values and design criteria:
specific line parameters (geometry, mechanical resistance
etc.) and criteria can also be used to customize the
vulnerability models on the basis of detailed information if
available. The resilience assessment tool combines threat
and vulnerability probabilistic models, getting the list of the
most critical lines (i.e. the ones with highest failure
probability) and consequently the list of the most risky (also
multiple common mode and dependent) contingencies
involving these lines. The adopted risk indicator is the
expected loss of load (LOL) [6].

A. Test system

The test system integrates two MV feeders involved in
the Deval DSO “Smart Grid” project, promoted by the
Italian Regulatory Authority ARERA [18], and a portion of
the surrounding HV/EHYV transmission grid in Aosta Valley,
Italy (see Fig. 2. ) around the HV/MV primary substation of
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Villeneuve, particularly critical as it provides energy to a
large area (770 km?). The MV/HV grid model, derived from
Deval [18], [19], and Terna [20] public references, includes
92 MV electrical nodes (of which 60 are MV/LV substation
nodes), 8 EHV (220 kV) nodes, 10 HV (132 kV) nodes, 20
HV OHLs and 3 EHV/HV transformers.
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220 kv N riooes Rl e
g Y99 5o
132 kV ;,5 :50’ s
V A5 57 254 4%y
15 kv ®7, %5 19 ®55 ®55 V55 ey
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22 2z
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\ &2 s %8s
92 39
Y43 &
L 2% 9,
Y95 9
96
101111 oy

a) b)
Fig. 2. Integrated MV/HV/EHV grid: (a) map of the MV feeders and of the
surrounding HV grid, (b) one-line diagram of the two feeders

The forecast weather conditions for the base case refer to
a severe wet snow storm in the North of Italy occurred in
February 2015, the level curves of the terrain are extracted
from the website at [19] and the “level-3” tree coverage
information was retrieved from CORINE database [4]. The
wind load assumed for the simulation is the maximum value
forecasted for the specific geographical location in the 72
hours ahead, while the wet snow load is computed
considering the forecasted hours with the simultaneous
presence of a not null precipitation rate in the temperatures
range (-0.5/+1.5 °C). The region under study was marginally
struck by the Feb 2015 event, and the highest values for the
forecasted wind speeds (mean value on a 4x4 km area) are
around 45 km/h. Locally wind gusts are characterized by
wind speed values much higher (also 2-3 times higher) than
the mean value forecasted by Numerical Weather Forecast,
which is taken into account in the model. The expected
values of the parameters characterizing the trees (mainly
larches) are reported in TABLE 1.

TABLE I - PARAMETERS OF TREE FORESTS IN THE STUDIED REGION

where ROW is the right of way width in m, V., is the
nominal line voltage in kV. TABLE II reports the list of
simulation cases.

TABLE II - SUMMARY OF THE SIMULATIONS

ID | Description Goal

1 Base case scenario Validate the model capability

in detecting critical areas

2 Weather conditions are worsened,
by applying a 3 multiplying factor
to wind speed profiles

Quantify the effect of
weather conditions on system
resilience

3 ROW widths are enlarged by 30% Quantify the effect of a

different ROW management

4 Expected height of trees outside . o
policy on system resilience

ROW is brought from 20 m to 10 m

B. Base case analysis

The application of the base case scenario to the grid
model identifies 7 critical lines i.e. the lines more prone to
fail due to tree contact (see TABLE III).

TABLE III — LIST OF CRITICAL LINES WITH THEIR CONDITIONAL FAILURE
PROBABILITIES, BASE CASE AND 30% ROW ENLARGEMENT

Base case 130% ROW
Cond. Fail. Cond. fail.
Component ID probability Component ID probability
D853311 - D863311 8.05x10! | D853311 - D863311 4.34x10"!
D863311 - D883311 | 6.69x10" | D863311 - D883311 3.88x10"!
D903311 - D913311 5.47x10" | D903311 - D913311 3.26x10"!
D883311 - D893311 | 4.58x10" | D883311 - D893311 2.33x10"!
D893311 - D903311 1.93x10" | D893311 - D903311 1.60x10°!
D843311 - D853311 1.85x10" || D843311 - D853311 8.50x1072
D833311 - D843311 1.19x107!

Parameter Measurement unit Value
Linear coverage density inside ROW &, Nr of trees/km 10
Linear coverage density outside ROW 8,y Nr of trees/km 50
Tree height outside ROW m 20
Tree weight outside ROW kg/m’ 800
Young’s Modulus MPa 12 10°
Modulus of Rupture MPa 50 10°
Rotational stiffness of roots kN m/rad 10*

For larches, the following values for the parameters in
equations (21) are adopted: ap = 0, a;= 40/28, b= 0.9488,
b= 0.0356. The bracing widths and the support heights for
HV (MV) line towers are respectively 6 (0.8) m and 30 (12)
m. Both copper and ACSR standard conductors are adopted
for MV lines, while ACSR standard conductors are used in
HV and EHV lines.

The ROW value in the base case is calculated according
to the function in (32) which represents the best second
order polynomial fit reproducing the typical ROW widths
adopted by grid operators [21] as a function of voltage level.

