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Abstract

A probabilistic risk assessment to estimate the economic impact on wind turbine

towers subjected to cyclone‐induced wind loads is applied. An event‐based probabi-

listic framework is used to assess the risk parameters for selected hazard events. The

results are integrated considering all uncertainties related to each part of the process

in a probabilistic formal way. The hazard is defined by a set of nonoverlapping sto-

chastic events that exhaust the considered sample space, including the spatial distri-

bution, the annual frequency, and the randomness of the hazard intensity. The

vulnerability is defined in terms of the first and second statistical moments: the

expected damage and its corresponding variance (or standard deviation) for a certain

type of wind turbine towers. The vulnerability component of the model is an impor-

tant contribution of the study; it uses a realistic modeling of the wind field, and

instead of one (as in other studies), three failure modes are considered to characterize

the vulnerability. The risk is expressed in economic terms, namely, the single‐event

expected loss, the average annual loss, the pure premium, and the loss exceedance

curve. The approach is applied to a probabilistic tropical cyclone wind risk assessment

on 3001 wind turbine towers from 65 wind farms in Mexico. It is concluded that the

selected metrics are of especial importance for risk retention (financing), particularly if

schemes or risk transfer instruments are to be defined, and therefore, they will be a

very valuable contribution to further studies in defining strategies for financial pro-

tection of national infrastructure against wind disasters induced by cyclones.
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1 | INTRODUCTION

International experience has shown that high winds generated by tropical cyclones can cause severe damage and important economic losses to

wind turbine towers in coastal regions. Wind turbines are vulnerable to hurricanes when the generated wind speeds exceed the design limits

of such structures. Common failure modes include loss of blades and buckling of the supporting tower. There are several examples of wind turbine

failures reported in the literature. For instance, a wind farm was destroyed by the typhoon Maemi in Okinawa, Japan in 20031,2; several turbines
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2 JAIMES ET AL.
were damaged by the typhoon Dujuan in China3; the typhoon Jangmi that struck Taiwan, on September 28, 2008, caused the collapse of wind

turbines on the shore in Taichung Harbor.4

Potential wind turbine failures in Mexico are always feasible, since it is a very hurricane‐prone region. The first wind turbine farm in this coun-

try dates back to 1994 with the pioneering project the “Venta I,” when seven wind turbines started operating with a capacity of 1.575 MW. This

enterprise was followed by a couple of similar projects, “Venta II” and “Venta III,” inaugurated in 2006 and 2008, respectively; many other farms

have been developed afterward.5 There are several wind turbine failures reported in the media and other sources, for example, the collapse of a

nonprofit wind turbine because of gusty winds6 and oil spills attributed to strong winds7; a fatality during the construction stage of a wind farm is

also reported in the news.8 Although there are not reported failures because of cyclone‐generated wind loads, yet the time window is relatively

short (25 y from 1994), and therefore, failures are expected in the future, especially considering that the last 8 years major wind turbine farms

have been developed. Other nonhurricane‐related failures are reported in the literature. For instance, lighting struck, this problem may be asso-

ciated to certain atmospheric conditions together with the shape of the blades that seems to make them work as lighting rods during electric

storms.9

Since it is not possible to control the occurrence of tropical cyclones, there is always a latent probability of failure in wind turbines for

hurricane‐related limit states. Nevertheless, the impacts could be mitigated if appropriate surveillance and management strategies are planned

and implemented. Planning for an adequate management and a quick recovery can be crucial. The plan should include the availability of the right

financial resources. This perspective redirects risk management from crisis reaction to a tropical cyclone risk management‐based approach, as

strategy to deal with negative consequences.

Any natural risk assessment is aimed at assessing the probability of negative consequences, for selected time intervals of interest, because of

the occurrence of natural hazards. The assessment incorporates each part of the process and their uncertainties in a rational way, including expo-

sition. The expansion of human activities in coastal zones increases the magnitude of risk induced by tropical cyclones. However, tropical cyclone

risk management policies or frameworks have been implemented only in few countries, and the political and economic investment in reducing this

risk is rather reduced and/or not comprehensive.10 Structure risk models at different scales are desirable to create political and economic imper-

atives for wind risk management so that policy actions focus on reducing vulnerabilities could be increased.11 However, detailed historical infor-

mation to build such structure risk models is necessary.

Historical data on catastrophic tropical cyclone events is scarce, especially that suitable from a risk standpoint (eg, data on the social

and economic consequences related to wind turbines). Given that high wind effects associated with tropical cyclones have not been

recorded in a systematic way, probabilistic models based on limited data must be assumed, preferably including the spatial and temporal

uncertainties involved in the analysis process (eg, Rose et al12; Hong and Möller13). Even if based on scarce information, prospection is a required

asset for risk assessment so that scientifically future credible events can be anticipated. Since large uncertainties related to the severity and fre-

quency characteristics of the tropical cyclones are implicitly included in the traditional return period models, a probabilistic formulation explicitly

accounting for these uncertainties is required into the risk assessment for which some approaches are available in the literature.

Numerous studies have been conducted in the field of wind risk assessment. For instance, in the HAZUS‐MH Hurricane model methodology

(Vickery et al14,15), the damage is estimated considering five model components: (a) hurricane hazard model, (b) terrain model, (c) wind load/debris

models, (d) physical damage model, and (e) loss model, which is applicable to constructions on certain regions like Florida, where hurricanes are

unavoidable and constant researches are an imperative (eg, Pinelli et al16).

Similar studies have also been carried out for other infrastructure (eg, Kameshwar and Padgett17; Jaimes and Niño18). As for wind turbines is

concerned, Rose et al12 presented a probabilistic model to estimate the number of turbines that would be destroyed in an offshore wind farm

under hurricane wind‐induced loads. Hong and Möller13 identified and evaluated the economic risk on offshore wind farms by tropical cyclones

for improving decision making for planners and investors in China. Continuous research on risk assessment for Mexico is desirable, since the coun-

try is struck not only by hurricanes but also by many other natural phenomena every year.

Mexico is exposed to a wide variety of geological and hydrometeorological hazards from both the Pacific and the Atlantic coasts and also

within the continental areas. Tropical cyclones, volcanoes, earthquakes, wildfires, and landslides can all impact the country because of its geo-

graphical and climate diversity. Natural disasters affected approximately 60 million people in Mexico in the period between 1970 and 2009.19

The country is one of the World's 30 most exposed countries to three or more types of natural hazards,20 like earthquakes, tropical cyclones,

storms, and droughts that affect approximately 45% of the territory. Critical and energy facilities are located in many of these regions, including

wind turbine farms. These circumstances have contributed to position Mexico as a global leader regarding initiatives for disaster risk reduction, like

the effective use of financial and insurance mechanisms for fiscal risk management derived for disasters.10 This initiative is also reported and

investigated in other studies (eg, Cardona et al21). The present study is intended to further advance the knowledge on risk issues, for the particular

case of wind turbines exposed to hurricane activity.

The main objective of this study is to obtain metrics for insurance and risk transference applications for wind turbine towers exposed to trop-

ical cyclones in Mexico, by integrating an engineering high wind risk framework including time history analyses. The study provides fragility and

vulnerability functions. Results could be useful to identify wind farms more likely to be damaged during hurricanes and for developing appropriate

strategies on environmental protection, hazard assessment, and regional planning.
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2 | METHODOLOGY

The economic impact of wind loads on the exposed group of wind turbines because of tropical cyclones is evaluated with a probabilistic wind risk

assessment. The selected set of cyclones describes the natural hazard. The results are integrated in risk indices.22 Each step of the probabilistic risk

assessment is related to uncertainties that are included throughout the process (eg, Reeve23). The basic framework is outlined below in four steps.
2.1 | Step 1: Probabilistic characterization of wind hazard events generated by tropical cyclones

The wind hazard component must be defined as a stochastic set of nonoverlapping events that exhaust the considered sample space. The set of

events describes the spatial distribution, the annual frequency, and the randomness of the hazard intensity (eg, Reinoso et al24). The set of collec-

tively exhaustive stochastic events of all possible types of wind occurrence is difficult to get or to simulate at a certain site. Therefore, we limit this

study to wind effects of turbine towers subjected to tropical cyclones. Other wind sources such as downbursts, tornadoes, and other wind‐related

phenomena are not included. This is further justified because hazard from other sources is normally assumed to be lower. The simultaneous cor-

relation of two large tropical cyclone events is also considered very low. This seems not only reasonable for large, infrequent events that have a

very low probability of occurrence but also reasonable for frequent events with short duration.25

Besides probabilistic features, the wind hazard intensity must be quantified in terms of a relevant damage‐related measure. A 3‐second gust

wind speed has been used before for tiny structures subjected to gustiness effects26; maximum sustained (10‐min mean) wind speed for turbine

towers (eg, Rose et al12) or 3‐second gust wind speed at the hub height for turbine tower (eg, Hong and Möller13) has been employed as well. In

this study, the selected parameter of intensity is the 3‐second gust wind speed at 10 m height, including the variation because of the friction with

the surface of the ground and local topography.

The hazard intensity of each event is characterized by the mean and coefficient of variation included in an *.ame file type (ame comes from

amenaza ‐hazard‐ in Spanish) representing a hazard event set and an associated frequency of occurrence for each event (Figure 1). The
FIGURE 1 Description of the *.ame file type
for the set of hazard events because of
cyclones [Colour figure can be viewed at
wileyonlinelibrary.com]
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FIGURE 2 Trajectories of tropical cyclones of stochastic wind events in Mexico. (A) Pacific Ocean and (B) Atlantic Ocean (after Jaimes and
Niño18) [Colour figure can be viewed at wileyonlinelibrary.com]
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uncertainties considered for the variance estimation are those inherent to the data and the model assumptions, which are linked, among other

aspects, to the trajectories of historical events (Figure 2). There are no formal‐established approaches to evaluate this kind of uncertainties; nev-

ertheless, they must be estimated and included in the risk assessment. Moreover, inventory information of the considered assets must be

compiled.
2.2 | Step 2: Inventory of exposed elements

Exposure in the context of wind is referred to infrastructure such as bridges, buildings, wind turbines, other structures, and even other society

elements with associated value as crop areas, with the corresponding population, which could be potentially affected by the hazard events.

http://wileyonlinelibrary.com
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Characterization of the inventory, location, physical characteristics, vulnerability, and economic value of such elements during a given event is nec-

essary. It is common to appeal to secondary sources, such as available official databases or manufacturers' public information, to estimate the

exposure value of assets. The level of resolution and detail of the exposure inventory information has a direct impact on the precision of the

results, like the vulnerability functions discussed below.

2.3 | Step 3: Assigning a vulnerability function to each of the structural classes

The vulnerability functions are essential for studies on risk analysis and risk‐related decisions. A vulnerability function relates the intensity of a

hazardous event with a quantitative measure of its probable consequences on the performance of a given structure, for example, the direct

and indirect costs of structural and nonstructural damage, either for the condition of structure survival or for those of partial or total collapse.27

In this study, the vulnerability function represents the expected damage value suffered by each wind turbine class because of the occurrence of a

given wind intensity; these are different for each class, independently of the occurrence and frequency of the wind hazard caused by cyclones.

They can be deduced by theoretical models or by empirical statistical relationships between wind speed and damage ratio from tropical cyclones

data (eg, Hong and Möller13). For a given site, vulnerability functions incorporate the expected damage related to the wind intensity. Different

methods to define vulnerability curves are available in the literature; the damage ratio of wind turbines proposed in Hong and Möller13 is reviewed

to inspect possible useful features. In this study, damage is defined as the ratio of the expected repair cost to the replacement cost of the selected

structure, rather than the proportion of damaged to total number of turbines (Hong and Möller13). It was decided because the expected values of

the repair and replacement costs have been previously used to evaluate the risk for structures in Mexico under other type of hazard (eg, Pozos‐

Estrada et al28).