ROW=-10"" -V +0.1425-V, +12.163) (32)

nom nom

N-k dependent

All the involved lines are MV lines which are clearly
more affected than HV lines by tree contacts due to their
smaller size. These MV lines all belong to the “Val
Savarenche” feeder: the risk of tree fall in this zone (around
nodes #80 and 86) is confirmed by the DEVAL resilience
plan [22] which in fact proposes the construction of an
underground cable as a counterfeed among nodes #26, 72,
80 and 86 to improve the resilience of the area. This good
matching obtained using only standard design criteria for the
lines and public datasets confirms the relatively low
sensitivity of the model with respect to the chosen
parameters provided that reasonable ranges are assumed for
the parameters themselves. After that, the second stage
consists in identifying the most risky contingencies
involving these critical lines. They consist in N-1 branch
outages, N-k common mode branch outages, and N-k busbar
dependent contingencies which lead to a total loss of load
risk indicator equal to 0.508 expected lost MW. Fig. 3a
reports the absolute contribution to the risk of load
disruption for each contingency category.

Risk ibutions from ctg order, base case Risk

from ctg order, 30% ROW

N-k dependent
N-6 branch
N-5 branch

N-7 branch
N-6 branch
N-5 branch
N-4 branch
N-3 branch
N-2 branch
N-1 branch

N-4 branch
N-3 branch
N-2 branch
N-1 branch

0 002 004 006 008 01

0 00 004 006 008 01 Of2 014 016 018
expected lost MW

expected lost MW
(@) ()
Fig. 3. Results of risk based resilience assessment: histogram of the
contributions of each contingency category to the overall LOL risk in
expected lost MW (a) in the base case, and (b) in case of 130% ROW.

The largest contributions to the overall loss of load risk
come from multiple common mode branch contingencies
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which have also the largest median impact indicator (around
0.6 lost MW). Relatively low-order contingencies (such as
N-2) can have significant median LOL impacts due to the
absence of a counterfeed which can take over the last part of
the Val Savarenche feeder. This demonstrates the need for
the underground cable explained in [22].

C. Quantifying the effect of weather condition severity

In this scenario, the weather conditions of the base case
are increased to the same maximum values of wind speeds
(up to 100 km/h) forecasted in the areas -Lombardy and
Emilia Romagna regions- affected by the storm in Feb 2015.
These conditions may favor the overturning of trees
especially due to the high wind gust speeds combined with
increased weight of the tree due to snow accumulation. The
number of critical lines increases from 7 in the base case to
17 lines of which 4 belong to HV grid and 13 to the MV
grid: the highest median values for the LOL impacts, which
are associated with N-k common mode branch contingencies
with k=15, 16 and 17, are equal to 11.1 MW. The interesting
aspect is that the HV lines indicated as critical are
characterized by a significant wet snow load (up to 18 kg/m)
which cause sags up to 13 m thus favouring the interception
between falling trees and the line in case of strong winds.

D. Quantifying the effect of the ROW maintenance policies

This scenario considers an enlargement of the ROW
width by 30% with respect to the values from (32). Table III
shows that the number of critical lines reduces from 7 to 6
and the failure probabilities of the remaining critical lines
decrease by a relatively low amount. This is due to the fact
that larches have a height up to 30 m and generally the ROW
assigned to MV lines is relatively small (around 15-20 m).
Again the contingencies involving the critical components
are identified and simulated: Fig. 3b) reports the contribution
of each contingency category to the total risk of load
disruption. In this case the total LOL risk passes from 0.508
to 0.358 expected lost MW’s (30% reduction), of which the
largest contributions are due to N-k common mode branch
outages. The conclusion is that a 30% enlargement does not
represent a very effective measure if the trees outside the
ROW are not properly trimmed.

To demonstrate the effect of trimming, it is assumed that
the trimming policy changes in the utility: the ROW is kept
unchanged as in the base case but the expected height for
trees just outside the ROW is kept at 10 m by applying a
more frequent trimming procedure. Setting an expected tree
height of 10 m with the same uncertainty as in the base case
leads to the absence of critical lines.

IV. CONCLUSIONS

This paper has presented an innovative vulnerability
model of MV and HV OHLs against tree contact, exploiting
line design standards and publicly available datasets to
characterize an analytical model of the physical interaction
between lines and environment. The model accounts for the
specific geometric, mechanical and electrical features of the
lines as well as for the specific features of the environment
(e.g. forecasted weather conditions, terrain slope,
characteristics of the tree species, etc.). Simulations
demonstrate that the proposed model can identify the MV
grid areas critical for tree fall, as confirmed by the resilience
plan of the DSO, and that under severe weather conditions,
also HV lines may be affected by faults induced by tree

falls. Results show how to characterize the OHL
vulnerability, its dependence on specific trimming or ROW
maintenance policies and on weather forecasts, also catching
the criticality due to the simultaneity of snow and wind
loads. The analytical model also assures lower sensitivity to
classification errors with respect to the vulnerability models
derived from failure statistics.
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