2.3.1 | Wind intensity measure

The classification of the wind turbines is based on a functional relationship between the damage of the asset class with indicators of the wind

intensity. Rose et al12 established the relationship of intensity to damages based on the maximum sustained wind speed at a height of 10 m. Hong

and Möller13 reported that structural problems for wind turbines within a very short time are to be expected if exceedance of used design extreme

speed occurs. Based on empirical data, Hong and Möller13 proposed that the gust wind speed (instead of the mean wind speed) would be more

adequate to measure wind loads and the corresponding severity of wind damage for turbine components. Also, Hong and Möller13 used a Gumbel

distribution to define the 3‐second gust extreme wind speed at 10 m height, which is consistent with the wind hazard characterization for Mexico

(Jaimes and Niño, 201818).

2.3.2 | Vulnerability functions

Several models are available to assess vulnerability functions because of wind action for turbine towers. For instance, Rose et al12 proposed the

relationship of the expected number of turbine towers that buckle in a 50‐turbine wind farm as a function of maximum sustained (10‐min mean)

wind speed if turbines cannot yaw during the hurricane to track the wind direction.

Hong and Möller13 proposed a parametric expression to define damage ratios, F D, associated with 3‐second gust wind speed, Vh, at the

hub height. They assumed that wind turbines could withstand tropical cyclones, when the wind speed is lower than 90 km/h (about the

cut out speed of most wind turbines). Damage ratios of turbines, F D, become 100% when Vh reaches 270 km/h. Within the range from

90 to 270 km/h, F D is presented as a polynomial function of Vh. The expression proposed by Hong and Möller13 considers a gust factor

of 1.15, which converts mean wind speed with 2‐minute reference period to 3‐second gust, and applies to a 90‐m hub height, being Vh equal

to 1.2 times the 3‐second gust wind speed at 10 m, where the logarithmic expression was used to define the variation of mean wind speed

with height (Hong and Möller13).

In this study, the vulnerability functions are defined by the relative damage, ℓ, the ratio of the expected repair cost to the replacement cost of

the structure during a wind event associated with a tropical cyclone. A vulnerability function corresponding to each asset class is recommended.

The assignment of the vulnerability function to each exposed element is carried out through a shapefile, classifying the assets by combining con-

struction material, and height of the turbine tower among others. For the case of a turbine tower, the expected damage given the wind speed in

the structure, E[ℓ|V], is computed as:

E ℓjV½ � ¼
0 if V ≤ 90 km=h

1 − 0:5

V−Vwd

V50

� �ρ

if V > 90 km=h

8><>: ; (1)

whereV is the 3‐second peak gustwind speed at a height of 10m in kilometers per hour affecting the studied structure,Vwd is thewind speed limit

under which no damage occurs and assumed equal to 90 km/h (eg, Hong andMöller13; Stewart andWang29; Hau30), V50 is the peak gust wind speed



6 JAIMES ET AL.
associated to the 50% of damage, and ρ is a value dependent on the type of turbine. For the present study, the limiting value (for no damage or dam-

age) is set equal to 90 km/h at 10m height; this value is consistent with the recommended cut outwind speeds to avoid any damage during operation

(Hau30). The limiting value of 90 km/h coincides with that of the of expression of Hong andMöller13 for a 90‐mhub height. In this study, the range of

hub heights compiled is from 33 to 150 m, which translates into wind speeds at hub height that range from 100 to 130 km/h.

A vulnerability function is not deterministic; therefore, ℓ is assumed to be a random variable whose expected value is given by Equation (1). The

considered probability density function (PDF) of the turbine towers damage is assumed as Beta, and its variance, σ2[ℓ|V], is given by the following:

σ2 ℓjV½ � ¼ Q· E ℓjV½ �½ �q−1· 1−E ℓjV½ �½ �s−1; (2:1)

where

Q ¼ Vmax

Dq−1
0 1−D0ð Þs−1

; (2:2)

s ¼ q − 1
D0

− qþ 2: (2:3)

In Equation (2.2), Vmax is the maximum variance, D0 is the level of damage in the peak variation, and q is equal to three; Vmax, D0, and q are

parameters that depend on the structural type. The form of the Equation2 implies that when the expected damage ratio, E[ℓ|V], is null, so is

the dispersion. Similarly, when the expected damage ratio is 1.0, the dispersion is null. Parameters for Equations (1) and2 are presented later in

Section 3.

As is commonly assumed, in this work, the PDF of the damage ratio, and therefore of the loss, is assumed to be Beta (eg, Ordaz et al31). To

evaluate whether the Beta distribution is adequate to characterize the PDF of the loss values, comparisons of the probability of failure between

damage states (DS) for a given velocity (ie, 173 km/h to 48 m/s) in probability paper were carried out. It was found that the Beta distribution fits

better the data than other probability distributions (eg, lognormal and Weibull), and for that reason, it was used in the numerical analysis. The same

behavior was observed for the rest of wind speeds considered.

Once E[ℓ| V] and σ2[ℓ|V] have been computed, the probability distribution of the loss for a given intensity at a site under study is thus defined.

2.4 | Step 4: Event‐based wind risk assessment

Percentages of damages, economic losses, and other wind effects, which are the risk outputs of interest, are evaluated in an event‐based proba-

bilistic framework, where losses are estimated for each of the hazard events, in order to probabilistically integrate all the results. The most com-

mon way to express risk is by means of the average annual loss (AAL) and the probable maximum loss (PML). The risk assessment can be performed

for a single turbine tower or for the whole turbine wind farms at different locations.

2.4.1 | Wind risk assessment of a single turbine tower

To evaluate AAL in the event‐based approach for a turbine tower, the expected loss, E(ℓ|V), is obtained. This is carried out for an exposed turbine

tower during each one of the events that collectively describe the wind hazard, then results are integrated using the frequencies of occurrence of

each event (as factors of weight) using the following expression:

AAL ¼ ∑
N

i¼1
E ℓjVð Þ·fA Event ið Þ; (3)

where f A(Event i) is the annual frequency of occurrence of the ith event. Equation (3) is one of the possible versions of the total probability

theorem.32 The sum in the previous equation is carried out for all the N potential damaging events.

The risk because of natural hazards is commonly expressed also by the loss that would be exceeded in a certain period, ie, the PML curve. The

exceedance rate (associated to the inverse proportion or annual frequency) is defined by the following equation widely employed and recognized

in seismic‐related applications (eg, Esteva33):

v ℓð Þ ¼ ∑
N

i¼1
P L > ℓjEvent ið Þ·fA Event ið Þ; (4)

where v(ℓ) is the exceedance rate of ℓ, P(L > ℓ| Event i) is the probability that loss be larger than ℓ given that the ith event occurred, and f A

(Event i) is the annual occurrence frequency of the ith event. The exceedance probability of the loss ℓ given that the ith event has occurred is

as follows:
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Pr L > ℓjEvent ið Þ ¼ ∫VPr L > ℓjVð Þ·fA V∣Event ið ÞdV; (5)

where Pr(L > ℓ|V) is the exceedance probability of the loss value ℓ given the occurrence of the intensity V and f A(V| Event i) is the probability

density of the intensity, conditioned to the occurrence of the ith event; this term recognizes that once an event has occurred, the intensity at the

site of interest is uncertain and should be considered.

2.4.2 | Wind risk assessment in a portfolio of turbine towers or wind farms

Given some structural characteristics and a wind intensity, the probability distribution of loss of a turbine tower can be determined; the total loss

in multiple turbine towers is the sum of the losses in different partially correlated scattered locations. Considering that E(ℓ) and σ2(ℓ) are the

expected value and variance of the loss, respectively, from the jth turbine tower, the total loss, L, will have the following attributes:

E L½ � ¼ ∑
Nt

j¼1
Mj·E ℓj

� �
; (6)

VAR L½ � ¼ ∑
Nt

j¼1
Mj·VAR ℓj

� �þ 2 ∑
Nt

j¼1
∑
Nt

k¼ j
Mj·Mk ·ρjk

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
VAR ℓj

� �
·VAR ℓkð Þ

q
: (7)

In Equation (7), ρjk is the correlation coefficient between the losses j and k, Nt is the number of turbine towers, and Mj and Mk are the values of

the turbine towers j and k, respectively. Since broadly speaking, it is impractical, if not impossible, to estimate directly the probability distribution of

the losses; it is not uncommon to assign a Beta distribution to the vulnerability function. A correlation coefficient equal to 0.2 is adopted in this

study. This value of the correlation coefficient is consistent with the proposal by Jaimes and Niño.18
3 | ILLUSTRATIVE EXAMPLE

This approach is applied in the probabilistic wind risk assessment induced by tropical cyclones on wind turbine towers in Mexico, for illustrative

purposes.

3.1 | Characterizing the wind hazard in Mexico

Several parameters are required to consider the impact of the wind actions on structures, like storm category (magnitude of the storm), position of

the eye of the storm, distance between the eye of the storm and the site of interest, sea‐land interface, local topography, terrain roughness, and

among others (eg, Reinoso et al24). However, probabilistic formulae are unavoidable, because of the inherent randomness of the process.

In this work, the wind hazard during a tropical cyclone is defined as a stochastic set of events that fully describe the spatial distribution, the

annual frequency, and the randomness of the hazard intensities at the site of interest. To show a comparison of the wind hazard in two dif-

ferent locations in Mexico, Figure 3 presents the wind hazard in La Venta, Oaxaca and Tres Mesas, Tamaulipas, Mexico at the reference height

Hr = 10 m; nonetheless, the power law function could be used to obtain the wind speed at the turbine hub height of interest.18 The require-

ments of nonoverlapping elements exhausting the considered sample is stipulated (mutually exclusive possible tropical cyclones, excluding
FIGURE 3 Wind hazard in two sites from Mexico. La Venta, Oaxaca (left) and Tres Mesas, Tamaulipas (right) [Colour figure can be viewed at
wileyonlinelibrary.com]

http://wileyonlinelibrary.com
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simultaneous occurrence). It is also assumed that wind hazard is the only hazard that might be generated by the tropical cyclone; other hazards

are outside the scope of this study. Because of space limitations, for more details about the characterization of wind hazard in Mexico, the

readers are referred to other study (Jaimes and Niño, 201818), based in turn on the previous works (Silva‐Casarín et al, 200234; Avelar

et al, 2007,35 Ruiz‐Martínez et al, 200936). Not only the mentioned hazard but also the exposure is relevant for risk analysis; the exposure

is described in the following section in terms of the relation between hub heights and replacement costs.
3.2 | Defining exposed assets

Exposure data are represented in a shapefile based on a database of wind farms in Mexico. The information corresponds to 65 wind farms located

in Mexico, as shown in Figure 4. The probabilistic wind risk assessment was performed for a total of 3001 turbine towers with hub heights ranging

from 33 to 150 m, and capacity about 0.22 to 3.8 MW (the average capacity of a single turbine, ie, the total capacity of the wind farm divided by

the number of turbines as listed in Table 1). The decision maker is assumed to be the owner of the 66 wind farms, who is responsible not only for

the cost of repair or replacement of the damaged wind farms but also for any loss of profit because of any damaged turbine tower. The economic

value (standard replacement cost) for each wind farm is summarized in Table 1 and defined below.

These values are defined as the replacement cost per lineal meter via the equation Ct(h) = 1307.9 hours1.82, which was obtained from a

fitting of cost estimation of the listed wind turbines by applying the model proposed by the NREL.37 Based on these replacement costs,

the value at risk is about 11 110 million USD. As an example, consider the cost per lineal meter given by Ct(h) and one of the wind farms in

Table 1, the wind farm 46 “El Cortijo,” which consists in 56 wind turbines with a hub height of 120 m each; using the equation for h = 120 m

and multiplying the result by the number of wind turbines, a replacement total value of 445.53 million is obtained for the farm, and it is

reported in the last column of Table 1. If it is of interest to relate the replacement cost with the capacity of the wind farm, Table 1 also pro-

vides the capacity in megawatts (for the “El Cortijo” case, it is 168 MW). The total replacement cost for the all wind farms is analogously com-

puted and reported in Table 1 together with the corresponding capacities. Once the hazard and the exposure are defined, we proceed to the

computing of the vulnerability functions below.
3.3 | Vulnerability functions

The economic loss can be associated to the structural performance of the turbine via a fragility analysis, since fragility functions relate the prob-

ability of reaching a certain DS to the level of intensity of the phenomena. To representatively evaluate the turbines listed inTable 1, three models

were developed for time history finite element analyses (FEAs). To obtain a wide enough range of results to developing fragility functions for risk

assessment, turbines were modeled and analyzed under hurricane wind action simulated from semiempirical and analytical models, for which the

turbine properties are required. Further, three failure modes were used to characterize the vulnerability model, contrary to the single mode failure

used in several works related to the subject.
3.3.1 | Properties of the turbines

The hub height of the turbine was selected as the governing scaling parameter, so the towers modeled have similar proportions between masses

and dimensions. The main properties of the structures modeled are listed in Table 2. All three towers were assumed to be made of steel, with a

constant elastic modulus equal to 210 GPa and a yield stress of 350 MPa. These two values were assumed as deterministic, since high‐quality

control is common in this type of steel structures.
FIGURE 4 Location of wind farms used in this study. Each wind farm is identified by a number, which is keyed to Table 1 [Colour figure can be
viewed at wileyonlinelibrary.com]

http://wileyonlinelibrary.com


ABLE 1 Wind farms used in this study

ID aName Latitude, oN Longitude, oW Number of Turbines Hub Height, m Capacity, MW bCost, million USD

1 La Venta 16.581 −94.819 5.0 33.5 1.1 3.90

2 La Venta II 16.587 −94.806 98.0 44.0 83.3 125.57

3 La Venta III 16.587 −94.806 120.0 44.0 102.0 153.76

4 La Ventosa parte I 16.497 −94.992 36.0 65.0 30.6 93.84

5 La Ventosa parte II 16.497 −94.992 58.0 65.0 49.3 151.18

6 La Ventosa parte III 16.497 −94.992 11.0 78.0 22.0 39.96

7 La Mata ‐ La Ventosa 16.582 −94.949 27.0 80.0 67.5 102.70

8 Eurus, 1ra fase 16.540 −94.954 25.0 60.0 37.5 56.33

9 Eurus, 2da fase 16.540 −94.954 142.0 60.0 213.0 319.96

10 Bii Nee Stipa I 16.438 −95.027 31.0 65.0 26.4 80.81

11 Bii Nee Stipa II 16.438 −95.027 37.0 60.0 74.0 83.37

12 Bii Nee Stipa III 16.438 −95.027 35.0 60.0 70.0 78.86

13 Bii Nee Stipa IV 16.438 −95.027 37.0 55.0 74.0 71.16

14 Fuerza eolica del Istmo I 16.587 −94.998 20.0 80.0 50.0 76.07

15 Fuerza eolica del istmo II 16.586 −94.997 12.0 80.0 30.0 45.64

16 Oaxaca I 16.569 −94.727 51.0 78.0 102.0 185.25

17 Oaxaca II 16.585 −94.792 68.0 80.0 102.0 258.65

18 Oaxaca III 16.585 −94.792 68.0 80.0 102.0 258.65

19 Oaxaca IV 16.610 −94.791 68.0 80.0 102.0 258.65

20 Piedra Larga parte I 16.511 −94.806 45.0 67.0 90.0 123.95

21 Piedra Larga II 16.511 −94.806 69.0 67.0 138.0 190.06

22 Bii Hioxo 16.438 −95.027 117.0 55.0 234.0 225.02

23 Sureste I Fase II 16.502 −95.059 34.0 75.0 102.0 114.99

24 Granja SEDENA 16.456 −95.117 5.0 80.0 15.0 19.02

25 (Pa) Ingenio 16.588 −94.766 33.0 80.0 49.5 125.52

26 Bii Stinú 16.457 −94.966 82.0 67.0 164.0 225.86

27 Dos Arbolitos 16.535 −94.958 35.0 55.0 70.0 67.31

28 Santo Domingo 16.515 −94.791 90.0 78.0 160.0 326.91

29 Pacifico 16.438 −95.027 80.0 67.0 160.0 220.35

30 Parques Ecológicos de México 16.433 −95.018 94.0 44.0 79.9 120.44

31 Istmeño 16.512 −95.015 198.0 80.0 396.0 753.12

32 Eléctrica del Valle de México 16.504 −95.056 27.0 75.0 67.5 91.32

33 Arriaga 16.183 −93.937 16.0 80.0 28.8 60.86

34 Dominica I 23.128 −101.114 50.0 78.0 100.0 181.62

35 Dominica II 23.128 −101.114 50.0 78.0 100.0 181.62

36 Guerrero Negro 27.976 −114.067 1.0 50.0 0.6 1.62

37 La Rumorosa 32.497 −116.090 5.0 78.0 10.0 18.16

38 Energía Sierra Juárez 32.576 −116.078 47.0 84.0 155.1 195.37

39 Baja California 2000 SA CV 32.501 −116.087 4.0 80.0 10.0 15.21

40 Fuerza Eólica de San Matias 31.299 −115.419 8.0 80.0 20.0 30.43

41 Santa Catarina 25.687 −100.647 8.0 85.0 22.0 33.98

42 Ventika I 25.726 −98.985 42.0 120.0 126.0 334.14

43 Ventika II 25.795 −99.176 42.0 120.0 126.0 334.14

44 El Porvenir 25.913 −98.197 30.0 80.0 54.0 114.11

(Continues)
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TABLE 1 (Continued)

ID aName Latitude, oN Longitude, oW Number of Turbines Hub Height, m Capacity, MW bCost, million USD

45 Ciudad Victoria 23.805 −98.832 15.0 84.0 49.5 62.35

46 El Cortijo 25.805 −98.257 56.0 120.0 168.0 445.53

47 La mesa parte II 23.887 −99.251 15.0 84.0 49.5 62.35

48 Tres mesas I 23.318 −99.024 19.0 95.0 62.7 98.81

49 Tres mesas II 23.318 −99.024 26.0 95.0 85.8 135.21

50 Tres mesas III 23.318 −99.024 15.0 95.0 51.8 78.01

51 Salitrillos 26.069 −98.306 27.0 149.0 103.0 318.52

52 Amistad 29.353 −101.040 60.0 80.0 198.0 228.22

53 Coahuila 25.428 −101.257 95.0 80.0 199.5 361.34

54 BHCE Yucatán 21.241 −89.090 125.0 120.0 250.0 994.48

55 Chacabal I 21.135 −89.192 15.0 80.0 30.0 57.05

56 Chacabal II 21.135 −89.192 15.0 80.0 30.0 57.05

57 Dzilam 21.360 −88.920 28.0 80.0 70.0 106.50

58 Tizimín 21.443 −87.994 36.0 105.0 75.6 224.62

59 Cancún 21.171 −86.852 1.0 70.0 1.5 2.98

60 Los Altos 21.810 −101.679 28.0 75.0 50.4 94.70

61 Los Altos II 21.654 −101.716 32.0 80.0 64.0 121.72

62 La Bufa 22.724 −102.616 65.0 93.0 130.0 325.18

63 Pier II 18.858 −97.391 33.0 78.0 66.0 119.87

64 Pier IV 18.858 −97.391 84.0 84.0 220.5 349.17

65 Santiago Eólico 20.388 −101.190 50.0 106.0 105.0 317.40

aGeneral database information of wind farms in Mexico was consulted from site http://www.thewindpower.net/windfarms_list_es.php
bThe replacement cost in US dollars for a single turbine tower per linear meter was assumed via equation Ct(h) = 1307.9h1.82, where h is the hub height in

meters. Therefore, the cost of turbine towers in a wind farm is computed by multiplying the number and the height hub of the turbine tower, which pro-

vides the values given in the last column of Table 2 in million USD.
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The tower geometrical properties were scaled from the prototype analyzed by Bazeos et al,38 maintaining the relationship between wall thick-

ness and diameter along the tower length. All three models were assumed as fixed in the base; also, the blades were assumed in feathered posi-

tion, so the drag force on them would be minimum; time history analyses were carried out under these considerations.

The FEA of these structures was performed in the software ANSYS, employing its parametric design language (APDL). The towers of the struc-

tures were modeled with the element BEAM188 as circular tube and tapered tube; the nacelle and hub were modeled with the element MPC184,

which assumes a rigid two‐node beam with 6 degrees of freedom per node; the nacelle's and hub's masses were considered by using the element

MASS21; the blades of the turbines were modeled with the element BEAM4, assuming a rectangular cross‐sectional beam with density and

dimensions such that the rotor diameter and mass presented inTable 2 were met. The natural frequencies of the first bending modes of the tower

are also presented in Table 2.

3.3.2 | Simulation of wind time histories

To perform time history analyses on the modeled structures, 20 intensity levels of wind speed measured at 10 m height from 108 to 252 km/h

were analyzed (30‐70 m/s, respectively). A total of 30 wind field simulations per intensity level were performed on each structure, all of them with

time duration of 10 minutes. The semiempirical mean wind speed profile proposed by Snaiki and Wu39 was used to perform the wind field sim-

ulation, applying the expression derived for a power‐law mean wind profile:

U zð Þ ¼ U10
z
10

� �η
þ η1sin

z
δ

� �
exp −

z
δ

� �	 

; (8)

where z is the vertical coordinate, η is the power law exponent (assumed to be 0.128, in accordance to MOC‐DV 2008 for open terrain40), η1 is

a model parameter, and δ is the height where the maximum wind speed occurs during the hurricane; these last two values are modeled as

http://www.thewindpower.net/windfarms_list_es.php


ABLE 2 Properties of wind turbines modeled

Assumed Rated Power, MW

Property 1.00 2.50 3.30

Hub height (m) 44.00 80.00 100.00

Rotor diameter (m) 50.00 90.00 114.00

Rotor mass (blades and hub) (kg) 28 223.20 66 654.41 89 797.22

Nacelle total mass (kg) 28 444.55 72 237.31 126 362.73

Tower mass (kg) 21 718.65 122 844.04 231 630.99

Tower's bottom diameter (m) 3.20 5.90 7.40

Tower's top diameter (m) 2.10 3.80 4.80

Tower's bottom thickness (mm) 19.00 32.00 45.00

Tower's top thickness (mm) 13.00 22.00 25.00

Tower's first mode frequency (fore‐aft) (Hz) 0.483 0.390 0.344

Tower's first mode frequency (side‐to‐side) (Hz) 0.479 0.383 0.338
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functions of the inertial stability I and the modified Rossby number Ros, which are both computed from the gradient wind speed vg. The gradient

wind in cyclonic movement can be expressed as a function of the Coriolis parameter f and the radial pressure difference, as follows:

vg ¼ −
fj jr
2

þ
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
frð Þ2
4

þ r
ρa

∂ps
∂r

���� ����
s

; (9)

where r is the radial position with respect the storm center, ρa is the air density, and ps is the surface pressure. The radial pressure variation was

derived and computed from the model proposed by Holland et al,41 leading to the following expression:

∂ps
∂r

¼ psbo
r

rvm
r

� �bo
exp −

rvm
r

� �2	 

: (10:1)

To estimate the parameter bo and the radius of wind maxima rvm, the models proposed from Vickery and Wadhera42 were taken as follows:

ln rvmð Þ ¼ 3:015 − 6:291 × 10−5p2s þ 0:0337ϕþ εln rvmð Þ; (10:2)

bo ¼ 1:833 − 0:326
ffiffiffiffiffiffiffiffiffi
rvmf

p
þ εb; (10:3)

where ϕ is the angle of latitude (assumed equal to 16.581413° for the analyses) and εln rvmð Þ and εb are the errors of the models, assumed as nor-

mally distributed random variables with zero mean and standard deviation as specified by Vickery and Wadhera.42 Every simulation performed had

different values of the parameters for the computation of U(z), since all of them were computed from a model; only r and ps were assumed as

uniformly distributed random variables, taking values from 0 to 200 km and 15 to 150 hPa, respectively.

The wind speed records for each model were simulated with the Veers method, assuming the Kaimal power spectral density function (PSDF) as

proposed by IEC 61400‐1,43 taking also a coherence function as described in the same reference to correlate the simulations. All simulations

assume the wind direction parallel to the rotor axis and no yawing.

To go from wind speed time histories to force time histories and to apply them to the structure, a drag coefficient equal to 1.2 was assumed for

the tower; for the forces on the blades, the lift and drag coefficients from the NACA 63‐415 airfoil were considered, assuming the chord in parked

position as horizontal and no pitch angle on the blades. The resulting mean force distribution on the structure depends then on the mean velocity

magnitude, dictated by the mean velocity profile as presented in Equation (8) for each simulation, and the structures' dimensions, as described in

Section 3.3.1. Results from the analyses were related to predefined DS.
3.3.3 | DS used

The performance of the structure was associated to three DS:

• DS1, defined as a tower displacement equal to 1.25% its height;
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• DS2, defined as the flexural moment that could cause yielding of the material; and

• DS3, defined as the buckling of the tower walls, assuming collapse of the structure.

DS1, as described in some references,44 can be associated to a residual displacement of the tower of the order of 0.1% its height; DS2 was

computed as the average of the values calculated from the standards ASCE/AWEA 201145 and ASME STS‐1‐2006,46 since both standards have

predicted close results to experimental data.47 DS3 was assumed to be reached once the curvature on the tower has a value of 75% of the plastic
TABLE 3 Parameters for fragility functions of wind turbines modeled

Damage State Parameter 1‐MW Turbine 2.5‐MW Turbine 3.3‐MW Turbine

DS1 μDS1 5.0567 4.9838 4.9284

σDS1 0.0462 0.0517 0.0556

DS2 μDS2 5.2239 5.0619 5.0328

σDS2 0.0455 0.0491 0.0540

DS3 μDS3 5.3165 5.2276 5.1642

σDS3 0.0485 0.0516 0.0567

FIGURE 5 Example of fragility functions for turbines towers: (A) for 1‐MW wind turbine with 40‐m hub height, (B) for 2.5‐MW wind turbine
with 80‐m hub height, and (C) for 3.3‐MW wind turbine with 100‐m hub height [Colour figure can be viewed at wileyonlinelibrary.com]

http://wileyonlinelibrary.com
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curvature of the tower section, since this value is coherent with experimental data on tubular sections with similar diameter‐to‐thickness ratios.48

Once the structural responses are computed and DS stipulated, fragility functions can be obtained.

3.3.4 | Fragility functions

The maximum values of the response histories from the analyses were fitted to a lognormal distribution at every intensity level simulated,

obtaining a value of mean response (cDSim) and lognormal standard deviation (σim) for each intensity level; so the probability of failure at a certain

intensity level (im = V) is defined as the probability of the structural response of reaching the damage threshold (ds) defined for every DS, ie,

Fi imð Þ ¼ P DS ≥ dsijimð Þ ¼ 1 −Φ
1

σim;i
ln

dsicDSim;i

 !" #
: (11)

The fragility functions associated to the three DS for each of the turbines modeled are shown in the Figure 5, assuming a lognormal probability

distribution with parameters μ and σ, which are listed in Table 3. The results described in this section are used to compute the vulnerability func-

tions in the following section.

3.3.5 | Vulnerability functions

To associate the performance of the structure with a relative damage for the vulnerability functions, a percentage of the total cost of the turbine

was assumed and proposed for each of the DS defined. Since no information regarding the loss values for wind farms in Mexico is available, the

selection of the lower bound of the loss values was guided by the results presented in Jaimes and Niño (2018),18 where a probabilistic risk assess-

ment induced by hurricanes on economically vulnerable households in Mexico was carried out. The selection of the intermediate loss values was
FIGURE 6 Example of vulnerability curves for turbines towers: (A) for 1‐MW wind turbine with 40‐m hub height, (B) for 2.5‐MW wind turbine
with 80‐m hub height, and (C) for 3.3‐MW wind turbine with 100 m hub height. The continuous black line is the expected damage given a hazard
intensity V with Equations2 and3 and circles the estimated values with Equations (12) and (13) [Colour figure can be viewed at wileyonlinelibrary.
com]

http://wileyonlinelibrary.com
http://wileyonlinelibrary.com
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guided by the rebuild cost factors suggested in the NREL report NREL/SR‐500‐40581.49 Therefore, the values of the loss ℓi for a 100‐m hub

height associated to each of the DS defined in the fragility analyses were approximately 5%, 50%, and 100% for DS1, DS2, and DS3, respectively.

For hub heights of 80 and 44 m and the same corresponding DSs, the values were approximately 4%, 48%, and 100% and approximately 2%, 43%,

and 100%, respectively.

The expected damage E[ℓ| im] and its variance σ2[ℓ| im] can be obtained from the fragility analysis through the following expressions:

E Ljim½ � ¼ ∑
n

i¼1
P DS ¼ dsijimð Þ·ℓi; (12)
FIGURE 7 Distribution of the loss for turbine towers by Hurricane Gilberto (1988) (A) and Hurricane Pauline (1997) (B) in Mexico [Colour figure
can be viewed at wileyonlinelibrary.com]

http://wileyonlinelibrary.com
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σ2 Ljim½ � ¼ ∑
n

i¼1
P DS ¼ dsijimð Þ· ℓi−E Ljimð Þ½ �2
n o

; (13)

where n is the number of DS defined in the fragility analysis, in this case, three, and the probability that DS = dsi|im can be defined as P(DS = dsi|

im) = P(DS ≥ dsi|im) − P(DS ≥ dsi+1|im).

Then, the expected damage and its variance as a function of the wind speed based on the wind turbines structural characteristics are approx-

imated using continuous functions given by Equations (1) and.2 Figure 6 depicts an example of vulnerability curves for three hub heights of the

turbine towers: (a) for 44‐m hub height (Vh50 = 106.77 km/h, ρ = 8.94, Vmax = 0.12), (b) for 80‐m hub height (Vh50 = 82.52 km/h, ρ = 4.54, and

Vmax = 0.07), and (c) for 100‐m hub height (Vh50 = 73.30 km/h,ρ = 4.99, and Vmax = 0.09). The expected damage (left) and standard deviation (right)

are shown with continuous lines for the peak gust wind speed at a height of 10 m. The assignment of the vulnerability function to each exposed

element is included in the shapefile as a new attribute. By convoluting the hazard with the vulnerability functions derived through this section, the

risk assessment can now be performed.

3.4 | Risk assessment

Convolution of the hazard with the vulnerability of the exposed turbine towers is performed to assess the physical wind risk for the considered

turbine towers. CAPRA‐GIS software50 is used as an aid for such task. The CAPRA contains tools expressively developed for the assessment of

probabilistic hazard risk oriented toward policies for disaster risk reduction. In the software, different components of risk and their uncertainties,

as well as the characteristics of the natural phenomena, the definition and location of the exposed assets, and the vulnerability of the structure and

infrastructure classes, are included. The hazard information is combined with the exposure and vulnerability data for wind turbines so that the risk

on an interrelated multi‐hazard basis, but distinguishing previous single‐hazard analyses, can be determined.

Figure 7 shows the property damage because of wind by hurricane Gilbert (1988) (top) and hurricane Pauline (1997) (below) computed for tur-

bine towers with Equation (3) considering a single cyclone event; in Figure 2, it is possible to observe the trajectories of these two wind events.

Notice that both events reached wind speed values larger than 180 km/h, but Hurricane Gilbert (Figure 7A) reached speeds greater than 250 km/h

on Mexico's Yucatán Peninsula. The proposed model gives information about the wind farms with more damage. In the near future, this informa-

tion might be used to take tactical decisions, few hours before the hurricane reaches the coast, on the issuance and effectiveness of property dam-

age warning because of a tropical cyclone disaster.

The AAL computed with Equation (3) for wind because of all cyclone events is shown in Figure 8. The spatial distribution shows the risk for

four value intervals of the AAL: lesser than 0.15% (triangles), 0.15% to 0.5% (circles), 0.5% to 1.5% (squares), and greater than 1.5% (upside‐down

triangles). These AALs are the amounts that should be saved annually by the decision maker to cover all future disasters because of wind hazard
FIGURE 8 Distribution of the average annual loss (AAL) for the studied turbines towers because of wind induced by tropical cyclone hazard in
Mexico [Colour figure can be viewed at wileyonlinelibrary.com]

http://wileyonlinelibrary.com


FIGURE 9 Loss exceedance curve because
of wind events for turbine towers in Mexico
computed with Equation (4) [Colour figure can
be viewed at wileyonlinelibrary.com]
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effects on turbine towers. From the insurance industry standpoint, the commercial premium does not only include the AAL but also other costs

such as opportunity cost, interest rate, reinsurance, and administrative fees and profit. These additional costs depend on each company and

are associated to the uncertainty and correlation of the insured portfolio; this is out of the scope of the present study.

The wind risk map (Figure 8) induced by tropical cyclones is a useful tool for developing appropriate strategies on environmental protection,

hazard assessment, and regional planning. Other obtained results include the loss exceedance curve (Figure 9). The soft slope, observed in Figure 9

from the beginning of the curve until a computed loss of approximately 100 million USD, means that all losses in between have almost the same

probabilities to be exceeded; this shows the high susceptibility of the turbine towers to be damaged every year because of tropical cyclones in

some sites of Mexico.
4 | CONCLUDING REMARKS

An event‐based approach for probabilistic wind risk assessment for financial and protection applications of wind turbine towers is proposed. The

risk parameters are evaluated in an event‐based probabilistic framework for a set of hazard events. The results are probabilistically integrated.

Information employed encompasses 65 wind farms located in Mexico, a total of 3001 turbine towers with hub heights of the turbine towers rang-

ing from 33 to 150 m and a capacity ranging from 0.6 to 396 MW for the whole farm. Results in this study could be an aid to implement the model

for wind risk analysis induced by tropical cyclones for insurance and risk transference applications specifically for wind turbine towers.

The approach and results are important because wind risk is a latent threat, and wind risk models become powerful tools for decision making in

economic and financial planning institutions, as well as for other risk takers (eg, insurers and reinsurers). The retention and transfer of risk should

be a planned and, somewhat, controlled process, given that the magnitude of the catastrophic problem could require a great response and financial

liabilities. For management purposes, the risk assessment should improve the decision‐making process in order to contribute to the effectiveness

of risk management, identifying the weaknesses of the exposed elements and their evolution over time.

More specifically, this study focuses on risk assessment at turbine by turbine because of wind hazards induced by tropical cyclones, using

as a risk measure the PML for different return periods and the AAL. The values of PML and AAL are the main results of this application. These

metrics are of particular importance for the future design of risk retention (financing) or risk transfer instruments, and therefore, they will be a

particularly valuable contribution to further studies defining strategies for financial protection. For the determination of these metrics, time

history analyses on the wind turbines, at 20 intensity levels of wind speed measured at 10 m height from 30 to 70 m/s (108‐252 km/h,

respectively) were performed, for a total of 30 wind field simulations per intensity level and considering three DS. These analyses led to define

fragility functions associated to the three DS for selected cases (for a 1‐MW wind turbine with 40‐m hub height, for a 2.5‐MW wind turbine

with 80‐m hub height, and for a 3.3‐MW wind turbine with 100‐m hub height), for which the vulnerability functions are also reported in this

study. Although the main findings of this study are the PML and AAL, the fragility and vulnerability functions are also contributions of the pres-

ent work, since a realistic modeling of the wind field and three failure modes were considered to characterize the vulnerability (unlike other

studies, which considered only one).

Additional aspects that could be of interest are mentioned. One is that the physical wind risk for the considered turbine towers (assess by con-

voluting the hazard with the vulnerability of the exposed structures) is useful to identify wind farms with more damage, which in a near future

might be used to take tactical decisions, few hours before the hurricane reaches the coast, on the issuance and effectiveness of property damage

warning because of a tropical cyclone disaster. Additionally, the wind risk map induced by tropical cyclones (reported in this study) is a useful tool

for developing appropriate strategies on environmental protection, hazard assessment, and regional planning. It is also noted that for the reported

loss exceedance curve, it is concluded that from the beginning of the curve until a computed loss of approximately 100 million USD, all losses in‐

between have almost the same probabilities to be exceeded, which indicates the high susceptibility of wind turbine towers in some sites of Mexico

http://wileyonlinelibrary.com
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to be damaged every year because of tropical cyclones. Finally, it is mentioned that only good engineering practices offer real mitigation measures

against natural risks in exposed sites; however, the analysis reported in this study allows us to identify the exposed areas and their level of risk and

to concentrate available resources for mitigation and emergency response in the priority zones.
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